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Introduction

This thesis work results from a collaboration between public and private laboratories, Production Engineering Laboratory (LGP) at the Engineering School of Tarbes, Institute of Mechanics and Engineering (I2M) at the University of Bordeaux, the technology centres Metallicadour and LORTEK within the ENABLE (European Network for Alloys Behavior Laws Enhancement) framework.

This project received funding from the European Union's Marie Skodowska-Curie Actions (MSCA) Innovative Training Networks (ITN) H2020-MSCA-ITN-2017 under the grant agreement N • 764979. It is organized in three work packages: materials modelling, numerical simulation and manufacturing processes. The project proposes a complete rethink of the usual process simulation method by developing innovative multiscale, multiphysical and multi-level advanced simulation. To extend the benefits to a wide range of industrial actors, the simulation focuses on several widely-used processes (machining, friction stir welding and additive manufacturing) employing the most popular metals in the industry (aluminum, titanium and nickel-based alloys). This thesis is part of manufacturing processes and focuses on the complex thermo-mechanical phenomena that characterize the friction stir welding (FSW) process.

The FSW process has received a substantial boost since its invention considering its advantages over other welding techniques from both a performance and environmental standpoint. Already widely used in aircraft, train cars, ships, and car bodies, in recent years, the electric car market (vehicle aluminum battery housing) has been further pushing the process in the automotive industry. However, the difficulties of controlling the final weld quality still represent an obstacle to further establishing the process on an even larger scale to become accessible to small-medium industries. To overcome these limitations, it is necessary to continue investigating the fundamentals underlying the process to discern the elements that determine whether an FSW joint is sound or not either experimentally and numerically.

Aiming to enhance this process's understanding, it is necessary to provide the industry with a clear phenomenological view of the process. Hence, this thesis work is part of a contribution to the industrialization of the FSW process. The thesis's core is split in two, with a rather experimental-phenomenological part and another simulation part. The former discern issues related to internal defects by correlating them with physical quantities developed during the process. The objective is twofold: identifying specific signal features of in-plane forces and acoustic emission associated with internal defects and defining optimal nugget zone temperature ranges to reduce the risk of internal defects. The latter aims to improve the coupled Eulerian-Lagrangian (CEL) approach for the simulation of manufacturing processes, specifically friction stir welding, through the integration of the interaction between new surfaces created during severe plastic deformation (SPD) processes aiming at improving the material behavior description and the consequent predicted material flow.

Chapter 1 is a brief introduction to the process. Starting from its discovery, passing Introduction through the phases that compose it and the thermo-mechanical phenomena developed up to the joints' resulting weld quality, microstructure and mechanical properties. The literature review related to each chapter's specific content is discussed at the beginning of each chapter for ease of reading.

The first experimental part included in Chapter 2 focuses on the occurrence of flowrelated internal defects while friction stir welding two widely used aluminum alloys, AA6082-T6 and AA7075-T6. The goal is to fill the literature gap about weldability of the considered materials, analysing the type of defects encountered according to the process parameters and welded material. The results lead the way to the content of subsequent chapters whereby the tool-workpiece interaction and the resulting joint quality are studied through the measurements of mechanical and thermal quantities generated during the process.

On this subject, in Chapter 3, through the measurement of physical quantities such as in-plane forces and acoustic emissions during welding, the correlation between these quantities and internal defects was studied. The analysis shows that defective joints are characterized by specific features, both in-plane forces and acoustic emissions, which differ from sound ones. Monitoring both quantities can be helpful to differentiate sound from defective joints and thus reduce the time required in post-mortem analysis to determine whether or not internal defects appeared. In addition, the actual potential of applied acoustic emission in FSW is also explored to reveal changes in tool-workpiece contact as rotational speed changes.

The results obtained through the monitoring of in-plane forces and acoustic emissions were completed and discussed in Chapter 4 through the study of thermal gradients generated during the process. The optimal temperature ranges to be guaranteed in the nugget zone to obtain non-defective joints are identified through tests with thermocouples embedded in the tool. The gathered data were used to develop a semi-empirical model based on process parameters and material properties for predicting the peak temperature during FSW. Afterwards, a thermal model based on the machine's output power to carry out the welding has been set up to determine the thermal field in all the zones that make up the weld.

Finally, after exploring experimentally in Chapters 3 and 4 the friction stir welding phenomenology through the study of the mechanical and thermal interaction between tool and workpiece, the material flow resulting from the tool-workpiece interaction is approached in Chapter 5 by turning to numerical simulation given the experimental difficulties. The aim is to improve the material behavior description to predict material flow during the process correctly through a 3D FSW model based on the coupled Eulerian-Lagrangian (CEL) approach. Generally, in the CEL approach, the interaction between newborn surfaces is neglected. A new damage evolution law is proposed for integrating this interaction studying its effect on chip formation mechanisms in orthogonal cutting tests. Once validated its effect in orthogonal cutting, the newly proposed damage evolution law is extended to a CEL friction stir welding model.

Although the contribution to friction stir welding per se, being involved in the ENABLE project, the experimental data and analysis of the thesis also build the bridge between material modeling and numerical simulation envisioned by the project objectives. The experience gained from the experimental campaigns in terms of phenomenological understanding as well as the forces, temperature, power data collected on various devices using different tools and aluminum alloys is essential to feed the models developed within the project. Therefore, regardless of the analyses and results reported in the manuscript, the thesis outputs also led to achieving the goals set by the ENABLE project through collaborations with other project partners.

Chapter 1 

Study context and positioning

Introduction

Since its invention, companies, laboratories, and universities worldwide investigate the friction stir welding (FSW) technique. After nearly thirty years, despite the enormous progress made and the several industrial applications already existing, research on this technology has not yet stopped, and international projects continue to be launched to develop the FSW further. The reason why there is still a considerable investigation into this solid-state joining technology is due to its complexity and usefulness. The former consists of the hidden coupled thermomechanical phenomena and the several process parameters difficult to control; the latter rely on the various benefits offered by this process compared to the traditional welding techniques based on the fusion and solidification of the welded material. Before getting to the heart of the process, by explaining the process itself and presenting all the factors involved in the technology, it is necessary to understand the innovation and change brought by this technique.

The overview proposed in this section allows the reader to recognize the FSW role in industry and the problems related to it.

History

Welding as it is conceived today was born at the end of the 19th century [Weman, 2012]. The Welding Institute defines welding as fabrication process whereby two or more parts are fused together by means of heat, pressure or both forming a join as the parts cool. From the first applications, such as arc welding or gas welding (GMAW), up to the most recent laser welding, the concept of welding has always been linked to the power required to melt the base material and its density to achieve the double transformation solid → liquid and then liquid → solid and obtain the final welded part. This interest in the energy input during the welding is due to its direct impact on the final joint's mechanical properties. The less concentrated the thermal energy is, the more extensive the weld zone, where the material is melted, and the heat affected zone, i.e., the zone in which the heating and cooling cycle induces microstructural changes, weaken the mechanical properties of the base material. Hence, power density has always been a critical point in the development of welding techniques [Messler, 1999]. A low density is responsible for a wide molten zone and, as a consequence, a wide heat affected zone (HAZ)(Figure 1.1). Considering that the HAZ is the weakest zone in a joint, the development and invention of new welding techniques during the 1900s have been driven by the necessity to find new solutions that could guarantee a higher power density. In the second half of the twentieth century, significant improvements were achieved, thanks to the research and discoveries in physics and chemistry. This improvement led firstly to plasma arc welding (PAW) [Lucas, 1990] and then to electron beam welding (EBW) [Schultz, 1993] and laser beam welding (LBW) [Heider, 1992] in which very high-power density and very narrow heat affected zone can be obtained. Figure 1.2 shows an overview of the time evolution [Messler, 1999] of the various welding processes as a function of the power density [Weman, 2012] that can be approximately obtained with the specific welding technique. Until the end of the twentieth century, the main welding processes were based on the fusion of the base material, except for friction welding, patented in 1923 [START_REF] Bhamji | Solid state joining of metals by linear friction welding: A literature review[END_REF], which allowed axisymmetrical pieces Figure 1.2: Evolution of the main welding processes over time as a function of power density.

to be welded through the heat generated by the friction between the two parts (one fixed and the other rotating) and the pressure exerted between the two parts. Therefore, some problems in welding some metal alloys (typically high-strength aluminum families [Kou, 2002]) due to the occurrence of defects during solidification were impossible to overcome, and it is for this reason, among others, that when FSW appeared, there was a great interest in this new technique, which drastically breaks with traditional melting-based welding processes established in modern industry.

In 1991 at The Welding Institute (UK) patented the FSW technique [START_REF] Thomas | Friction welding[END_REF].

Because of its uniqueness, the process has been extensively studied to maximize the advantages related to this technique. The two driving factors of this process success are the non-melting of the base material, with countless benefits for the joint (no solidification de-Chapter 1. Study context and positioning fects and porosity, better mechanical properties and less residual distortion compared to other techniques) and the excellent sustainability (low energy input, no fumes, no shielding gas, no filler material). Historically, the FSW was firstly applied to aluminum alloys and then extended to other alloys (magnesium, copper, titanium, steel [START_REF] Mishra | [END_REF]), polymers [START_REF] Huang | Friction stir welding/processing of polymers and polymer matrix composites[END_REF], and even hybrid metals-polymers [START_REF] Lambiase | A state-of-the-art review on advanced joining processes for metal-composite and metal-polymer hybrid structures[END_REF]. Subsequently, over the years, the process has undergone evolutions that have extended the range and mode of applications thanks to technological innovation and better understanding and control of the process. Nowadays, the process already has several industrial applications, and its use is increasing more and more thanks to research and development.

The process

The process is characterized by a non-consumable tool divided into shoulder and pin (Figure 1.3a), which, while rotating, approaches and then plunge along the welding line into the two plates to be welded (Phase I -Plunging). Plunging ends when the shoulder comes into contact with the welding plates. The tool remains in position, rotating and generating heat by friction for a few seconds (Phase II -Dwelling), then moves forward along the welding line while rotating (Phase III -Welding). At the end of the weld, the tool is retracted as it continues to rotate. (Phase IV -Retreating). The different phases are displayed in Figure 1.3b. In this dual movement of rotation and translation, the tool heats the base material to the increase in temperature occurring during the process. Once the temperature reaches specific values depending on the considered aluminum alloy, microstructural changes such as re-precipitation of second phases in the solution, precipitation growth, or grain growth may occur. Going further, the thermo-mechanical affected zone (TMAZ) can be found. In this region, the microstructure is affected by the rise in temperature and the shearing action of the tool. Therefore, deformed grain in the direction of the tool rotation can be observed. At the center of the section, it is possible to observe the nugget zone (NZ). In this region, the material is heated at high temperature (∼0.8-0.9 T melting ) and deformed at a medium-high strain rate (10 -1000 s -1 [START_REF] Bhujangrao | Review of intermediate strain rate testing devices[END_REF]). The severe thermo-mechanical conditions lead to a recrystallized microstructure with a completely new grain shape and size compared to the BM.

Tool

The non-consumable tool in friction stir welding represents a fundamental element for the success of the process. The tool must guarantee the correct heat generation to soften the welding material, the proper stirring, and exert the correct pressure to forge the softened and stirred material. These three actions are divided and shared between pin and shoulder. The shoulder is mainly responsible for heat generation, by friction and plastic deformation, and the forging action on the material, while the pin participates in heat generation and is responsible for mixing with the cyclic deposition of material layers behind him. These actions are not independent between them, and the choice of dimension and shape of the two elements cannot be made separately [Kumar et al., 2008]. Also, it should not be forgotten that the tool's material should be carefully chosen as it is also a determining factor in obtaining a sound joint [START_REF] Salari | Influence of tool geometry and rotational speed on mechanical properties and defect formation in friction stir lap welded 5456 aluminum alloy sheets[END_REF].

The shoulder must provide the proper heat generation to facilitate welding, reduce the forces and torque generated, and drag the material underneath from advancing to the retreating side to ensure no external defects. In order to achieve this goal, the correct diameter must be chosen, as this can have a substantial effect on the defectiveness of the joints [START_REF] Hirasawa | Analysis of effect of tool geometry on plastic flow during friction stir spot welding using particle method[END_REF]. Similarly, the type of surface (flat, convex, concave) can also play an important role in the success of the weld [Elangovan, 2008]. The pin strongly influences the material flow and joint quality [START_REF] Lorrain | Understanding the material flow path of friction stir welding process using unthreaded tools[END_REF]. It is responsible for the cyclic deposition of material during the process [START_REF] Fujii | Effect of tool shape on mechanical properties and microstructure of friction stir welded aluminum alloys[END_REF]. Features, such as threads, have a beneficial effect increasing the contact surface and the heat generated and improving the material flow thanks to the downward force exerted by the features [Colegrove et Shercliff, 2005]. In Figure 1.5 are shown some of the most known external shapes and features of both shoulders and pins.

Figure 1.5: FSW tool shoulder and pin typical shapes and features

As far as tool materials are concerned, for alloys such as aluminum [START_REF] Rajakumar | Influence of friction stir welding process and tool parameters on strength properties of aa7075-t6 aluminium alloy joints[END_REF], magnesium [START_REF] Lee | Joint properties of friction stir welded az31b -h24 magnesium alloy[END_REF], and copper [Teimournezhad et Masoumi, 2010], steel tools are typically used. For high-strength materials with high melting temperatures (i.e., steel and titanium alloys), stronger materials have been tested over time. Among the best known are polycrystalline cubic boron nitride (pcBN) [START_REF] Park | Rapid formation of the sigma phase in 304 stainless steel during friction stir welding[END_REF], Zhang et al., 2008], tungstenrhenium alloy (W-Re) [START_REF] Khan | Resistance and friction stir spot welding of dp600: A comparative study[END_REF], and tungsten carbide (WC) [START_REF] Meran | Friction stir welding of aisi 304 austenitic stainless steel[END_REF], Seighalani et al., 2010]. While welding high-strength alloys, the main problem is the rapid wear of the tools [START_REF] Zhang | Stir zone microstructure of commercial purity titanium friction stir welded using pcbn tool[END_REF] and the latter's high cost compared to the classic steel one used for aluminum alloys. This is why the most attention from the community has been directed primarily to aluminum alloys. Various studies have been carried out on FSW tools, and these have been collected over time in review articles [START_REF] Rai | Review: Friction stir welding tools[END_REF], Zhang et al., 2012].

Workpiece

Various types of welds can be made with FSW. Depending on the position of the plates, different types of configurations can be distinguished. The most traditional one is butt welding, in which the two sheets to be welded are placed side by side with their lateral surfaces in contact. The tool is then positioned with its axis centered with respect to the welding line to ensure symmetrical positioning. Equally well known for welding reinforcing stringers into panels is the lap welding configuration. In this case, the upper surface of one plate and the lower surface of the other are in contact, and the rotation and advancement of the tool guarantee welding. These two main configurations were followed by others that recall the previous ones, such as the T-joint and corner configurations. These four configurations are represented schematically in Figure 1.6 to help visualization. In the various configurations, the optimal tool dimensions (shoulder and pin) vary, and in particular, the pin height is strongly dependent on the type of application. For example, in butt welding configuration, the height is slightly smaller than the thickness of the sheets (a few tenths of a millimeter less). On the contrary, in the case of lap joint, the pin height must necessarily be greater than the thickness of the upper plate to ensure the mechanical bond between the elements. Regardless of the configuration, welding plates must be positioned on supports that have been suitably designed in terms of shape, size, stiffness and material and adequately clamped to avoid undesired movements during the welding operation.

Backing plate and clamping system

The backing plate and the clamping system are two elements indispensable for welding that are not directly involved in the process. Although not major players in the process like the tool and the slabs, these elements partially impact the process, and over the years, their influence on the quality, mechanical properties, and residual stresses in the FSW joint have been studied. In general, welding plates are placed on a backing plate. It can be monolithic or composed of two different parts (Figure. 1.7). Independent from the type of support, the backing plate should be made of higher melting point material than the welding material to avoid welding between the welding plates and the back. Depending on the thermal diffusivity of the chosen material as well as the type of configuration, monolithic or composite, the backing plate can influence the energy required to make the joint, the extension and decrease of mechanical properties in the heat affected zone and thus determine the final mechanical characteristics of the joint [START_REF] Kulkarni | Effect of backing plate material diffusivity on microstructure, mechanical properties of friction stir welded joints: A review[END_REF]. Considering that axial and in-plane forces in FSW are not negligible, the clamping system is indispensable and is important to ensure the correct execution of the process and the achievement of a sound joint. The type of action to be applied to the material depends on the type of configuration. In general, the higher the forces generated by the tool-workpiece interaction, the more robust the clamping system must be to prevent any movement. Depending on the type of application, one can distinguish between purely mechanical clamping systems, generally used for small parts and R&D activities, and automatic systems (pneumatic or hydraulic) more suitable for large parts and high productivity rates applications. Over the years, some studies have shown that the clamping system influences both the final distortion [START_REF] Richter-Trummer | Influence of the fsw clamping force on the final distortion and residual stress field[END_REF] and the mechanical properties [START_REF] Hasan | Effect of backing material and clamping system on the tensile strength of dissimilar aa7075-aa2024 friction stir welds[END_REF] of the friction stir weld.
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Process parameters

In manufacturing, once the experimental setup is defined, the success of any process comes from the choice of process parameters. The choice can be complicated, depending on the number of parameters and their possible coupling. The complexity derives from the influence of process parameters on thermo-mechanical phenomena (i.e., forces and heat developed, etc.) and their interaction. In FSW, four process parameters can be considered. Of these, two are the main ones, and they are rotational speed (N ) and welding speed (v) and are common to all types of applications. The third depends on the type of control, which can be force or position. In the case of force control, the parameter to be imposed is the axial force (F z ). Instead, in the case of position control, the parameter is the plunge depth (d), i.e., the position with respect to the workpiece that the tool must maintain during the process. The two parameters are linked, and in the case of force control, the plunge depth varies to guarantee the axial force steadiness, while in position control, the axial force can vary to ensure the position of the tool. The last parameter, whose impact compared to the others is marginal, is the tilt angle (α), i.e., the inclination of the tool axis with respect to the theoretical one, which is perfectly perpendicular to the welding plates. In Figure 1.8 the process parameters are represented for ease of visualization. In this process, the parameters act on two fundamental elements, Figure 1.8: Representation of process parameters: rotational speed (N ), welding speed (v), axial force (F z ), plunge depth (d), tilt angle (α) heat generation, and material flow. Therefore, the interaction between rotational and welding speed is critical in thermal terms, as it can determine cold welding conditions (i.e. material not sufficiently softened to ensure proper mixing) or hot welding conditions (exceeding the solidus temperature causing chaotic stirring). From the mechanical point of view, the relationship the two parameters also generates a third parameter known as advance per revolution (APR), ratio between welding and rotational speed, representing the thickness of the layer carried by the pin in a cycle, i.e. the millimeters advanced by the tool in a rotation. This influences the mechanical tool-workpiece interaction. The role of the two main parameters in friction stir welding and the flow chart for obtaining a sound weld is summarized schematically in Figure 1.9. Up to now, the identification of optimal process parameters is made through a Figure 1.9: Role of rotational and welding speed in friction stir welding trial and error approach, which is costly both from an economic and temporal point of view. Moreover, after testing, post-mortem analyses such as cross-sectional analysis or tomography are required to verify the presence of internal defects, further prolonging the time needed to identify optimal process parameters.

Machine

Machines to perform friction stir welding are diverse and have evolved over time. Starting from old milling machines adapted to FSW by replacing the mill with a tool, technological evolution has made it possible over time to perform welding with polyarticulated robots and dedicated FSW machines. In Figure 1.10 the three type of devices are displayed. Each has its strengths and weaknesses that are presented briefly in this section. The adapted machines are the first that have been used for friction stir welding. Still primarily used for investigation purposes, these machines were not conceived to serve this technology. They are characterized by good stiffness and can be used only in position control, except for external installations on the machine. In recent years, the possibility of mounting FSW heads on traditional CNC machines has revived the use of CNC machines in this technology. The dedicated FSW equipment allows a much broader application with 2D and 3D welds, guaranteeing excellent stiffness required in the process. They enable the application of much higher axial loads compared to all other devices, and for this reason, they are the ones that allow the application of FSW even on high-strength materials such as steel and titanium alloys as well as on high thicknesses. They are characterized by both control, position and axial force, and sometimes present automatic integrated clamping systems. These devices are the ones used in production but have high initial investment costs compared to the others. The polyarticulated robots are characterized by great flexibility and perform friction stir welding for complex and particular shapes. Being characterized by much lower stiffnesses than other devices, the robots have required the development of force controls to ensure process stability. These robots, however, have limited applicable loads in the process (max around 15 kN in the new models), and therefore applications are limited to mainly low thickness aluminum alloys (up to 10mm). Compared to dedicated machines, the robots are much more economical on the initial investment cost and provide greater flexibility. For completeness, it is worth noting also the parallel architecture robots, characterized by excellent stiffness but not very flexible and very limited for the space that the structure requires. More information on the different equipment, to explore the strengths and weaknesses, can be found in the review available in the literature [START_REF] Mendes | Machines and control systems for friction stir welding: A review[END_REF].

Industrial applications

In the past thirty years, the process has reached a certain maturity, and various industrial applications can be found mainly in the macro-category of transportation. In these industries, this type of technique has made it possible to facilitate the assembly of parts (compared to mechanical assembly), to improve the mechanical characteristics of the assemblies (compared to other fusion welding techniques), and to reduce the weight of the structure (no need to increase thicknesses to increase mechanical resistance due to the holes made in the panels). In aerospace and aviation, the importance of the process can be traced to the fact that the world's two largest players Boeing and Airbus, have taken an interest in the technology and integrated it into various projects. The American giant has used friction stir welding for rockets and aircraft structures to weld aluminum alloys belonging to the 7xxx and 2xxx family. The same is true for the European group Airbus, which has used this type of welding in the A3xx family of aircraft to weld alloys belonging to the AA7xxx family. An application of friction stir welding on a large aerospace fuel tank is showed in Figure 1.11a. In the shipbuilding sector, friction stir welding has been widely used for large panels of structures, mainly with corrosion-resistant aluminum alloy 5083. Other applications include panels for Figure 1.11: FSW industrial applications: a) aerospace fuel tank [START_REF] Wang | Friction stir welding of highstrength aerospace aluminum alloy and application in rocket tank manufacturing[END_REF] and b) railway car [Shahri et Sandström, 2010]. deck, wall construction, and freezer panels. In the railway sector, Hitachi has undoubtedly been among the most involved in developing friction stir welding. Among the applications, train wagons, welding of extruded aluminum parts (Figure 1.11b), and rolling stock. Automotive has also been affected by the innovation and benefits brought by friction stir welding. Various companies like Mazda, Ford, etc., have turned to this technology to benefit from it. Among the main applications are car bodies, chassis, fuel tanks, etc.. Recently, with the great development of electric cars, the process has found other potential applications such as electric vehicle aluminum battery housing [START_REF] Kang | Welding deformation analysis, using an inherent strain method for friction stir welded electric vehicle aluminum battery housing, considering productivity[END_REF].

Phenomenology

By phenomenology is meant everything that happens at the tool-workpiece interaction during friction stir welding. Understanding what occurs at the shoulder and pin interfaces, it is possible to comprehend later all that concerns the material flow, the presence of defects, the microstructure, etc. The logic diagram for this section is simplified in Figure 1.12, with the tool-workpiece interaction on the mechanical and thermal levels influencing the various factors, which are in turn interconnected. The goal here is to describe as simply as possible the phenomenology of the process to explain everything the reader needs to know for the understanding of the following chapters.

Thermo-mechanical phenomena

Tool-workpiece mechanical interaction

The mechanical interaction between tool and workpiece is generated by the two movements, rotation and feed, of the former with respect to the latter. The rotation causes the tool shear action on the base material, and the feed ensures that this shearing action is repeated Figure 1.12: Section organization: influence of the tool-workpiece interaction on the process. cyclically on new "fresh" material. This dynamic develops in three different areas of toolworkpiece contact, namely the shoulder, the lateral surface and the bottom of the pin. These movements give rise to two mechanical phenomena that are the determining factors of the process, namely friction between tool and workpiece and at the same time plastic deformation of the latter under the severe action of the tool. The difficulty, and at the same time appeal of the process, lies in the fact that these mechanical phenomena determine the thermal input of the process itself. While in other processes, the energy component can be controlled directly, in FSW, it is controlled indirectly through mechanics, and this dependence makes it more complex. The complexity lies in the differences that inevitably exist in each of the zones for various reasons, thermal or mechanical. As for the shoulder, it simultaneously shear and compress the material due to the rotation and the axial force. The type of contact varies with radius, as the relative velocity between tool and workpiece increases linearly with radius. The consequence is also a potential thermal gradient in the material underneath the shoulder depending on the radius and thus interaction, and friction coefficient, which could vary along the radius. As for the lateral pin surface, the type of contact is shear-compression given the simultaneous rotation and advancement of the tool, and in the case of thin sheets, it can be assumed a constant temperature along the thickness and, therefore, a similar interaction around the pin. Still, the same is not valid for thicker plates with possible thermal gradients along with the pin height. Finally, the pin bottom surface also acts with shear and compression on the base material concerning the lower surface, but it's mechanical and thermal effects can be with good approximation neglected if compared with the other surfaces. With these assumptions, it is understandable the potential difficulty in determining a possible coefficient of friction between tool and workpiece to make a tribological study of the phenomenon. In general, friction between tool and workpiece is Chapter 1. Study context and positioning the phenomenon that causes the temperature in the workpiece to rise abruptly to very high temperatures.

In addition to friction, the material plastic deformation is also a key element. During its movement, the tool cyclically interacts with a volume of material in the form of layers. They are plastically deformed during the tool rotation from the advancing to the retreating side until deposition by the tool in the space left behind after advancing. The shear stresses acting on the material depends on the tool (features and geometry), the base material temperaturedependent viscoplastic properties and the process parameters. Mechanically, the difficulty lies in the shoulder hiding the tool-workpiece interaction throughout the process and in the simultaneous tool rotation and feed and its action on the material. It is therefore impossible to see what is really going on. Moreover, it is also impossible to isolate the effect of friction and plastic deformation of the material, operated by the single surface of the tool.

Tool-workpiece thermal interaction

The tool-workpiece mechanical interactions affect the heat generation, ensuring a rapid increase in temperature and a self-limiting effect, intrinsic to the physics of the process, which allows reaching high temperatures, sometimes higher than those of solidus, but never above those of fusion. The friction between the two solid bodies at the beginning of the process is such that it causes a rapid increase in temperature. The temperature at the interface increases as it diffuses into the material, and heat generation begins to decrease as the strength of the material decreases. Higher temperatures cause mechanical properties to drop until the material reaches a certain degree of softening. The heat generation due to friction decreases drastically, thus determining the thermal stability of the process, as far as the contribution of friction is concerned. In general, if this thermal stability friction-induced is not achieved, it is very likely to be in welding conditions in which the material resistance is high, and the tool struggles to rotate and advance in the media. The consequence is a low material flowability around the pin with the possible occurrence of internal or external defects induced by a "cold" welding configuration. In addition to the friction contribution, there is the heat generated by plastic deformation. Part of the energy required to plastically deform a material is transformed into heat, increasing temperature. Also, in FSW, even if the temperatures reached due to friction are high, the localized plastic deformation in the small volume of material mixed by the tool in a rotation causes local temperature increases. The ∆T induced by the plastic deformation is added to that reached thanks to the friction, determining the FSW peak temperature in the NZ. Knowing and understanding the link between mechanical and thermal is fundamental because it is precisely this that determines the final result of the process (quality and mechanical properties of the joint). The thermal defines both the visco-plastic material properties and its flowability to ensure the correct filling of the cavity left by the tool advancement and the thermal shock suffered by the base material and, therefore, the final mechanical properties of the joint. For this reason, various studies have been done over time to study the tribology of the tool-workpiece contact to quantify coefficients of friction [START_REF] Durdanović | Heat generation during friction stir welding process[END_REF], to comprehend the possible differences in the contact between sticking or slipping conditions [START_REF] Schmidt | An analytical model for the heat generation in friction stir welding[END_REF] depending on tool zone [START_REF] Schneider | Interfacial sticking and slipping in the friction stir welding process[END_REF] and process parameters [START_REF] Morisada | Clarification of material flow and defect formation during friction stir welding[END_REF]. The objective was to understand the contact, determine the rates involved in the heat generation related to various phenomena, and develop models capable of simulating first the thermo-mechanics of the process. However, despite the efforts and understanding that a mixed slipping-sticking state exists at the contact between tool and workpiece, to further detail, this aspect is complex, and still today, the community has not been able to distinguish the actual contributions of the single elements.

Material Flow

Material flow represents the movement of material induced by the tool during the process. Following the processing material as, for example, in orthogonal cutting, is impossible because the shoulder covers everything during welding and the material movement is 3D, and therefore many studies and different experimental techniques have been tried to obtain information on material flow. The first studies have been carried out by analyzing dissimilar friction stir welds in butt configuration [START_REF] Li | Solid-state flow visualization in the friction-stir welding of 2024 al to 6061 al[END_REF] or inserting markers in the base material [Colligan, 1999]. The information about the material flow was obtained in both cases with the post-mortem weld microstructures analysis. Based on the dissimilar material mixing or comparing the position of the markers before and after the process, researchers revealed several features of the material flow in FSW. In early studies, the importance of the shoulder on material flow was reported, as expected, but [START_REF] Seidel | [END_REF] first asserted the existence of a vertical movement from retreating to advancing side induced by the shoulder. The proposal of the various flows that make up the material flow in FSW as it is understood today was proposed by [Schneider et Nunes, 2003]. The study was based on the post-mortem analysis of crosssections and longitudinal sections of friction stir welds. The authors concluded the existence of three simultaneous flows giving rise to the final material flow. The first is the rotation around the tool at both the shoulder and the lateral surface of the pin, defined as rigid body rotation (Figure 1.13a). In addition, the second is a linear flow that is equal and opposite to the tool feed (Figure 1.13b). Combining these two, a mixed flow is obtained, linear up to the pin surface where the tool rotation generates rotational streamlines until becoming again linear at the tool trailing edge (Figure 1.13c). In addition to these two movements that are in agreement with the rotation and advancement of the tool, there is another less intuitive one, understood thanks to various experimental observations. A vertical motion is generated when the material is transported from the retreating side to the advancing side. The material is pushed down by the shoulder due to the axial force applied, and the tilt angle generally imposed that increases this effect. At the bottom, the material is blocked by the backing plate, giving rise to this movement defined as ring vortex generated at the back of the tool (Figure 1.14). This last movement then causes something more chaotic mixing with the other flows. The authors divided the final material flow, using similarities with electric fields, in straight- through current and maelstrom current flow (Figure 1.15). The vertical motion tool rear has been confirmed [START_REF] Alvarez | Material flow and mixing patterns during dissimilar fsw[END_REF] by using the quick-stop technique by locking the tool within the material. [Kumar et Kailas, 2008] also reported the down-up flow adding that it is possible to distinguish one part of the material processed by the shoulder and another by the pin. Similarly, [START_REF] Gratecap | Exploring material flow in friction stir welding : tool eccentricity and formation of banded structures[END_REF] experimentally highlighted the existence of one zone processed by the shoulder and another one by the pin (Figure . 1.16).

Figure 1.16: Differences in the material processed by the tool: shoulder (upper lobe) and pin (lower lobe) affected materials [START_REF] Gratecap | Exploring material flow in friction stir welding : tool eccentricity and formation of banded structures[END_REF].

Defects

In friction stir welding, defect means any type of flaw generated either internally or externally to the weld seam, which degrades the mechanical strength and the surface quality of the weld. Various factors can generate these imperfections, and for simplicity, they can be distinguished in defects caused by problems in the material flow and those due to geometric aspects (positioning of the plates, the position of the tool with respect to the plates, etc.). The flow-related defects are the most difficult to understand and can strongly affect the quality of the joint and, therefore, its mechanical strength. As understood in the previous introduction of material flow, what happens below the shoulder and around the pin is truly chaotic and challenging to study except with post-mortem microstructural observations. So the nature of these defects, when they occur, and the triggers are not easy things to define. Depending on the triggering phenomenon, problems in the material flow can give rise to sporadic local internal voids in the nugget zone (a), voids that repeat cyclically in the same location, giving rise to tunnels all along the weld seam (b), an incomplete joint surface (c), or thinning of the plate thickness with excessive flash observed at the sides of the joint (d) (Figure 1.17). These types of defects can be classified as internal or superficial. The formers are more complicated, as they are not visible to the naked eye and require post-mortem analysis for their detection and thus are a major issue in FSW. These types of defects can be classified as internal or superficial. The formers are more complicated, as they are not visible to the naked eye and require post-mortem analysis for their detection and thus are a major issue in FSW. As for the geometric ones, these are detrimental to the joints' mechanical health but easier to understand and detect. These can be divided into plate placement errors and tool placement errors with respect to the plates. To the first category belong the cases in which the fixing of the plates, for example, in butt-configuration, is not optimal, with the two faying surfaces not perfectly parallel to each other. The consequence is internal voids. This defect can be solved with a correct fixing mechanism to ensure contact between the welding plates. In the second category, however, two types of positioning errors that cause defects can be included. Taking the example of the butt configuration, if the tool is not correctly positioned symmetrically to the two plates, some defects may occur, with a lack of mechanical bonding between the material on the two sides. Similarly, if the axial position of the tool is not optimal, the defect known as lack of penetration may occur, i.e., a lack of welding at the root of the joint (Figure 1.17e). In the remainder of the manuscript, the focus will be on flow-related defects, presented in detail with a literature review in the next chapter.

Microstructure

The microstructural study of an FSW joint passes by analyzing the various parts that compose it, i.e., heat affected zone, thermo-mechanically affected zone, and nugget zone. Each area is affected differently by the process, and thus each must be considered independently. Although the microstructural aspect of the process is not the focus of this thesis, the analysis of microstructural transformations (grain size, precipitates) has sometimes been studied to understand the impact of the process parameters used on the joint. This part provided interesting results included in Appendix B of this manuscript. A brief introduction of the various microstructures found in an FSW joint is presented in this section, together with a literature review to understand the influence of process parameters on the microstructure. The FSW weld joint center is the most complex part, where the most severe conditions both mechanically and thermally develop. Called stirred or nugget zone (SZ or NZ), this zone is distinguished from the others by a microstructure utterly different from that of the starting base material, confirming how the severe process conditions involve substantial changes in the microstructure (Figure 1.18). The complete mechanism that results in this drastic microstruc- tural transformation has been thoroughly explained by [START_REF] Su | Microstructure evolution during fsw/fsp of high strength aluminum alloys[END_REF]. Schematically, the various subsequent phases that lead to the nugget zone are displayed in Figure 1.19. The ul- Schematic illustration of NZ microstructure evolution during FSW [START_REF] Su | Microstructure evolution during fsw/fsp of high strength aluminum alloys[END_REF]. timate result of these mechanisms is certain grain size, dislocation densities, and precipitates. These characteristics are what then determine the mechanical properties of the nugget zone in the joints. The grain size in the NZ of AA5083 friction stir welds was reported to decrease with low rotational speeds high welding speed [START_REF] Hirata | Influence of friction stir welding parameters on grain size and formability in 5083 aluminum alloy[END_REF]. This is mainly due to the heat input attributable to the two parameters. It is well known that the more time the newly generated fine microstructure spends at elevated temperatures, the greater the static grain growth [START_REF] Sato | Parameters controlling microstructure and hardness during friction-stir welding of precipitation-hardenable aluminum alloy 6063[END_REF]. Therefore, reducing the rotational speed reduces the peak temperatures while increasing the welding speed reduces the thermal cycle duration. Clearly, the ratio between the initial grain size in BM and the final grain size in NZ depends on many factors, regardless of the process parameters, such as backing plate, tool, base material, type of cooling etc. At the same time, the other relevant factor is the dislocation density. In heat-treatable aluminium alloys, the dislocations are a favourable site for the re-precipitation of strengthening precipitates [START_REF] Fuller | Evolution of microstructure and mechanical properties in naturally aged 7050 and 7075 al friction stir welds[END_REF]. The dislocation population depends on the dynamic recrystallization process intended as a continuous dynamic recrystallization process based on dynamic recovery [START_REF] Su | Microstructure evolution during fsw/fsp of high strength aluminum alloys[END_REF]. The longer the thermal cycle for the grain in the NZ, the higher the degree of recovery, the lower the dislocation density. In the TMAZ, the grains are deformed by the tool movement. They are subjected to a thermal cycle with the maximum temperature lower than the one in NZ. In the FSW of heat-treatable aluminum alloys (AA2xxx, AA6xxx, AA7xxx), the determining factor is always the thermal cycle and the maximum temperatures reached, which are generally above those required to induce the strengthening precipitates' dissolution. As a result, they dissolve during the process and then re-precipitate during cooling. Some of its mechanical properties will be recovered by aging but not reaching those of the base material [Fonda et Bingert, 2004]. Also, there is an increase in dislocations density in the outermost part of the TMAZ due to plastic deformation that promotes the nucleation of strengthening precipitates in the post-welding phase [START_REF] Su | Microstructural investigation of friction stir welded 7050-t651 aluminium[END_REF]. Finally, concerning the HAZ, the only factor is the precipitate growth due to the thermal cycle to which the microstructure is subjected. This is the reason why, in FSW joints, the HAZ is the weakest zone and the one in which the specimens fail during tensile testing [START_REF] Su | Microstructural investigation of friction stir welded 7050-t651 aluminium[END_REF].

Mechanical properties

The objective of a weld is to join two different elements trying to get as close as possible to the mechanical properties of the base material. The maximization of mechanical properties is achieved by ensuring the absence of defects in the joint and minimizing the thermal shock in the HAZ. Therefore, the FSW process's impact on the mechanical properties of the weld passes through the two aspects analyzed above, namely weld quality (sound or defective) and microstructure (grain size, precipitates, etc.). The mechanical properties of FSW joints are influenced by process parameters. [Mishra et Komarasamy, 2016] showed the influence of rotational and welding speeds on the thermo-mechanical phenomena that develop during FSW and their impact on the final microstructure and mechanical properties of the joint. The role of welding speed in 6005A-T6 friction stir welds was investigated by [START_REF] Dong | Effects of welding speed on the microstructure and hardness in friction stir welding joints of 6005a-t6 aluminum alloy[END_REF]. The authors displayed that higher welding speed results in higher yield strength. [START_REF] Golezani | Elucidating of tool rotational speed in friction stir welding of 7020-t6 aluminum alloy[END_REF] studied the influence of rotational speed on the strength of AA7020-T6 FSW joints. The authors showed higher hardness and yield strength but lower ductility of the joint when using low rotational speeds. [START_REF] Rajakumar | Influence of friction stir welding process and tool parameters on strength properties of aa7075-t6 aluminium alloy joints[END_REF] highlighted the impact of rotational and welding speeds on the mechanical properties of FSW joints, while [START_REF] Tabasi | Dissimilar friction stir welding of 7075 aluminum alloy to az31 magnesium alloy using sic nanoparticles[END_REF] proved as high rotational speeds and low welding speeds promote stirring of the material. On the one hand, high welding speeds are responsible for narrow heat affected zones, leading to high mechanical properties of the joints. On the other hand, too low rotational speeds may not ensure sufficient mixing for the mechanical bonding between the welding plates. Simultaneously, too high values may result in the excessive stirring of the welded material, causing flashes and/or micro-voids within the joint. The influence of process parameters and different pin morphologies on the mechanical properties of FSW joints was shown by [START_REF] Moharami | Role of mg2si particles on mechanical, wear, and corrosion behaviors of friction stir welding of aa6061-t6 and al-mg2si composite[END_REF]. Also, the influence of post-welding aging on the mechanical properties of AA7xxx joined with FSW is not to be neglected [START_REF] Mahoney | Properties of friction-stir-welded 7075 t651 aluminum[END_REF]]. The mechanical properties recovery process was shown to continue at least up to 60,000 h after the execution of the joints [START_REF] Fuller | Evolution of microstructure and mechanical properties in naturally aged 7050 and 7075 al friction stir welds[END_REF].

Hence, the mechanical properties of heat-treatable aluminum alloy friction stir weld are strongly influenced by process parameters and aging in the post-welding period. As such, a study was conducted to discern these issues and clarify them. It is given in Appendix B of the manuscript.

Conclusion

The issue addressed in this work is the thermo-mechanical phenomena during the friction stir welding process. Still, today it is not easy to understand the relationship between operating parameters, thermo-mechanical phenomena and weld quality. Given this problem, the work is organized as shown in Figure 1.20. The thesis' core is the material flow and weld quality, which are analyzed under different aspects to discern the complex link between operating parameters and thermo-mechanical interactions. Moreover, Appendix B includes a specific study on the influence of process parameters and post-welding treatments on mechanical properties.

Focusing on the main part, this is divided into two blocks, one based on the link between physical quantities and weld quality and the other on improving material law for a better description of material behavior in the FSW numerical model based on the coupled Eulerian-Lagrangian (CEL) approach. The former is divided into three chapters, and their organization and logic flow is shown in Figure 1.21. First, experimental campaigns were launched on different machines, and multiple types of defects associated with the material flow were identified and classified depending on the considered aluminum alloy. Based on the comprehension of the different aluminum alloys weldability and welding parameters, physical quantities developed during FSW were monitored to deepen the thermo-mechanical phenomena. Monitoring of in-plane forces and acoustic emission was employed for detecting critical internal defects. Power and temperature were recorded to identify nugget zone optimal peak temperature ranges for sound welds and develop thermal models for temperature prediction in FSW. Hence, both mechanical and thermal tool-workpiece interactions are tackled to clar-Chapter 1. Study context and positioning ify the process comprehension experimentally. Instead, the second part focuses on numerical simulation of friction stir welding through the CEL approach. A new damage evolution law is developed and calibrated on orthogonal cutting tests. Once its influence on the chip formation mechanism is demonstrated, it is extended to a 3D FSW model based on the CEL approach to improving the material flow prediction. The organization of this part is shown in Figure 1.22.

Given the difficulties that still exist today in identifying optimal parameters to obtain a sound joint, this thesis aims to shed light on the thermo-mechanical interaction between tool and workpiece. With this objective in mind, in the first part of the manuscript, we focus experimentally on the physical quantities generated during the process and their relation with the joint quality. Then, to complete the study, we concentrate on material flow, tackling the problem with numerical models based on the CEL approach considering the difficulties in observing the stirred material constantly hidden by the shoulder. Hence, a new damage evolution law is proposed to improve the material behavior description during FSW simulation. 

Introduction

The phenomena developed during tool-workpiece contact during friction stir welding are very complex and challenging to analyze. The intrinsic link between the mechanical and thermal contribution, together with the inaccessibility to the processing zone, make it challenging to study and understand. Also, the mechanical and thermal properties of the welded material can influence the process, making it even more complex and material dependent. This chapter aims to study the weldability of two widely used heat-treatable aluminum alloys (AA), AA6082-T6 and AA7075-T6, to analyze and discern typical possible flow-related internal defects [START_REF] Kim | Three defect types in friction stir welding of aluminum die casting alloy[END_REF], Kumar et Kailas, 2008].

The chapter is organized as follow:

• a brief presentation of the materials used, with information on mechanical and thermal properties, chemical composition, but also a report of the activities already performed on these materials in the field of friction stir welding;

• a review of the literature on possible defects in friction stir welding and the causes of their appearance;

• a presentation of the experimental phase and subsequent analysis on the joints' quality through the identification of the main types of internal defects;

• a conclusion to recap information to keep in mind in the following chapters.

State of the art

In this section, the two aluminum alloys are introduced, firstly with general information, then analysing their weldability with FSW based on previous studies and then discerning some information about their differences in deformability and flowability based on their applications to other manufacturing processes somehow similar to FSW. Then, the different types of defects possible in friction stir welding are introduced and categorized.

Heat-treatable aluminum alloys: AA6082-T6 and AA7075-T6

The two alloys covered in this thesis work are AA6082-T6 and AA7075-T6 and are widely used in automotive [Engler et Hirsch, 2002] and aerospace [START_REF] Ribeiro | Experimental and numerical modelling and simulation of the creep age forming of aeronautic panels AA7XXX aluminium alloy[END_REF] sectors. Regardless of their industrial applications, they were chosen for different reasons. AA7075-T6 was selected as part of the ENABLE project as the aluminum alloy preferred to have continuity and connections between material modelling and manufacturing processes work packages. In order to do a parallel study on a similar aluminium alloy widely used in FSW, knowing that it is characterized by good weldability, we opted for AA6082-T6. The study of two different aluminum alloys was guided by the desire not to tie the type of analysis to a single alloy but to observe phenomenological/experimental variations depending on the alloy used.

In the studies on AA6082-T6 and AA7075-T6, a high number of variables such as process parameters, type of monitoring (position or force), and tool geometry vary and influence the weldability of the two alloys. All the results obtained in these studies make it hard to extrapolate the link between parameters and weldability. However, a rough weldability window can be identified by gathering the literature results on sheets thickness equal to or below 6 mm and considering only welding and rotational speed (AA6082-T6 [START_REF] Cavaliere | Effect of welding parameters on mechanical and microstructural properties of AA6082 joints produced by friction stir welding[END_REF], Leitão et al., 2012, Forcellese et al., 2017, Lambiase et al., 2018] and AA7075-T6 [START_REF] Azimzadegan | [END_REF], Bahemmat et al., 2010, Gemme et al., 2011, Rajakumar et al., 2011, Ipekoglu et al., 2012, Zhang et al., 2019]). The percentage of sound weld out of all the trials found in literature can indicate the specific alloy's weldability. The investigated windows extends for AA6082-T6 up to 2500 rpm and 500 mm/min while AA7075-T6 up to 2000 rpm and 600 mm/min. From the analysis of the works, it is evident the greater weldability of the former, as shown in Figure 4.4, with percentages of sound welds equal to 90% for AA6082-T6 and 50% for AA7075-T6. A processability limit due to low rotational speeds lower than 350 rpm can be observed for AA6082, while for AA7075, the same applies for high rotational speeds from 1000 rpm onwards. Also, it should be noted that in the work of [START_REF] Ipekoglu | Investigation of the effect of temper condition on the friction-stir weldability of AA7075 Al-alloy plates[END_REF], we can highlight that increasing the welding speed beyond 200 mm/min and the rotational speed beyond 1200 rpm, it appears that welding is not possible. Overall, for AA6082, few authors have reported defective joints, which does not allow identifying all the processability range limits but proves its good weldability. These results demonstrate differences in weldability windows, even though they are two aluminum alloys. Although observable by analyzing individually the works available in the literature, this aspect has never been directly addressed to understand the differences that determine the different weldability. Hence the interest in focusing on two types of aluminum alloys that are similar, heat treatable, but behave differently during FSW. Thus, studying the two materials, it is possible to have a global view without binding the type of analysis only to a specific alloy.

Chapter 2. Experimental investigations on flow-related defects generated during FSW

In order to distinguish the behavior of both materials, it is important first to compare the chemical composition and then their mechanical and thermal properties. Regarding the chemical composition of the two alloys, AA6082-T6 is made of aluminum between 95-98%, and the highest alloying elements are silicon, magnesium, and manganese. Contrarily, in AA7075-T6, the percentage of aluminum is between 87-92%, and the major alloying elements are zinc, magnesium, and copper [ASM Handbook, 1990]. The chemical compositions are summerized in Table 2.1. Therefore, AA7075-T6 can be considered heavily alloyed with a In this regard, it is worth noting that in studies aluminum alloys deformability, different behavior of the two alloys has been reported. Studying the deformability of various aluminum alloys, [Zakharov, 1995] demonstrated the significant difference between AA7075 and AA6xxx during hot extrusion. The low deformability of AA7075 is due to its sensitivity to hot tearing defect [START_REF] Reza | Microstructural Evolution During the Homogenization of Al-Zn-Mg Aluminum Alloys[END_REF]. This defect consists of micro-cracks on the external surface of the extrudates (Figure 2.2) due to high temperatures close to or above the solidus temperature reached in correspondence of the stress concentration zones at the die edges. The increase in Figure 2.2: Hot tearing in AA7075 hot extrusion [START_REF] Ngernbamrung | Investigation of surface cracking of hot-extruded AA7075 billet[END_REF].

temperature above the solidus temperature is responsible for local incipient melting in second phase particles causing sudden embrittlement of the material with its resistance dropping below the flow stress previously required for the plastic deformation. The consequence is the unexpected fracture with the appearance of tears on the external surface of the extruded part [Sigworth, 1996]. This defect is more likely to appear in heavily alloyed aluminum, characterized by the high density of intragranular and intergranular second phase particles [Stoloff, 1983].

Mechanical and thermal properties of the two materials are shown in Table 2.2. AA7075-Table 2.2: Mechanical and thermal properties of AA6082-T6 [START_REF] Braga | Aluminium Friction-stir Weld-bonded Joints[END_REF], Silva-Magalhães et al., 2019] and AA7075-T6 [ASM Handbook, 1990]. Yield stress (Y), ultimate tensile strength (UTS), strain at break (ε f ) , solidus temperature (T solidus ), specific heat (c), thermal conductivity (λ). T6 presents higher yield strength and ultimate tensile strength than AA6082-T6. From the thermal point of view, AA7075-T6 is characterized by a lower thermal conductivity, i.e., localized heat, higher specific heat. i.e. higher energy input is required to guarantee the temperature increase and lower solidus temperature, i.e. maximum possible temperature attained at lower rotational speeds. These differences are likely to lead, during friction stir welding, to greater difficulty in processing AA7075-T6, i.e. greater forces generated during the process and the need for lower rotational speeds to reach the solidus due to its lower thermal conductivity.

Alloy Y UTS ε f T solidus c λ (at room temperature) (MPa) (MPa) (%) ( • C) (J/kgK) (W/
From the information given in this section, the differences between the two alloys are noticeable. Their different chemical composition and the fact that in other processes such as hot extrusion, this strongly affects their deformability suggests that the same may happen during FSW. Similarly, the different mechanical and thermal properties indicate the development of thermo-mechanical phenomena that may lead to different weldability. Hence, one understands how important it is to conduct a simultaneous investigation to reveal their differences on weld quality and weldability windows qualitatively and second to discern the differences in terms of mechanical and thermal stresses by monitoring physical quantities generated during the process.

Flow-related defects

Flow-related defects can be classified as all those flaws that can be traced back to incorrect interaction between tool and workpiece due to non-optimal welding conditions. Those defects occur because the tool fails in properly dragging the material taken on the advancing side

Chapter 2. Experimental investigations on flow-related defects generated during FSW

along the entire circular path to release it at the tool rear. The result of the incorrect process is the presence of internal or external voids which adversely affects the functionality of the joint.

One type of defect associated with an incorrect material flow is related to the insufficient forging action of the shoulder on the material resulting in the presence of voids between the zone processed by the pin and the zone processed by the shoulder [START_REF] Chen | Shear flow and formation of Nugget zone during friction stir welding of aluminium alloy 5083[END_REF], Kumar et Kailas, 2008].

Like other hot working manufacturing processes, in friction stir welding, increasing the temperature of the workpiece is critical to reducing its resistance to deformation and be adequately stirred. The importance of the thermal effect has meant that over time, a standard classification of flow-related defects is between hot and cold, where hot and cold do not indicate particular temperatures but thermal welding conditions that cannot guarantee the correct stirring of the base material to ensure proper welding [START_REF] Zettler | 9 -Effects and defects of friction stir welds[END_REF]. Therefore, the flow-related defects are classified and presented as those caused by insufficient forging performed by the shoulder and those caused by thermal phenomena.

Defect caused by insufficient shoulder forging action

A defect widely reported in the literature is a void on the advancing side between the fully recrystallized stirred zone and the TMAZ [START_REF] Chen | The investigation of typical welding defects for 5456 aluminum alloy friction stir welds[END_REF]. To be more specific, several authors have clearly distinguished the material processed by the pin, pin driven flow, and the material processed by the shoulder, shoulder driven flow [START_REF] Gratecap | Exploring material flow in friction stir welding : tool eccentricity and formation of banded structures[END_REF]. Successful FSW is assured if these two material flows processed by the two parts that make up the tool converge behind the tool [Kumar et Kailas, 2008] (Figure 2.3). This defect does not fall into the previously indicated categories because the main reason for its appearance is more mechanical than thermal with an insufficient axial force applied or tilt angle, which does not allow the surface forging required to compact the welded material.

Cold defects

A cold joint can be defined as a joint obtained under process conditions (combination of welding speed and rotational speed) that do not provide sufficient heat input to the workpiece to ensure proper softening of the base material. The result is a lack of material in the joint, either externally or internally, as the tool advances because it is unable to drag material along. These defects will be presented sequentially, starting from tool breakage until the internal voids:

• when heat input is not sufficient to guarantee thermal softening and the consequent decrease in the resistance of the material to be welded, tool breakage can occur [START_REF] Zhao | The influence of pin geometry on bonding and mechanical properties in friction stir weld 2014 al alloy[END_REF]. Possible conditions leading to the failure include low rotational speed and high feed rate. The consequence is that the pin tries to process a significant volume of material when the latter is still particularly resistant; • if the tool can resist the stresses imposed by the process due to the beginning of thermal softening, but the material is still not sufficiently softened to let the shoulder completely drag the material below it during the whole rotation, an external cavity can be produced along the weld, as displayed in Figure 2.4. This type of defect occurs when a combination of process parameters, including applied axial force or plunge depth, do not ensure the containment of the cyclically processed material under the shoulder during rotation to complete the void left by the tool behind [START_REF] Wahab | Challenges in the detection of weld-defects in friction-stirwelding (fsw)[END_REF];

• approaching conditions that facilitate the hot material deformation the lack of material only manifests internally along the joint generating the internal cavity [START_REF] Khan | Investigations on tunneling and kissing bond defects in FSW joints for dissimilar aluminum alloys[END_REF].

In other words, the shoulder manages to contain the material inside the weld seam, but during FSW the rotation around the pin is not such as to allow the layer of material to complete this circular trajectory and fill the void left by the tool internally as well (Figure 2.5). The Figure 2.5: Welds cross-sections showing internal cavity due to cold welding configuration [START_REF] Khan | Investigations on tunneling and kissing bond defects in FSW joints for dissimilar aluminum alloys[END_REF].

consequence is then this void placed on the advancing side, and its position depends on the "degree" of softening of the base material. If the softening degree is poor, this defect is located more towards the center of the nugget zone, while if welding parameters lead to a greater softening of the workpiece, the void moves progressively towards AS, i.e. towards the end of the circular trajectory made by the stirred layer. This defect is hidden inside the joint and not traceable except for post-mortem analysis (destructive or not).

Therefore, by progressively increasing the heat input, it is possible to pass from the tool breakage to the internal voids. Instead, optimal heat input condition leads to sound joints. An example is given by [START_REF] Kim | Three defect types in friction stir welding of aluminum die casting alloy[END_REF], passing from defective to sound joint decreasing the welding speed without modifying the other parameters, as displayed in Figure 2.6.

Hot defects

Defects in friction stir welding can also be generated by excessive heat input, and in that case, they are called hot defects. The consequences of excessive heat input are various and different types of defects can be generated. Among the various possibilities, it is worth mentioning:

• improper combination of welding parameters can lead to surface galling (Figure 2.7), intended as rough weld surface induced by excessively hot processing conditions induced Figure 2.6: Improving the weld quality while decreasing the welding speed [START_REF] Kim | Three defect types in friction stir welding of aluminum die casting alloy[END_REF].

by weld metal adhering to the shoulder and randomly re-deposited back into the weld seam [START_REF] Trueba | Effect of tool shoulder features on defects and tensile properties of friction stir welded aluminum 6061-T6[END_REF]. • excessive heat input in conjunction with high applied axial force or plunge depth results in excessive flash [START_REF] Hernández-García | Friction stir welding of dissimilar aa7075-t6 to friction stir welding[END_REF], i.e. expulsion of part of the material on the retreating side (Figure 2.8). The cause is excessive shoulder penetration into the plate resulting in lateral burr formation. This defect is not dangerous but leads to a reduction in the cross-section of the joint, which may reduce its ultimate load by the difference in thickness in the weld. Also, the joint surface would need finishing operations to remove the burr;

• a void within the joint can also be generated under too hot conditions, i.e. too high rotational speeds. This type of defect has been defined by [START_REF] Kim | Three defect types in friction stir welding of aluminum die casting alloy[END_REF] as abnormal stirring and is displayed in Figure 2.9. [START_REF] Dialami | Defect formation and material flow in Friction Stir Welding[END_REF] justified the abnormal stirring with high rotating speed and high advancing speeds. The consequences are during FSW Figure 2.9: Abnomal stirring and internal defects [START_REF] Kim | Three defect types in friction stir welding of aluminum die casting alloy[END_REF].

temperature difference between the top surface and the bottom part, causing discontinuous flow of the material resulting in internal voids. However, in a thin aluminum sheet, the thermal gradient between the upper and lower surfaces is probably negligible and therefore, it is difficult to justify this type of defect with this temperature difference.

Synthesis

The literature review showed the various defects occurring during friction stir welding and their dependence on process parameters and the welded alloy. The objective here is to study the weldability windows of the two selected aluminum alloys to differentiate the defects, focusing especially on the critical internal ones. Therefore, Chapter 1 provides the basis for the following chapters by identifying the flaws while in the rest of the thesis, they are related to the thermo-mechanical phenomena developed during FSW by the tool-workpiece interaction.

Internal defects due to separation between pin and shoulder driven material flows

Introduction

This experimental campaign aims to investigate the occurrence of defects during friction stir welding of AA6082-T6 and AA7075-T6 by gradually increasing the severity of the process. Keeping the applied axial force constant and varying rotational and welding speed, the gradual deterioration of the joint first with internal and then external defects is analyzed. Depending on the joints' quality, it may be possible to discern the differences in behavior between the two materials and the types of defects located inside or outside the joint. This stage is fundamental to begin to observe the differences between the two materials experimentally. Therefore, the objective are the joints degradation analysis and the identification of different weldability windows for the two aluminum alloys.
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Material and methods

Bead-on-plate welds 80 mm long were performed on AA6082-T6 and AA7075-T6 along the rolling direction varying welding parameters.

The robot used for the production of the joints was a KUKA KR500-3MT equipped with an ACTEMIUM BPA-6700 spindle (Figure 2.10a). The H11 steel tool employed was characterised by a grooved shoulder and a slightly tapered threaded M4 pin (Figure 2

.10b).

A composite backing plate with the inner part in mild steel anvil was used. All tests were performed in force control. Process parameters identification for the two materials was made through a preliminary campaign to choose a pair of rotational speed and axial force that guaranteed the penetration of the tool. Both rotational speed and welding speed were selected within the domain already studied in the literature (Figure 4.4). We also tried to avoid excessive axial force to not stress our system (i.e., avoid increasing excessively the axial force for the spindle's safety). For AA6082-T6, the axial value used was 4 kN based on previous experiences on friction stir welding of AA6xxx alloys. A rotational speed capable of ensuring proper penetration and retention during feed was identified at 1400 rpm. Similarly, for AA7075-T6, the axial force was increased gradually, and the pair capable of ensuring proper penetration was 5.5 kN and 800 rpm. The predetermined increase between tests in rotational speed is 200 rpm. The process parameters are listed in Table 2.3. All the welds have been performed with a tilt angle of 1.8 • , basing the choice on previous experience on the robot in friction stir welding of thin aluminum sheets.
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Table 2.3: Welding parameters. The welds were firstly inspected visually to detect external defects while the joints' crosssection was inspected to evaluate modification in the shape of the stirred zone and the presence of internal voids. The welds were analysed by making optical microscope observations (Olympus PMG3). Samples were taken at the second half of the joint to ensure the steady-state of the process. Subsequently, the samples were prepared by standard metallographic techniques. Keller's reagent was used to etch the AA7075-T6 surfaces to reveal the grain structure within the section. On the other hand, difficulties in revealing the microstructure of AA6082-T6 cross-sections were encountered, but etching with Keller's reagent was sufficient to reveal the onion ring structure.

Material

F z v N Material F z v N (AA) (kN) (mm/min) (rpm) (AA) ( 
Details on the machine and tool are given in Appendix A.

Results and discussion

The first analysis to be made is the external one, by observing the weld seam to detect any possible defects on the surface. Three types of welds obtained are shown in Figure 2.11a and differ in the following characteristics:

• "No external defects" presents a weld seam without voids. Any excessive flash or surface galling are not considered as defects in this analysis. However, they cannot yet be defined as sound joints since we do not know how they present themselves in the nugget zone.

• "Lack of fill" defines the welds characterized by a slight incomplete seam in the central part after several millimetres are travelled by the tool. The configuration is characterized by insufficient heat generation and axial force with the consequent incorrect shoulder
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action on the workpiece. This defect does not appear in the first millimetres because the heat can spread and soften the material between the plunging and dwelling phases. However, when too high feed rates are used, the heat cannot diffuse, and so the tool encounters a slightly stronger material, and the shoulder is unable to properly transport and forge the material, resulting in a lack of fill.

• "External cavity" represents the extreme case, when the shoulder cannot contain the material under its surface, expelling part of it during rotation. This ejected material can be seen on the retreating side after several millimeters advanced by the tool. Likewise, in this case, the defect increases as the tool advances for the same reason explained before. From the analysis of the welds obtained on the two alloys, the marked difference between the two materials can be observed, with the total absence of external defects in AA6082-T6 while the various types of weld seams were obtained with AA7075-T6, as displayed in Figure 2.11b.

Going into detail analysing the cross-section, the different results obtained with the two alloys are evident. Focusing on AA6082-T6, two types of joints emerged, the sounds and the ones showing microvoids (lower than 30 µm) in the transition between shoulder and pin affected zone. Figure 2.12 shows the two types of welds and the microvoids in the inner part of the defective joints. Cross-sectional analysis revealed an optimal window of tested process parameters. Although some internal microvoids have been obtained using the highest speed of 360 mm/min, these are either due to non-optimal heat input, either to an insufficient shoulder forging action not allowing the definitive consolidation between the material coming from the shoulder and the one coming from the pin. This second hypothesis is confirmed by [Kumar et Kailas, 2008]. Hence, the only defect obtained is the microvoid located at the transition between the material driven by the shoulder and pin associated with an improper during FSW material flow due to an insufficient shoulder forging action. Moreover, although the analyzed rotational speed range is not extremely wide (1400 to 1800 rpm), the feed rate was varied between 120 and 360 mm/min without affecting the material flow significantly, confirming process parameters allow the suitable temperature range.

In contrast, the results obtained by friction stir welding AA7075-T6 are much more varied and need more detailed analysis. The cross-sections of welds performed at 60 mm/min are displayed in Figure 2.13. The dimensions of the areas that make up the cross-sections are shown in the Table 2.4. The nugget zone width and the shoulder affected zone height are always calculated at the widest points, while the nugget zone height is calculated at the center of the section, as displayed in Figure 2.13a. Firstly, comparing the four cross-sections, a clear separation between the shoulder affected zone (SAZ) and the NZ can be observed, as highlighted in Figure 2.13a. All the nugget zones presented the typical banded structures known as onion rings. Despite the similar aspects of the four sections, comparing Figure 2.13b with the others, it is possible to notice a slight difference in the shape of the nugget zones. While NZ in Figure 2.13c, d and e presented the typical elliptical shape, in the joint performed at 800 rpm, the profile of the nugget zone is more bell-shaped than elliptical, as shown in the dotted lines around the nugget zone in Figure 2.13b. In addition to the shape, we also observe the NZ width (L N Z ) increase from 800 to 1400 rpm, as shown in Table 2.4. Also, looking further into the detail Figure 2.13b, the transition between SAZ and NZ is more noticeable, especially in the zone of the advancing side. Magnification of this transition zone is displayed in Figure 2.14. Two particular features stand out from this image. The first is the appearance of a small triangular area, highlighted in Figure 2.14, between the shoulder affected zone and the nugget zone on the advancing side. The second is the occurrence of micro-voids (approximately 15 µm wide) exactly along the chaotic transition zone between SAZ and NZ. In the condition characterized by the lower rotational velocity and therefore less heat input, a more chaotic transition is revealed with the appearance of a micro-defect as well as the shape of the nugget zone seems to change slightly. Hence, at 800 rpm, the highlighted cross-section features suggest the initial deviation from optimal welding configuration. 2.5 presents the dimension of NZ and SAZ for the cross-section obtained at 180 mm/min.
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As represented in Figure 2.15a, we see the change in the shape of both zones with a more vertically extended SAZ (H SAZ ) and a narrower NZ (L N Z ).

Looking at the four cross- sections, it is possible to divide them into two sub-groups. The first one, 1000 and 1200 rpm, where the internal defects extend until the external surfaces, while in the second group, 1400 and 1600 rpm, the lack of material within the NZ and SAZ. In Figure 2.15b and c, the NZ width (L N Z ) is significantly reduced compared to welds obtained at 60 mm/min. In both cross-sections, the absence of material starts within the nugget zone and then develops along the shoulder affected zone reaching the external surface. For the joints characterised by higher rotational speed, only internal defects can be observed. The first feature to highlight is the even more remarkable distinction between NZ and SAZ than welds made at 60 mm/min.
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Also, the vertical extension of the shoulder affected zones in Figure 2.15d and e seemed to be significantly increased, occupying more than half of the cross-section thickness. In both cross-sections, it is interesting to observe minor internal defects on the AS exactly along the transition zone between SAZ and NZ, as shown in Figure 2.15d and d by the white dotted lines. Furthermore, the previously introduced triangular zone between SAZ and NZ on the advancing side can be observed again. Lastly, the shape of the banded structures in the nugget zone presented a more chaotic profile with a sudden deviation between the NZ and the triangular zone on the AS. All these observations suggest thermomechanical conditions that do not allow the tool to properly drag the material during its rotation and or to consolidate it with the required forging action resulting in internal voids on the advancing side between SAZ and NZ.

Welds performed at 300 mm/min are shown in Figure 2.16, while the dimensions of the cross-section zones are listed in Table 2.6. The cross-section of the weld obtained at 1000 rpm has not been analysed because it presented already huge external defects. In the joint showed in Figure 2.16a, a considerable
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void in the inner part of the NZ extends until the weld crown can be observed. As for the welds obtained at 180 mm/min employing the lower rotational speeds, the width of the NZ is significantly reduced if compared with welds obtained at 60 mm/min. Analysing the crosssections in Figure 2.16b and c, it is worth noting the presence of several small voids randomly placed in the SAZ on the AS, as highlighted by the dotted-dashed circles in the figures. Some of these small voids extend until the external surface of the joints. It is interesting to report, as already observed previously for some of the welds obtained at 180 mm/min, the deformation of the banded structures for cross-sections displayed in Figure 2.16b and c. Lastly, another interesting feature can be recognised looking at the magnification of the cross-section in Figure 2.16b showed in Figure 2.17. Some of the grains in the transition zone between NZ and SAZ are more similar to those in the TMAZ than to the typical equiaxed refined microstructure of the nugget zone encountered in all the analysed cross-sections.

Figure 2.17: Magnification of cross-section at 300 mm/min and 1600 rpm

The results show the influence of the welding parameters on the weld quality in FSW. Three different types of joints have been identified and classified into sound welds, welds characterized by internal defects and those with both internal and external defects. Figure 2.18 displays the outcomes of all the combinations of process parameters tested for both materials. Regarding AA6082-T6 alloy, no external defects were observed, with only internal micro-voids located in the transition between SAZ and NZ due to insufficient axial force applied in tests at the highest feed rate (360 mm/min). On the other hand, for AA7075-T6, sound welds were obtained only employing a feed rate of 60 mm/min. The result is not unexpected because the fixed axial force (5.5 kN) was calibrated to obtain proper welds with this feed rate. This combination of axial force and feed rate seems to guarantee the success of the process for a wide window of rotational speed (from 800 to 1400 rpm). In those conditions, the process is stable, and the combination of applied axial force and temperatures allow the proper material flow in the stirred zone with the consequent adequate filling of the cavity left by the tool during its simultaneous advancing and rotation. Welds characterized by internal defects have been produced at 180 mm/min employing the higher rotational speeds (1400 and 1600 rpm). In those configurations, the shoulder seems capable of dragging the material during its rotation, avoiding the lack of material in the weld crown. However, internal defects located mainly along the transition zone between NZ and SAZ occurred. By analyzing the macrographs displayed in Figure 2.16c and d, the chaotic nature of the process is noticeable. The shoulder affected zones extend for more than half the plate thickness, appearing to squeeze the nugget zones (Figure 2.16c). The consequence of this compression of the NZ is forming the third zone on the AS between SAZ and NZ where most internal defects appear. Under non-optimal welding conditions, the onion rings structure does not fully occur with the 180 mm/min) and axial force (5.5 kN), the complete filling of the cavity left by the tool is not possible even for the highest rotational speed. The inadequate welding condition prevents the fulfilment of the cavity left by the pin while advancing. The final result is the generation of internal voids in the transition zone between SAZ and NZ on the advancing side. All the other welds present internal defects of different sizes that develop up to the weld crown due to increasingly severe working conditions. For both materials then, defective joints were obtained when higher feed rates were employed. This result is due to the insufficient axial force value assigned in conjunction with the shorter time by the heat to diffuse and heat the plate due to the faster feeding. The material encountered by the tool is more resistant (less time for the heat to diffuse), and it is more complicated to forge it at the assigned force value. This issue is evident in Also, deformed grains similar to the ones in the TMAZ were found in the transition between NZ and SAZ, in the weld made at 300 mm/min and 1600 rpm is shown in Figure 2.17. This finding suggests that the material has not been correctly stirred during tool rotation and feed. Therefore, under unfavourable welding conditions characterized by high welding speeds, the material seemed to be discontinuously cut and released within the weld wake rather than being dragged by the tool in a continuous flow, remaining blocked in the form of severely deformed grains. This microstructure, which resembles that of the base material after being severely deformed, is reminiscent of the machining chips [START_REF]Experimental comparison between material stirring in friction stir welding and material removal modes in orthogonal cutting[END_REF]. In the chip, the microstructure of the base material is transformed depending on the mechanical stresses and temperatures reached that favor dynamic recovery and recrystallization. This result suggests the existence of certain similarities between chip mechanism in machining and the cyclic deposition of shear layers in FSW, with obvious differences, as in friction stir welding, the processed material is confined, and therefore, the concept of free surface disappears.
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Conclusion

This first experimental campaign on the two materials made it possible to put forward the marked difference in weldability between the two alloys. Overall, AA6082-T6 revealed its good weldability, with sound joints obtained or only the presence of internal microvoids, over an extended feed rate window between 120 and 360 mm/min. On the other hand, AA7075-T6 showed all its complexity, with a reduced window of weldability detected and various types of defects encountered from internal to external ones, investigating a similar window of feed rate from 60 to 300 mm/min, obtaining of non-defective joints only with the slowest feed rate. Unsuitable flow conditions occurred because of the insufficient axial force applied. The consequence is the improper stirring process consisting of the non-convergence of the material processed by the shoulder and pin in the advancing side at the end of the cyclic tool-workpiece interaction.

Cold and hot internal voids

Introduction

The second experimental campaign was carried out in a different setup and with a different approach. While the tool and base material is the same, the machine used, the support and the clamping system have changed. Moreover, in this case, the same welding conditions have been used for the two materials to directly compare the results and interpret them according to the mechanical and thermal characteristics of the two different alloys. The objective is to study the weldability windows and the type of defects occurring depending on the aluminum alloy.

Material and methods

The tests consisted in 70 mm long bead-on-plate on the 3 mm thick sheets along the rolling direction for AA7075-T6 and AA6082-T6.

The adapted CNC lathe machine used for tests was a Somab Genymab 900 (Figure 2.21). Tool and backing plate are the same presented in the first experimental campaign.

In this case, we chose to fix the feed rate at an intermediate level compared to before, i.e. 180mm/min and investigate an even wider rotational speed range from 500 to 2000 rpm for AA7075-T6 and 750 to 2000 rpm for AA6082-T6. The choice to start at 750 rpm for the second alloy is due to the visible external defects obtained at 500 rpm. The tested different combinations of process parameters are displayed in Table 2.7. The lathe machine adapted to FSW does not allow to perform the joints in force control. Therefore, position control of the shoulder with respect to the upper face of the plate was chosen. The plunge depth (d) has been decreased as the rotation speed increases to balance the higher heat input guaranteed by a higher rotation speed. In addition, both for machine limitations and to reduce the complexity induced by the tool inclined position with respect to the material, the tilt was kept at 0 • throughout the experiments.

The microstructure preparation followed the same pattern previously explained, and the samples were all taken at the same position, 10 mm before the exit point, to make sure they were in the steady state of the process. The welds were further analysed through computer tomography (CT) to detect internal defects. Details on the machine, tool and CT are given in Appendix A. 

Results and discussion

The quality of the joints was evaluated by analyzing the external surface and the cross-section. Cross-sections and details of the nugget zone (NZ) for all the AA6082-T6 friction stir welds are displayed in Figure 2.22. As for the outer surface, no defects were detected. Focusing instead on the cross-sections, two groups can be distinguished. In the first group formed by the 750 and 1000 rpm configurations, two features in Figure 2.22a and b are worth noting. The first is the not distinguishable NZ with a hint of onion ring structure at the bottom of the sheet. The second highlighted in the black dashed ovals is the micro-voids between the The cross-section analysis showed both aluminum alloy transitions related to the material behavior during friction stir welding. For AA6082-T6, two groups were identified, 750-1000 rpm and 1500-2000 rpm, with a noticeable change in the shape and characteristics of the NZ. For AA7075-T6 alloy, on the other hand, a double transition was observed, going from sound joint (500 rpm) to internal defects (1000-1500 rpm) and then to an external defect along the entire weld seam (2000 rpm). It can be considered that for this alloy, which is characterized by a low solidus temperature, as the rotational speed increases above 1000 rpm, instability in the stirring process manifests itself with consequent defects, first internal and 
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then external. This instability is attributable to the secondary phases melting, disturbing the material layer shearing increasing the slipping (relative velocity between workpiece and tool), causing first internal defects and then external ones by further raising the rotational speed. The mechanical action of shearing exerted by the tool on the material would then be sufficient to drag the material softened by the high temperatures, but due to local melting, the sticking is compromised, leading to an increase in the relative speed between the tool and the material layer. In contrast, for AA6082-T6, internal defects occur at lower rotational speeds, decreasing in size from 750 rpm to 1000 rpm, then disappearing at 1500 and 2000 rpm. In this case, therefore, it would seem that the defects occur in conditions where the heat input is not sufficient to guarantee the consolidation of the material processed by the tool. Therefore, the material resistance due to not high enough temperatures results in a difficulty of the tool to drag the material during the rotation and consolidate the layers deposited on each other. Based simply on the welding conditions, it would seem that for AA7075-T6, one could speak of hot defects because they occur as the rotational speed increases, while for AA6082-T6, they are cold because they disappear as the rotational speed increases.

In addition, the defects were analyzed through tomography to evaluate their distribution along the weld length. One sample for each material was chosen, 1000 rpm for AA7075-T6 and 750 rpm for AA6082-T6. Figure 2.25 displays the tomography obtained from AA6082 sample. The flaws, as noted earlier in the section, are on the advancing side. It is interesting to observe how these are repeated cyclically and following the circular trajectory that the pin transfers to the layer of material processed at each rotation. This empty arc is found in particular in correspondence of the outermost part of the pin. Therefore, it seems that due to poor flowability caused by low temperatures reached, it prevents the material from completing
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its movement around the pin to fill the void left by the advancing pin. Hence, the internal "cold" defect is confirmed. Similarly, in Figure 2.26 are displayed the information gathered from tomography for AA7075-T6 sample. The defects are located on the advancing side, but a marked difference from the previous analysis stands out. In this case, although situated in the external part occupied by the pin, the defects are distributed much less regularly, not being able to distinguish as before the successive layers deposited by the pin during its advancement. It is clear then that the nature of this defect and its origin cannot be compared to the cold defect. In this case, the defect arises while increasing the rotational speed causing higher heat input. Therefore, the flaw can be thought of as a "hot" internal defect whose origin is to be found in the possible reaching and exceeding the material solidus temperature causing instability in the tool-workpiece contact. Due to the melting of the secondary phases in the material, there is a drastic decrease in the material's mechanical properties, causing possible repeated fractures during the shearing of the layer. Something similar has been reported in the hot extrusion of these similar alloys, wherein cases where temperatures exceed or reach that of the solidus, cracks on the outer surface of the extrudate were found [START_REF] Ngernbamrung | Investigation of surface cracking of hot-extruded AA7075 billet[END_REF]. In the past, when internal defects were found by employing high rotational speeds in FSW joints, it was referred to as abnormal stirring. This phenomenon has been explained as a consequence of high rotational speed (∼ 1500 rpm, [START_REF] Kim | Three defect types in friction stir welding of aluminum die casting alloy[END_REF]) and high advancing speeds generating temperature differences between the top surface and the bottom part of the plate [START_REF] Dialami | Defect formation and material flow in Friction Stir Welding[END_REF]. However, working on 3mm thick sheet, this hypothesis is not consistent considering the small thickness. Therefore, the description provided here is more reliable if thin sheets are considered explaining the discontinuous material flow and resulting internal voids with the secondary phases melting
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and the increased slipping between tool and workpiece leading to disturbed shearing.

Conclusion

From the results obtained with these two materials and in these windows of rotational speed, it was evident how the risky internal defect can arise in cold and hot conditions. In the case of the cold internal defect encountered welding AA6082-T6 at rotational speeds equal to or lower than 1000 rpm, the pin fails to drag the material from the retreating to the advancing side due to the poor flowability of the mixed material, causing the presence of voids in the nugget zone. Instead, the cause for hot internal defect detected in AA7075-T6 tests employing rotational speeds equal to or higher than 1000 rpm is found in reaching and exceeding the welded material solidus temperature with consequent instability in the stirring process during the plastic deformation of the layer. In order to avoid these defects, both the temperatures reached in the nugget zone and the mechanical action of the tool on the material must be suitable for the completion of the cavity left by the tool and consolidation of the material processed by the shoulder and pin.

Conclusion

In conclusion, in the analysis in which the various types of internal defects were presented, three categories, in particular, were found: improper material flow defects, hot defects and cold defects. The first type is the void between the SAZ and NZ caused by the insufficient forging action of the shoulder on the material. The consequence is the missing convergence and consolidation of the two material flows. However, this type of defect is easily corrected by applying a proper axial force or plunge depth. Instead, the internal defects defined as cold and hot are more critical and occur due to an incorrect combination of rotational speed and feed rate. The mechanisms triggering these defects have been identified. On the one hand, in the case of cold voids, the problem is poor material flowability, and thus the tool fails to drag the material with it to complete the cavity left by the tool. The cause is either insufficient heat input or the tool advancing too quickly to fill the cavity. On the other hand, in the case of a hot void defect, the problem is too high temperatures, which locally exceed solidus, causing instability in the stirring process. The instability is due to a contact problem reducing the sticking between the stirred layer and the tool caused by the local sudden grains embrittlement because of the secondary phases melting. In both cases, these void defects are always located towards the advancing side. In cold configurations, the advancing side represents the farthest point during rotation, and in case of poor flowability, the defect is likely found there. Similarly, the hottest area in the nugget zone around the pin goes from the trailing edge to the advancing side [START_REF] Silva-Magalhães | In-situ temperature measurement in friction stir welding of thick section aluminium alloys[END_REF]. Therefore, the maximum temperature increase due to localized plastic deformation is reached in this area, promoting the abovementioned risks. The different types of defects as a function of the heat input are schematically represented in Figure 2.27. The two types of internal defects, hot and cold, represent the problems to be tackled to clarify the link between thermo-mechanical phenomena and weld quality. The issue is addressed in two different ways. A mechanical one, through the analysis of the in-plane forces and the acoustic emissions, to discern the appearance of these defects during the process without having to undergo post-mortem analysis. This part is covered in the next chapter. The second approach is the thermal one and is discussed in the fourth chapter by identifying optimal temperatures to ensure sound joints and developing a thermal model to trace the temperatures generated during the process in the various zones. 

Introduction

One way to study and understand complex manufacturing processes is to monitor physical quantities generated during the tool-workpiece contact [Raghavendra et Krishnamurthy, 2013]. Depending on the process and purpose of the investigation, these measured quantities may reveal phenomena that determine the outcome of the process. This approach has been widely used to study traditional processes such as machining, in which measurement of the physical quantities generated by the tool-workpiece interaction has allowed aspects such as tool wear and surface quality to be studied over the years [START_REF] Toubhans | Machinability of inconel 718 during turning: Cutting force model considering tool wear, influence on surface integrity[END_REF]. In the same logical approach, in the case of FSW, these physical quantities can reveal, among other things, the final quality of the joint, i.e. whether it is sound or defective.

Hence, the in-plane forces and acoustic emissions were investigated in this chapter to identify internal defects during FSW. In-plane forces have been measured during FSW but often focusing only on the average force in the welding direction. Much less attention has been paid to the dynamic part of the forces, i.e. their oscillation associated with the eccentric movement of the tool [START_REF] Yan | Processing and banding in AA2524 and AA2024 friction stir welding[END_REF]. On the other hand, as far as acoustic emissions are concerned, their application to this process are very few, and their true potential has not yet been investigated. Therefore, to evaluate the full potential of these physical quantities in detecting the occurrence of internal defects, they were measured during experimental campaigns.

After an extensive literature review of in-plane forces and acoustic emission applications found to date, the chapter proceeds to explain how these signals have been analyzed, the information collected, and then what use can be made of them.

State of the art

The literature review is divided into two parts to focus independently on the two physical quantities. The first one reviews the applications related to measurements of in-plane forces both in average terms and on their oscillatory nature, then the focus shifts to applications of acoustic emissions.

In-plane forces

The in-plane forces can express the resistance offered by the welding material during the tool motion. The higher the material's strength, the higher the forces required by the tool to keep move and rotate along the welding line [START_REF] Long | Process response parameter relationships in aluminium alloy friction stir welds[END_REF]. Therefore, those quantities are indicators of the workpiece condition between solid and close-to-melting conditions. By increasing the heat generation varying the welding parameters, the temperature around the tool increases, the workpiece softens, the flow stress (resistance offered by the material) drops, and a decrease in the forces generated during the process should be observed [START_REF] Lambiase | Forces and temperature variation during friction stir welding of aluminum alloy AA6082-T6[END_REF]. Hence, monitoring in-plane forces provide feedback concerning material behaviour during the process. However, analysing the forces in the plane is not easy as it must be considered that the contact between the tool and the workpiece extends across the different surfaces that make up the tool over an angle of 360 • . Isolating any components and associating them with the shoulder rather than the pin is difficult, so care must be taken when analysing the forces generated during the process. The process is characterized by the cyclical rotation of the tool while moving forward along the welding line. The forces are expected to evolve steadily after the initial transient in a sound joint, and if a flaw suddenly occurs while welding, an unexpected modification of the forces signal may be observed [START_REF] Mishra | Real time monitoring and control of friction stir welding process using multiple sensors[END_REF]. This motivation has driven friction stir welding research in this direction, studying the evolution of the in-plane forces during the process. In the following state of the art, with x-force (F x ) is intended the force in the welding direction while y-force (F y ) the one perpendicular to the welding direction.

The evolution of the F x as function of the process parameters was reported in early studies by [START_REF] Yan | Process-structureproperty relationships for nugget and heat affected zone regions of AA2524-T351 friction stir welds[END_REF]. The authors reported the monotonous increase with welding speed (Figure 3.1) and the negligible influence of axial force on the F x .

Figure 3.1: Welding force as a function of the welding speed [START_REF] Yan | Process-structureproperty relationships for nugget and heat affected zone regions of AA2524-T351 friction stir welds[END_REF].

[ [START_REF] Su | Simultaneous measurement of tool torque, traverse force and axial force in friction stir welding[END_REF] described the x-force positively affected by welding speed and rotational speed, while [START_REF] Astarita | Experimental Study of the Forces Acting on the Tool in the Friction-Stir Welding of AA 2024 T3 Sheets[END_REF] confirmed the increase of the x-force with welding speed, showed its decrease with rotational speed. In Figure 3.2, the evolution of the welding force as a function of the process parameters for both authors are reported.

[ [START_REF] Reza-Rabby | Effect of Tool Pin Features and Geometries on Quality of Weld during Friction Stir Welding[END_REF] focused on the evolution of the two in-plane forces with the rotational speed. F x decreased with the rotational speed while F y increased. [START_REF] Long | Process response parameter relationships in aluminium alloy friction stir welds[END_REF] monitored the force in the welding direction for several rotational speeds and aluminium alloys holding constant the welding speed. Despite the type of aluminium alloy, F x exhibits a minimum point when increasing the rotational speed to then slightly increase again. This behaviour was explained by the authors through the approach of a critical condition by increasing the rotational speed until the drop in the flow stress occurs due to near-solidus temperatures of the stirred material. From that point on, keep increasing the rotational speed causes a slight increase of F x because the resistance of the material can no longer be lowered while the frequency rotational was increased. Most of the information on in-plane forces re-investigate tool-workpiece interaction lates to the welding direction force. It increases with the welding speed because there is less time for heat to diffuse and the consequent increase in temperature, which lowers the strength of the material. On the other hand, increasing the rotational speed seems to decrease to a minimum and then rise again. The first reduction is due to the higher heat generation due to the higher rotational frequency. At the same time, the increase after reaching the minimum has been associated with the attainment of the maximum material softening and increasing the rotational frequency leads to an increase in the force component along the welding line.

Conversely, the limited information on the dependence of F x on the axial force revealed little influence of the latter on F x . Being the in-plane forces direct consequence of the material behaviour and material flow during the process, various researchers enquired about the relationship between those forces and defects in FSW. [START_REF] Crawford | Experimental defect analysis and force prediction simulation of high weld pitch friction stir welding[END_REF] investigated the occurrence of flaws and their correlation with the traverse force F x . The researchers showed a higher amplitude of the oscillation of F x when surface defects occur. The analysis of the in-plane forces during FSW through polar plot was firstly introduced by [START_REF] Balasubramanian | Process forces during friction stir welding of aluminium alloys[END_REF]. The magnitude and the angle of the resultant force during FSW was monitored and reported in the polar plot (Figure 3.3). With this type of representation, one focuses on a few rotations and analyzes how the individual forces components and the resultant evolve in a cycle. In their analysis, the authors could associate defects as a function of the resultant force during the rotations. Differently, through a similar study, [START_REF] Doude | Optimizing weld quality of a friction stir welded aluminum alloy[END_REF] reported similar magnitude and angle of the resultant forces for sound and defective joints. They measured both in-plane forces for various rotational speeds. Their evolution was more or less balanced depending on the rotational speed. Above a critical value of the latter, the authors reported a less balanced variation of the forces due to non-optimal material flow, claiming that irregular distribution of the in-plane forces could lead to defects (Figure 3.4). Similarly, for low rotational speed values, the difference between F x and F y increases more and more, and defective joints are obtained. Lately, several researchers have focused on the dynamic behavior of FSW in-plane forces. In early studies, [START_REF] Yan | Processing and banding in AA2524 and AA2024 friction stir welding[END_REF] have demonstrated the connection between force fluctuations and process phenomenology rather than the dynamic behavior of machine-tool systems. The link between the oscillatory nature of the FSW forces and the tool run-out during its rotation was later demonstrated [START_REF] Zaeh | [END_REF]. However, very few works have focused on the amplitude variation of the in-plane forces with the process parameters. [START_REF] Shrivastava | Force measurement-based discontinuity detection during friction stir welding[END_REF] proposed a method for detection and estimation of the size of discontinuities in FSW monitoring force transient during the process for tool with at least 2 flats. Similarly, correlations between anomalies in the oscillatory nature of forces and defects occurrence have been reported by [START_REF] Franke | Understanding process force transients with application towards defect detection during friction stir welding of aluminum alloys[END_REF]. The authors highlighted the in-plane forces evolution by analyzing the resultant, and in the case of internal defects, a drastic change in investigate tool-workpiece interaction the latter is revealed. The lack of contact between the tool pin and the surrounding material is responsible for the sudden drop in the resultant amplitude. Through further investigation [START_REF] Franke | Influence of Tool Runout on Force Measurement during Internal Void Monitoring for Friction Stir Welding of 6061-T6 Aluminum[END_REF] continued to obtain exciting results by attempting to correlate the change in the amplitude of in-plane force signals with defect size and finding criteria to determine the occurrence of an internal defect. These works represent the latest promising results in utilising the dynamic part of the in-plane forces to identify subsurface defects and are summerized in Table 3.1. However, they are always limited to specific configurations, to particular tools presenting flat faces and applied only to the case of aluminum alloys belonging to the 6xxx family, which are traditionally easier to friction stir weld. Therefore, it is necessary to focus more on the oscillatory nature of the in-plane forces varying the welding conditions, welding material, type of tool etc. as well as investigate other features hidden behind the in-plane forces.

From what has been seen in previous work, it is understood that forces evolve with operating conditions according to the temperatures reached and the consequent welding material state. They are, therefore, helpful in detecting transformations in the tool-workpiece interaction. Not only that, recent studies on the dynamic part of the forces have confirmed both the complexity of the cyclic processing of the stirred material and that it is possible to find correlations between oscillations and the appearance of defects. However, the works are few, and all focused on a precise combination of pin shape and welding material. Hence the willingness to diversify the field of investigation, testing two materials, typically characterized by different weldability, to deepen the study of the evolution of forces during friction stir welding both as a function of the operating conditions and the welding material aiming at detecting the occurrence of internal defects.

Acoustic emission

Manufacturing processes monitoring through acoustic emission (AE) signals analysis has been widely employed in the last decades to discerning phenomena related to the tool-workpiece interaction and plastic deformation [START_REF] Tönshoff | Using acoustic emission signals for monitoring of production processes[END_REF]. Based on its definition, "Acoustic emission is the class of phenomena whereby transient elastic waves are generated by the rapid release of energy from a localized source or sources within a material, or the transient elastic waves(s) so generated" [ASTM, 1982] AE represents useful physical quantities for the comprehension of the manufacturing process. In the class of phenomena responsible for the releases of energy, the most important are the interaction between tool and workpiece [START_REF] Kwong | Minor cutting edge-workpiece interactions in drilling of an advanced nickel-based superalloy[END_REF] as well as the deformation mechanisms [Scala et Cousland, 1983]. For this reason, acoustic emission signals can reveal helpful information that could hardly be monitored differently during the processes [Skare et Krantz, 2003]. However, the coupling of a particular AE signal to a specific physical phenomenon is not so straightforward [START_REF] Godin | Challenges and limitations in the identification of acoustic emission signature of damage mechanisms in composites materials[END_REF]. Therefore, a good knowledge of the process is essential to explain certain acoustic emissions trends. While this type of monitoring has been applied to various manufacturing processes [Dornfeld, 1992] in friction stir welding, the potential of these signals has not yet been fully exploited. [Li, 2002] proposed a review on several application of AE in turning. The author explained the strength of these signals and why they have been applied in several manufacturing processes. First, AE signals are characterized by a frequency range higher than the one of the machine vibrations and environmental noises. Then, the possible sources of AE in machining is the plastic deformation of the workpiece, plastic deformation of the chip and frictional contact between the tool and the workpiece. Similarly, [START_REF] Jayakumar | A review of the application of acoustic emission techniques for monitoring forming and grinding processes[END_REF] listed different application of acoustic emission signals analysis focusing more on forming processes. The authors emphasized that in forming processes, acoustic emission characteristics are a function of various factors, including properties of the workpiece material, experimental condition (strain rate, temperature etc.) and the nature of the elastic wave (plastic deformation, fracture, friction, etc.). Among the principal information reported in the review, the possibility to monitor the contact between the tool and the workpiece stands out. In sheet metal forming, information about the friction and the relative speed between the surfaces were shown to be correlated to the acoustic emissions. Also, in forming processes, acoustic emissions helped study the stick-slip phenomenon between tool and workpiece. [START_REF] Behrens | Acoustic emission-A promising and challenging technique for process monitoring in sheet metal forming[END_REF] exploited the potential of AE signals for monitoring the occurrence of cracks in sheet metal forming. The authors highlighted the differences in AE signals amplitude depending on the processed material showing the difficulties encountered in detecting crack when ductile materials were employed. This non-exhaustive list of AE applications in manufacturing processes that suggest a potential interest in applying it to FSW is summarized in Table 3.2. Hence, Table 3.2: Acoustic emission applications to manufacturing processes.

Process

Innformation about Reference

Machining Tool-workpiece interaction [Li, 2002] Plastic deformation in the workpiece and chip

Forming

Tool-workpiece interaction [START_REF] Jayakumar | A review of the application of acoustic emission techniques for monitoring forming and grinding processes[END_REF]] Occurrence of cracks [START_REF] Behrens | Acoustic emission-A promising and challenging technique for process monitoring in sheet metal forming[END_REF] the potential of acoustic emission to investigate plastic deformation and tool-workpiece interaction for FSW is revealed. Specifically, the interest relies on the fact that in friction stir welding, the material's complex tool-workpiece contact and plastic deformation play a crucial role in material flow and final joint quality. Until today, very few works were proposed. investigate tool-workpiece interaction Hence, to the author knowledge, the full potential of monitoring AE signals during friction stir welding has not been explored yet. The information obtained from AE signals could open up new paths of investigation and thus help advance the understanding of the process at the local level in the tool-workpiece interaction that is then responsible for everything that falls under the name of thermo-mechanical phenomena that govern the outcome of the process.

The first work was published by [Chen et al., 2003], and it focused on the possibility to detect the occurrence of defects in FSW recording the AE signals.

In their experiments, the authors firstly performed a test in standard butt configuration, and then in the second configuration, they machined the two abutting plates to have three notches along the welding line. The chosen welding configuration was previously proven to be suitable for ensuring sound welding. With this approach, they wanted to study eventual modification in the AE signal when the tool encountered the voids and compare it with those obtained from the sound weld.

The authors highlighted differences in the signals suggesting possible employment of online monitoring through AE signals to detect the occurrence of defects in FSW. [START_REF] Zeng | Effect of tool wear on microstructure, mechanical properties and acoustic emission of friction stir welded 6061 Al alloy[END_REF] showed the effectiveness of AE signals to predict tool wear in FSW. The main feature highlighted by the authors was the decreases in the signal amplitude when the tool wear increased.

The justification was found in the modification at the interface between the worn pin and the welding material. The evolution of AE signals with welding parameters was investigated by [START_REF] Soundararajan | Monitoring and processing the acoustic emission signals from the friction-stir-welding process[END_REF]. The authors were interested in possible information to be found in the AE signals about tool-workpiece interaction and welding state. For this purpose, several tests were carried out by modifying the welding parameters during the process. Various combinations of process parameters (welding speed, rotational speed, and plunge depth) were tested to get as much as possible information. The authors observed fluctuation in the power spectrum density (PSD), modifying the rotational speed. Increasing the rotational speed (and the heat generation) led to an increase in the PSD at the low-frequency range (100-170 kHz). For higher values of the rotational speed, when a drop in the flow stress is expected due to the maximum possible temperature, the PSD amplifies in the high-frequency range (220-260 kHz) while decreasing in the low-frequency range. Also, the influence of the plunge depth on AE was observed, with high-frequency range PSD disappearing when the tool shoulder loses contact with the workpiece. Recently, [START_REF] Subramaniam | Acoustic emission-based monitoring approach for friction stir welding of aluminum alloy AA6063-T6 with different tool pin profiles[END_REF] tried to find a correlation between AE and tensile strength of FSW welds depending on the tool profiles. Also, [Rajashekar et Rajaprakash, 2016] developed a model to assess the quality and strength of friction stir welds employing AE signals together with machine vision.

Given the wide use of AE monitoring in various manufacturing processes comparable to friction stir welding, such as machining and forming, it makes sense to extend the analysis of acoustic emission signals to friction stir welding. As far as the authors are aware, few applications can be found in the literature, and none of these seems to have estimated the potential of acoustic emissions applied to FSW. Therefore, AE signals may help deepen the process complexity and discern phenomena that are not alternatively studied given the inaccessibility to the tool-workpiece contact. In order to determine the potential use of AE applied to FSW, a step-by-step study was carried out to explore the ability in detecting tool-workpiece contact modifications, the influence of the sensor's position, and the identification of signal features linked to the appearance of internal defects.

Synthesis

This part of the thesis focuses on the mechanical tool-workpiece interaction and its effects on joint quality. First, we study the in-plane forces developed during the process in both static and dynamic terms to find correlations with the appearance of internal defects. The same is extended to acoustic emissions, first trying to show their potential in discerning differences in the tool-workpiece interaction and then associating signal characteristics modifications with the appearance of internal defects.

Monitoring in-plane forces for internal defect detection

Introduction

Chapter 2 showed how, depending on the welding alloy and the welding conditions chosen, it is possible to encounter internal defects of various types. The goal here is to analyze the in-plane forces developed in the tests presented earlier, to look for relationships between joint quality (i.e., defective or not) and the characteristics of the in-plane forces. The achievement of this objective is made by analyzing both average forces, visualizing trends and observing possible relationships between F x (welding direction) and F y (transversal direction) and their dynamic component, i.e., focusing on the oscillatory nature of the forces.

Material and methods

The welding forces were recorded using a Kistler quartz three-component dynamometer type 9255C. The acquisition was carried out with Dynoware software at 1500 Hz. All the information regarding the tool, the machine used, the supports (Figure 2.21) and the process parameters (Table 2.7) are the same as those presented in the previous chapter (section 2.4). Also, in Appendix A, detailed information about the tool, machine and dynamometer are provided.

Results and discussion

In-plane forces in FSW represent the resistance offered by the material during the tool rotation and advancing along the welding line. During deformation, the higher the temperature, the stronger the thermal softening and the decrease in the material strength. The analysis focuses on two factors, the in-plane force average values evolution as the rotational speed increases and the periodicity of these signals in the various tests to detect specific changes attributable to a perturbation of the process. The former can provide information regarding the overall resistance offered by the material to tool movement. It can therefore reveal whether the maximum softening has been achieved or not. However, the analysis of the investigate tool-workpiece interaction harmonic part with a focus on single rotations can instead reveal disturbances attributable to instabilities that may occur during the cyclic pin-layer interaction. Before analyzing the forces, it is worth recap the previous weld quality analysis made on the same tests. AA7075-T6 trials were divided into sound and hot defective joints characterized by internal voids obtained increasing the rotational speed. On the contrary, in AA6082-T6, microvoids in the cross-section were obtained for the lowest rotational speed, and then they disappeared by further increasing the rotational speed. In this case, the joints were divided into cold defective ones and sounds. All the weld were made at 180 mm/min. In Figure 3.5 the welds' cross-section are summarized highlighting the found internal defects for both materials. Therefore, the forces are analyzed considering these weld quality findings. 

Average in-plane forces

The average in-plane forces evolution with rotational speed for both aluminum alloys is shown in Figure 3.6. For AA6082-T6, the force in the welding direction decreases by 65% between 750 and 1500 rpm and then stabilizes between 1500 and 2000 rpm when likely the max softening is reached. The transversal component is constant in the whole investigated window of rotational speed with minimal differences. Also, for 750 and 1000 rpm F x > F y while for 1500 and 2000 rpm F x < F y . Regarding AA7075-T6, the welding force increases by 5% from 500 to 1500 rpm while it suddenly increases, almost doubling for a rotation of 2000 rpm. Conversely, the y component decreases by 12% between 500 and 1000 rpm and then stabilizes. About the relationship between the two components, the y component is greater than the x component over the entire range except for the 2000 rpm configuration. From these results, the different evolution of the in-plane forces for the two materials is highlighted. Specifically, AA7075-T6 showed stability in the range 500-1500 rpm, while AA6082-T6 displayed a substantial decrease between 750 and 1500 rpm of the welding force. The almost negligible influence of rotational speed on the transverse component is evident from tests on both aluminum alloys. Furthermore, it is noteworthy how the relationship between x and y components varies with the rotational speed and the overall higher value of forces reported for 7075-T6 alloy compared to 6082-T6.

Monitoring in-plane

The values of the welding force F x in the various tests on the two aluminum alloys confirmed different behavior in the investigated rotational speed windows. For AA7075, the welding force is stable between 500 and 1500 rpm, as displayed in Figure 3.6. This result suggests maximum softening of the material already achieved at the lowest rotational speed. Differently, the 2000 rpm configuration is characterized by an external macro defect all along the weld and by a sudden doubling of the static value of the welding force compared to the other configurations. This excessive force in the x-direction can be linked to the following phenomenon. The difficulty in shearing the volume of material while rotating determines a stronger frontal reaction since the tool rotation contribution is minimized. In other words, the incipient local melting is responsible for an increase in the slipping between tool and workpiece, and the volume of material is more pushed than sheared by the tool. In contrast, a different behavior was observed in the welding force evolution with the rotational speed for AA6082-T6 tests. Between 750 and 1500 rpm, F x first decreases due to an increase in temperature with the rotational speed, greater thermal softening, consequential loss in the mechanical strength of the alloy, and then stabilize between 1500 and 2000 rpm. This higher resistance of the material at rotational speeds less than or equal to 1000 rpm is reflected in the micro-defects observed in the dashed black rectangles in Figure 3.5. The unsuccessful softening results in increased resistance of the material to pin movement and internal defects investigate tool-workpiece interaction because the pin is unable to drag the layer along with it for as long as it takes to complete the void behind it. Increasing the rotational speed from 750 to 1000 rpm, the size of the internal voids decreases, confirming a greater heat generation, mixing and bonding between the various layers, even if not yet optimal. Finally, using a macroscopic approach, without distinguishing between the materials tested, it is appropriate to point out a particular trend by comparing the force in the welding direction with the transverse one. The respective average values of the two forces for all the tests analyzed are shown in Figure 3.7. In all tests in which the average value of F x is greater than F y , either cold internal defects and hot external defects occurred (Figure 3.7a and b). Therefore, it seems that F x greater than F y results in ineffective stirring, which generates defects. Hence, already in average terms, comparing the two forces can provide information about the quality of the joint. The difficulty is identifying the discriminant valid in every case, for every material, thickness, tool etc.. In this regard, the analysis of the dynamic part can provide additional information.

Periodicity of in-plane forces

The periodic evolution of the in-plane forces is displayed in Figure 3.8 and Figure 3.9 for AA6082-T6 and AA7075-T6, respectively. The graphs show ten rotations for all configurations to ensure that the phenomenology is repeated and not due to a single cycle. The dashed vertical red lines mark the period of one rotation in the various configurations. The evolution of the forces is stable for all the tested rotational speed welding AA6082-T6 with a periodicity coincident with the tool rotation (Figure 3.8). It is possible to recognize the tool rotation with one peak and one valley in all the configurations. In contrast, the results for the tests performed on AA7075-T6 seem to belong to three groups. The first one is formed only by the configuration at 500 rpm (Figure 3.9a) with the forces period equal to the tool's rotation and with a steady evolution of both forces around their average value. It is interesting to point out the momentary interruption in the growth of both forces before the peak is reached. The second group consists of the 1000-1500 rpm configurations, Figure3.9b and c, respectively. In some cases, it seems more peaks and valleys can be identified in one cycle, while in others, it is not even possible to find a peak and a valley. Strong instability characterizes these two intermediate configurations. Finally, in the 2000 rpm configuration (Figure 3.9d), it is possible to find the periodicity equal to the tool rotation again but with an unexpected marked difference between the two forces. The evolution of the in-plane forces revealed differences associated with the tool-workpiece interaction depending on the considered aluminum alloy. In all tested configurations, the in-plane forces developed while welding AA6082-T6 showed a stable evolution around the average value with regular periodicity, i.e., one tool rotation, one peak and one valley with a perfect sinusoidal trend. Contrarily, the complexity of the mechanisms occurring during friction stir welding of AA7075-T6 has been captured by studying the in-plane forces and how they evolve during rotations.

To understand the observed differences in the periodicity of force signals, it is necessary to focus locally on single rotations. The average value was subtracted from the forces to analyse only the harmonic part of the signals, and the cyclical peaks (F max ) and valleys (F min ) were highlighted (Figure 3.10a). In-plane forces oscillation is associated with the eccentricity of the process introduced by the system, the tool, and the interaction with the material to be welded. Hence, during its period, the tool is making two different movement associates with the rotation. It rotates around its axis due to the spindle action. Simultaneously, its axis revolves around the theoretical tool axis. The two movements are displayed in the sketch in Figure 3.10b. The eccentric motion is responsible for the reactions with the material around the pin, and the force sensor sees with a 90 • offset the same thing along x and y (Figure 3.11). However, due to the tool's rotation around its axis, a second pin-workpiece interaction also intervenes. The tool shears a portion of the material because of its rotation. optimal welding conditions, the material layer is deformed and sheared around the tool following its eccentric revolution. Therefore, the pin radius at the eccentric side increases due to the sheared material layer, further increasing the compression exerted on the matrix around the pin, generating the in-plane forces oscillation. The interaction with the material layer ends during the eccentric rotation towards the trailing edge (TE), where space is created due to the tool advancing, and then the layer is released and compressed against the previously deposited layer. The consequences of the tool axis's rotation and revolution are the cyclical processing of successive layers and the cyclical increase/decrease of the forces. To associate the peaks of the two forces with a specific tool position in proper stirring condition, the following assumption is made. When the tool is in the eccentric position towards the leading edge (LE), the y component is zero while the one along x is maximum (Figure 3.11b). When after 90 • the tool is towards RS, the x component is zero, while F y reaches its maximum, as displayed in Figure 3.11c. The same, but in the opposite direction, happens on the TE and AS. To summarize everything, F x,max in LE, F y,max in RS, F x,min in TE, and F y,min in AS according to the orientation of the loadcell, welding direction and rotation. The resultant is equal to F x or F y in the conditions shown in Figure 3.11, while it is composed of an x and y component in all others. Similarly, the resultant angle with the welding direction (clockwise direction) can also be calculated. In Figure 3.12, the evolution of the in-plane forces, the resultant and its angle (α) with respect to the welding direction during three rotations in the AA6082-T6 configuration at 1500 rpm are shown. In-plane forces evolve regularly with a periodicity equal to the tool rotation with one peak and one valley. The resultant angle varies between 0 • and 360 • in one rotation following the eccentric trajectory of the tool, and its value oscillates between 400 and 700 N. Contrarily, for AA7075, in the 1000 rpm configuration (Figure 3.13), in-plane forces evolve irregularly without the expected periodicity equal can also be analyzed by observing the in-plane forces' evolution during one revolution when displayed in the compass plot, Figure 3.14 and Figure 3.15, focusing on the second rotation of Figure 3.12 and Figure 3.13, respectively. Under stable conditions, the resultant is always directed toward the eccentric position of the tool (Figure 3.14), whereas this effect is lost under unstable welding conditions (Figure 3.15). This phenomenon may result from a fragmented plastic deformation of the material layer rather than continuous, giving rise to irregularities in the force signals and defects within the weld bead. In FSW, the increase in rotational speed keeping constant the welding speed determines APR decreases (the volume processed per rotation) and the greater local concentration of stress and plastic deformation in a smaller portion of material. Considering the stable value of F x from 500 to 1500 rpm suggests that the tion of plastic deformation induces a local temperature increase likely exceeding the solidus temperature, causing instability in the process. The rise in temperature above the solidus temperature is responsible for local incipient melting in second phase particles causing sudden embrittlement of the material with its resistance dropping below the flow stress previously required for the plastic deformation. The consequence is the unexpected fracture as already reported for hot extrusion [START_REF] Reza | Microstructural Evolution During the Homogenization of Al-Zn-Mg Aluminum Alloys[END_REF]. This defect is more likely to appear in heavily alloyed aluminum, characterized by the high density of intragranular and intergranular second phase particles. For this reason, when friction stir welding heavily alloyed aluminum such as AA7075-T6, the rotational speed represents a critical parameter for the occurrence of a phenomenon similar to hot tearing in extrusion, leading to intermittent material flow. Intermittent material flow represents the fragmented plastic deformation of the stirred layer caused by the sudden embrittlement of the material and consequent fracture. This phenomenon is responsible for the occurrence of hot internal defects in friction stir welding. A sketch to compare continuous and intermittent material flow is shown in Figure 3.16. During the stirring, the plastic deformation concentration due to the tool compression and shearing action on the small volume of material can lead to local fracture within the processed layer.

Obviously, given the complexity and three-dimensionality of the process, it is impossible to predict where these fractures occur. Hence, to guarantee continuous material flow, it is necessary to choose the appropriate rotational speed according to the material, welding speed, axial force or plunge depth, clamping system, backing plate, and tool. If the critical rotational speed is exceeded, intermittent material flow may occur. This critical value is lower for materials characterized by low deformability, and consequently, they have a narrower weldability window. This phenomenology explains the connection between high rotational speeds and internal voids previously referred to as abnormal stirring [START_REF] Kim | Three defect types in friction stir welding of aluminum die casting alloy[END_REF].

Conclusion

In the present investigation, the relationship between in-plane forces and internal defects in friction stir welding of AA6082-T6 and AA7075-T6 was investigated. The forces were analyzed on two-level, average and dynamic components to look for their relationship with the appearance of different internal defects.

From the in-plane average forces, it has been impossible to get information regarding the AA7075-T6 internal defects. However, despite the configuration characterized by external defects, all the other three at a rotational speed lower or equal to 1500 rpm, the relation between Fx and F y is similar. Contrarily, analyzing the AA6082-T6, the two configurations characterized by cold internal defects, F x was higher than F y . Then, once the maximum softening was achieved, F x reached its minimum and was lower than F y , resulting in no defective weld. This means that the cold internal defect, which arises due to the high resistance of the material, i.e. a low flowability, results in a force in the welding direction higher than the transversal one, thus indicating an insufficient shearing action of the pin on the layer to ensure the complete rotation and the filling of the cavity left by the tool. On the contrary, in average terms, hot internal defects do not emerge from the simple analysis of the forces' average values. investigate tool-workpiece interaction

As far as hot internal defects are concerned, the analysis of the dynamic part of the forces provided interesting results, with a typical evolution associated with internal defects when too high rotation speeds are employed. The adjective high is relative to the alloy considered, and therefore there cannot be an absolute critical value that depends on the material to be welded, the tool used etc. Hot internal defects were found within the nugget zone when the phase between tool rotation and force oscillation was lost, resulting in difficulty in identifying the single peak and valley in the period equal to one tool rotation. This condition was attained using high rotational speeds, resulting in an intermittent material flow instead of continuous. An intermittent material flow generates possible voids inside the joint due to incorrect material stirring. This phenomenon may appear if the following conditions occur:

• The maximum temperature in the NZ has already reached the solidus one and the rotational speed is further increased.

• The volume of material processed, dependent on thickness and APR, is reduced, resulting in a significant concentration of plastic deformation in a small amount of material.

In the presence of these two conditions, the critical rotational speed is significantly reduced if the alloy is characterized by a high percentage of alloying elements and consequently a high density of second phase particles.

The analysis of the in-plane forces, both in their mean and dynamic part, has therefore proved to be functional to identify internal defects in friction stir welding. Hence, there is still much to be investigated as the community has been mainly interested in the welding force. However, as demonstrated here, the relationship between the in-plane forces and the analysis of their dynamic part represent key elements that can improve the understanding of the process and detect internal flaws simply by analysing the signal.

On the potential applications of acoustic emission in FSW

Introduction

The analysis of the in-plane forces showed differences in their evolution due to the welding material and the operating conditions. Some signal modifications associated with defects have been detected, but changes in the tool-workpiece interaction have not been identified with the forces. In this regard, acoustic emission signals could distinguish changes in the contact between tool and workpiece. Not only that, if able to detect these differences, the signals could also be a helpful tool to identify the appearance of a flaw in the welding process. Consequently, in order to determine the true potential of this monitoring technique applied to FSW, it is necessary to perform an experimental campaign dedicated to this purpose. The tests and their results are presented in this section, which is divided into three parts. The first aims to evaluate the effective ability to observe changes in acoustic emission signals associated with tool-workpiece interaction modification. In other words, to understand if the sensitivity of the AE sensors is such that it can be applied in FSW both to study phenomenology and for possible monitoring. Next, once we have ascertained their usefulness, we need to understand how sensor location can affect the information collected. During the tests, one sensor was placed on the welding plate and the other on the support. The results were compared to provide a guideline on which is the best solution to apply. Finally, in an extensive experimental campaign on the two aluminum alloys, AA6082-T6 and AA7075-T6, the feed rate was kept constant by varying the rotation speed between 500 and 2250 rpm. The signals obtained from healthy and defective joints were examined to discern the onset of defects. The aim is twofold: the first, more general, is the understanding of the potential of AE in friction stir welding for detecting modification in the tool-workpiece interaction and on the sensor positioning to see if it is better to fix them directly on the welding plate or the support; the second is the identification of specific signal features associated with defective joints.

Material and methods

Experimental setups

The tests were performed on an adapted CNC lathe machine, Somab Genymab 900. Two experimental campaigns were carried out, the first one to study the tool-workpiece interaction and the influence of the sensor position on the recorded data, and the second one to detect internal defects during the process. The sketch to illustrate the system is displayed in Figure 3.17a. In setup 1, one sensor was fixed on the support while the other was on the plate (Figure 3.17b). The experimental campaign with setup 1 consisted of static and dynamic tests. The former are so-called because the tool stays in place while rotating for 15 seconds once the shoulder touches the workpiece, while the latter are traditional bead-on-plates tests.

Static tests were performed to evaluate whether the sensors could detect changes in the toolworkpiece interaction. Holding the tool in place eliminates the cyclic interaction component between the material layer and the pin, whereas the local interaction between the tool and the very hot material remains. Also, it is possible to analyze the mark left by the tool after staying in place while obtaining information about acoustic emissions and machine spindle power. Instead, dynamic tests were made to reproduce FSW conditions and compare signals obtained from the two sensors and evaluate their differences. In contrast, in setup 2 (Figure 3.17c) with two sensors attached to the support, 70mm long bead-on-plates varying rotational speeds were run and subsequently analyzed to assess their quality. All parameters used in the various tests are summarized in Table 3.3. The tests were performed on AA6082-T6 and AA7075-T6. Their mechanical and thermal properties at room temperature are listed in Chapter 2, Table 2.2. The tool characterized by frustum shape threaded pin and grooved shoulder is presented in Figure 3.18. Considering the shoulder structure, the contact with the workpiece results in two areas: the one with the surface highlighted between two red dotted circles and the one generated by the features highlighted with black dashed curves (Figure 3.18b). A composite support system made of mild steel backing plate in the center and aluminum was employed. investigate tool-workpiece interaction The machine's output power was measured to evaluate the energy required for one tool rotation, study its evolution with the rotational speed and correlate it with acoustic emissions and joint surface quality in static tests. The joints' quality was first analyzed externally with the Keyence VHX6000 microscope while cross-sections were examined with optical microscopic observations (Olympus PMG3) after polishing the specimens and then etching them with Keller reagent to reveal the microstructure.
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Acoustic emissions

Piezoelectric sensors (Figure 3.17d) allow recording the high-frequency energy signals generated during the process. The parameters used for the acquisition are listed in Table 3.4. These signals, in volts, are processed to form typical acoustic emission raw signal as displayed 3.19a. The type of burst and its characteristics are related to the process and its phenomenology. Among the AE features, analyzing the information collected with the sensors, the most relevant were noted in the amplitude, the absolute energy, and the centroid frequency. The amplitude can be directly understood by looking at 

Signal analysis

In order to better understand the static test, in Figure 3.20a, we illustrate the plunging phase, the 15 seconds in which the tool remains in position rotating and then the retreating. During the tests, machine spindle power and the torque derived from it were measured, and their evolution with time is shown in Figure 3.20b. The power and torque after the initial transient associated with plunging stabilize over time. In the analysis, we focused on the torque to study the energy required as the rotational speed increases. Its mean value in the stable phase, i.e., in the second part of the test, was calculated for all static tests. Similarly, the considered AE features development over time during the static test is shown in Figure 3.20c. They evolve stably during the process, so we focused on their average values to compare their evolution with the rotational speeds.

The same applies to dynamic tests, where all the introduced quantities stabilize after the transient. 

Results and discussion

The results and discussion section is organized into several subsections to focus on the various issues. First, we focus on the static test analysis primarily through observation of the traces left by the tool in correlation with energetic information to distinguish phenomenological features associated with the various rotational speed employed. Then, we analyze the AE features to see if the previously observed transformations can be traced using this technique. We rely on the sensor fixed on the support that gives repeatable information in these two steps since it was never moved during the testing phase. Once we have proved AE features evolution with the associated phenomenologies, in the second part, we investigate the sensor position influence on the captured information to determine if it is possible to use a sensor fixed on the support without losing signal information. All the experiments contained in this part were performed in setup 1. In addition, in the last part, we focus on practical cases to identify defects during bead-on-plate to reproduce FSW conditions using setup 2. Since the investigate tool-workpiece interaction two sensors on the support provided the same information, only one was used for analysis.

Detecting differences in tool-workpiece interactions

The static tests analysis begins by studying the average energy evolution required in each test along with the geometric analysis of the trace left by the tool focusing on the exit hole diameter. For the energetic aspect, it is helpful to calculate the energy required for a rotation derived from the average power as follows:

M = P ω J/s rad/s = E rad = J rad (3.1) E rot = E rad * 6.28319 J rad rad rot = J rot (3.2)
where M is the torque, P is the spindle machine power and ω is the angular speed in radians per second. The torque can be interpreted as an energy per radian (E rad ), and multiplying it by the conversion factor from radian to 360 • rotation, the energy per rotation (E rot ) can be obtained. The energy for one rotation is an indicator of the material's resistance to the tool action. Instead, the exit hole diameter left by the pin is calculated as shown in Figure 3.21 for all tests. The energy per rotation and exit hole diameter evolution as a function of rotational speed is shown in Figure 3.22. Simultaneously in the graphs also appears the difference between the energy for two consecutive configurations (i.e. ∆E 1000 = E 1000 -E 800 energy for a rotation at 1000 rpm minus that at 800 rpm). The exit hole diameter evolution with rotational speed seems to be divided into three zones for both materials. It is around 5 and 5.2 mm at low rotational speeds. Subsequently, as the rotational speed increases, the exit hole diameter increases and stabilizes around 5.4 mm and then decreases again by further increasing the rotational speed. The trend, although with some differences, is similar for both materials. The differences consist mainly in the transitions thresholds. This development can be explained by analyzing the energy per rotation change with the rotational speed. It decreases dramatically in the first increments of rotational speed, but then the reduction slows down more and more until it reaches a plateau. The trend suggests the initial material resistance, but then as the rotational speed increases, more heat is generated, increasing the workpiece temperature, and its resistance collapses dramatically, and from there on, its behavior changes. This trend is highlighted by observing the ∆E evolution, tending asymptotically to zero for the highest rotational speeds. The energy per rotation follows the three zones identified by observing the exit-hole diameter. Thus, one can explain this evolution as follows:

• In the first region, the rotational speeds are low, and the resulting heat generated and temperatures reached are not sufficient to lower the workpiece resistance requiring high energy to rotate with a consequent smaller diameter due to a mainly sliding contact between tool and workpiece. This region can be referred to as cold sliding.

• Instead, the energy stabilizes in the second zone, reaching the larger exit hole diameter. The result is justified by achieving the maximum material softening caused by a pronounced aluminium sticking around the pin explaining the larger output diameter.

The zone corresponding to intermediate rotational speeds can be defined as sticking.

• Finally, in the last zone, the energy has reached the plateau, and it is evident by observing the differential that tends to zero asymptotically while the exit hole diameter decreases again. This result can be explained by the attainment of maximum softening, vanishing the rotational speed effect on the material resistance. Moreover, the plastic deformation localization caused by the increase in shearing rate could induce local incipient melting phenomena justifying a new sliding between tool and workpiece, decreasing the exit hole diameter. Hence, the high rotational speed region can be referred to as hot sliding. investigate tool-workpiece interaction

According to Figure 3.22, the cold sliding-sticking transition occurs between 800-1000 rpm for AA7075-T6 and between 600-800 rpm for AA6082-T6, while the transition from sticking zone to hot sliding occurs between 1600-1800 rpm and 2000-2200 rpm for AA7075-T6 and AA6082-T6, respectively. Clearly, during FSW, the tool-workpiece interaction is always a mixed condition between sliding and sticking [START_REF] Morisada | Clarification of material flow and defect formation during friction stir welding[END_REF]. The areas then designated as sliding and sticking indicate a region where one component prevails over the other, low and high rotational speed more sliding than sticking while in the intermediate regime sticking is maximized. The classification is made to facilitate subsequent analysis.

In order to study the differences obtained in the various static tests, the traces left by the tool after the retreating were observed. All the marks on both materials are shown in Figure 3.23a. From the analysis of the surfaces, it is possible to divide the trace left by the tool into various parts:

• the first one, the most external, represents the material expelled by the tool during the plunging until the complete contact of the shoulder with the workpiece;

• then, going inwards, there is the shoulder-workpiece contact zone;

• between the shoulder-workpiece contact zone and the exit-hole a third zone appears and represents, the shoulder-pin edge zone;

• in the inner part, there is the exit hole left by the pin.

The zones are illustrated schematically in Figure 3.23b. Looking at the shoulder-pin edge zone, a triple transition can be observed in both materials (Figure 3.24). Analyzing this area is particularly interesting because it represents the hotter zone during the process [START_REF] Silva-Magalhães | In-situ temperature measurement in friction stir welding of thick section aluminium alloys[END_REF] with the higher tool's pressure on the material, being this part subject to the influence of both the pin and the shoulder. In addition, the shoulder shape highlighted in Figure 3.18 by the red dotted circles explains the appearance of the shoulderpin edge zone. Most of the surface interacts with the workpiece with both shoulder parts, i.e. grooves and features. Differently, in the crown right after the pin, the shoulder-workpiece contact is homogeneous, being free from shoulder features. Hence, it is easier to focus on this contact zone being simpler the tool-workpiece interaction. The zones were classified into three surface types by observing the shoulder-pin edge zone. The first, at low rotational speeds, Figure 3.24a and d, shows an irregular surface both in the rotation direction and perpendicular to it. This type of surface seems to result from severe adhesive phenomena, i.e. the shoulder tries to drag the material with it, but it can not deform it continuously, generating an irregular fragmented surface. The phenomena consist of a stick-slip contact [Rabinowicz, 1956] with the shoulder discontinuously dragging the workpiece generating the irregular surface shown in Figure 3.24d. The texture changes entirely by increasing the rotational speed, showing scratches in the rotation direction (Figure 3.24b and e). In this case, it seems that at the shoulder-workpiece interface abrasive phenomena occurs. The harder material (tool) scratches the softer (workpiece) during the relative motion generating the scratched surface. The further increase in rotational speed determines the last surface transformation, as shown in Figure 3.24c and f, which appears again irregular. Adhesive phenomena take over entering warmer regimes associated with high rotational speeds. The stick-slip phenomenology seems distributed over the entire surface investigate tool-workpiece interaction as if the alternating contact varies significantly on the whole surface, with material missing locally. The transition from one type of surface to another follows the same rotational speed thresholds identified earlier in the definition of cold sliding, sticking and hot sliding zones. The not sufficiently high temperatures obtained at low rotational speeds mean less ductile workpiece and difficulties in the plastic deformation. The consequence is adhesive phenomena generating irregular fractured surfaces (cold sliding → cold adhesive phenomena). Then, the higher temperatures increase the workpiece softening within the sticking zone, and the shoulder surface can continuously deform the material. Since there is always a relative movement between tool and workpiece, abrasive phenomena occur proved by the scratched surfaces in the rotation direction (sticking → abrasive phenomena). Finally, when the maximum softening has already been reached, the further increase in rotational speed generates temperature increases induced by localized plastic deformation. The additional temperature rise causes incipient local melting disturbing the contact, and the appearance of the surfaces suggests new high-temperature adhesive phenomena with discontinuous deformation due to incipient local melting (hot sliding → hot adhesive phenomena). The transitions and various surfaces are shown schematically in Figure 3.25 to summarize the results. According to the energy per rotation evolution, different cohesive and interfacial mechanisms justify the differences observed in the surfaces. To further understand what is occurring at the tool-workpiece interface, it is helpful to analyze the cross-sections of some configurations. For both materials, samples obtained at 1000 and 2400 rpm were studied. The configurations were chosen because the 1000 rpm configuration falls within the sticking zone, with the maximum exit-hole diameter, while the 2400 rpm configuration represents the hot sliding zone with the onset of local incipient melting. things are worth noting when analyzing the specimens. First, the NZ width does not change significantly between the two configurations, with its width measured at the mid-thickness as displayed in Figure 3.26 equal to 7.5 and 7.4 millimeters, for 1000 and 2400 rpm, respectively. The second is the appearance of a third zone in 2400 rpm configuration. The processed material directly in contact with the tool seems to differ from the nugget zone by presenting a different response to the etching. Its magnification is shown in Figure 3.26c, referred to as the incipient melting zone. This microstructural modification helps to understand the reduction in exit hole diameter discussed above. While in an intermediate range of rotational speeds, maximum sticking is achieved with an aluminium layer being carried away by the tool during retreating with a resulting larger exit hole diameter, higher rotational rates result in a different increase in sliding induced by local melting, confirmed by the microstructural modification, decreasing the layer thickness carried away by the pin during retreating. Thus, the explanation given for the different diameters measured above is confirmed by this microstructural observation. Cross-section of AA6082-T6 samples are shown in Figure 3. rpm, likely justified by the viscous material behavior. In this condition, the sheared material is pushed down by the pin thread action generating the onion ring structure just as it happens during FSW [START_REF] Gerlich | Material flow and intermixing during dissimilar friction stir welding Material flow and intermixing during dissimilar friction stir welding[END_REF]. Also, in this case, in the configuration at 2400 rpm, a third zone appears (Figure 3.27d), this time localized only in the shoulder-pin edge zone that can be explained again as a possible zone in which the material has exceeded its solidus temperature involving microstructural changes. Hence, the cross-section analysis confirmed the changes in the tool-workpiece contact in the investigated rotational speed ranges. Finally, the last characteristic common to the two materials and confirming the differences in the shoulder-pin edge zone is shown in Figure 3.28. By comparing the cross-sections obtained at 1000 and 2400 rpm for AA6082-T6, observing the tool profile depicted in black dashed lines, it is noted that there is a missing part highlighted by the dashed red circles in the hottest configuration. The outcome may be explained in two ways: either this portion of the material in these thermo-mechanical conditions becomes attached to the tool and then the contact in the area becomes aluminum-aluminum and not steel-aluminum, or even if there is still a relative movement between the tool and workpiece while rotating, during the retreating, the material melted locally given the temperatures reached remains stuck in the groove thus determining the material removal. Regardless of the explanation, this confirms the previous hypothesis about hot sliding conditions due to local incipient melting in the hottest area in the corner between pin and shoulder [START_REF] Silva-Magalhães | In-situ temperature measurement in friction stir welding of thick section aluminium alloys[END_REF]. Hence, the cross-section analysis confirmed the changes in the tool-workpiece contact in the 

AE analysis

The information gathered observing the trace left by the tool, the energy per rotation and microstructural observations allowed identifying different tool-workpiece interactions associated with material softening state. The goal is to see if it is possible to trace these changes related to local transformations through the AE analysis obtained from the sensor on the support. Figure 3.29 shows the evolutions of the centroid frequency and absolute energy. Starting from the frequency analysis, it can be observed that this is independent of the rotational speed or does not directly correlate with the latter. Also, it is worth point out the different frequency range when comparing the two materials. Without considering the 200 rpm configuration, it is possible to identify centroid frequencies between 250-300 kHz for AA7075-T6 and 300-350 kHz for AA6082-T6. The fact that these are different suggests that the phenomena generating the elastic waves in static tests are diverse. In other words, the combination of mechanical phenomena (i.e., plastic deformation and tool-workpiece friction) and thermal phenomena (softening and microstructural transformations) are different for the two materials when the tool is not advancing. This result is not trivial since it shows substantial differences between the two materials, which are inevitably reflected during welding, hence the different weldability. On the other hand, as far as absolute energy is concerned, this seems to be more directly related to the rotational speed with a more or less continuous increase with rotational speed. Focusing instead on their evolution with the rotational speed rather than compare the two materials, transitions, as already observed qualitatively by analyzing the surfaces of the tool investigate tool-workpiece interaction traces and the energy for one rotation can be detected. For AA7075-T6, based on previous observations, the transition from a predominantly sliding contact to a sticking one manifests itself with a continuous decrease of the centroid frequency. However, entering the sticking zone, the subsequent increase in rotational speed corresponds to the centroid frequency increase and then decreases again. The sliding then takes over definitively, where the sudden sticking drops due to local incipient melting of the secondary phases that complicate the contact with the pin (hot sliding). The interaction change is revealed by a new increase in centroid frequency from 1800 to 2400 rpm. This phenomenological explanation also allows reasoning about the absolute energy evolution. In the beginning, it increases with the rotational speed in the cold sliding and sticking zones. Then, it stabilizes when frictional heat generation reaches saturation attaining the material maximum softening around the tool. The further rotational speed increase determines the beginning of the alternating stick-slip condition due to the local melting of the secondary phases resulting in different energy releases during the tests at a rotational speed higher than 1600 rpm causing a sudden rise in the standard deviation. The alternating stick-slip condition was proved by cross-section analysis pointing out the appearance of a third thin zone in the inner part of the NZ (Figure 3.26c) and the reduction in the exit-hole diameter. The same assumptions can be extended for AA6082-T6. The centroid frequency decreases continuously and gradually in the first two zones, up to its minimum reached at 1600 rpm, and then increases again entering the hot sliding zone, although much less markedly than observed for AA7075-T6. The same is true for the absolute energy that grows with an exponential trend in the first two zones up to between 1800-2000 rpm and then changes its evolution, increasing slowly without showing the same marked higher standard deviation for the highest rotational speeds. In the hot sliding zone, the AA6082-T6 phenomenology is not very different from sticking, as confirmed in the cross-sections in Figure 3.27, with the appearance of the third zone at 2400 rpm only locally in the shoulder-pin area and not along the entire pin contact surface. The stable and extended transition zone is justified by the excellent flowability of this aluminum alloy [START_REF] Leitão | Analysis of high temperature plastic behaviour and its relation with weldability in friction stir welding for aluminium alloys AA5083-H111 and AA6082-T6[END_REF] and thus a more homogeneous behavior over a wider window of rotational speed. In addition, the absence of the sudden increase of the absolute energy standard deviation lies in a solidus temperature much more complex to reach both because it is higher (580 • C vs. 535 • C of AA7075-T6) and because the thermal conductivity is higher (at room temperature 180 vs. 130 W m -1 K -1 ). This hypothesis is supported by the cross-section of the sample at 2400 rpm, where the third zone appear but only locally in the shoulder-pin edge zone and not extended along the pin contact zone as for AA7075-T6. Thus, the two selected features can reveal changes in the tool-workpiece interaction depending on the thermal and mechanical regime governed in this type of test only by the rotational speed.

Influence of the sensor position on the information hidden behind the elastic waves

Sensor placement is an issue in acoustic emissions applications to manufacturing processes [Borges Souto et al., 2007]. In the case of FSW, it is necessary to understand eventual differences in fixing the sensor to the welding plate or the support on which the plate is clamped. This information is not essential from the research point of view because fixing the sensor on the plate between tests, although laborious, does not present difficulties. On the contrary, from the point of view of in-situ monitoring of weld quality, it is essential to rely on a sensor fixed on the support, avoiding the sensor's relocation between tests. The problem is addressed by comparing the average value of the amplitudes and centroid frequencies recorded by the sensors on the welding plate and the support in all static tests. In addition, tests in bead-on-plate configuration at 1000 rpm were performed to compare AE features including phenomena linked to the tool feed and cyclical pin-workpiece interactions.

From the energetic point of view, the amplitudes were analyzed. Figure 3.30 displays the comparison between the amplitudes recorded by the two sensors for both aluminum alloys. The evolutions seem similar, with the amplitude increasing with the rotational speed. How- ever, one must remember that amplitudes are expressed in decibels, and therefore even minor differences can represent a significant loss of information. A more representative quantity can 92 Chapter 3. Monitoring physical quantities during friction stir welding to investigate tool-workpiece interaction be a loss coefficient between one sensor and another. This type of solution is typically used to evaluate the attenuation of the elastic wave during propagation in the same structure by placing sensors at different distances from the source of acoustic emissions [START_REF] Maji | Acoustic Emission Source Location Using Lamb Wave Modes[END_REF].

The coefficient can be calculated as:

α = 20 D log 10 A 1 A 2 [dB/m] (3.3)
A 1 and A 2 are the amplitudes recorded by the sensors, and D is their distance. In our case, since the sensors are not particularly distant but positioned on two different structures, it makes more sense to calculate the absolute attenuation, regardless of their distance (∼ 30 mm). Therefore applying the same equation (3.3) but removing the distance, we can obtain the attenuation between the two sensors:

α n = 20 log 10 A s A p [dB] (3.4)
A s and A p are the support and plate amplitudes, respectively. The absolute loss coefficient evolution as a function of the rotational speed for the static and dynamic tests is displayed in Figure 3.31a. When the α n is positive, the sensor's amplitude on the support is greater, while if negative, the A p is higher than A s . Analyzing the evolution of the parameter in the case of static tests on AA6082-T6, it can be observed that the evolution is more or less stable up to 1800 rpm, where a drastic increase in the coefficient appears, revealing the significant signal attenuation in the sensor fixed on the plate. This result is surprising since higher values were expected on the plate, i.e., where the source of these acoustic emissions is located. However, looking at the representation in Figure 3.31b, it is possible to observe that around the tool, the NZ represents an area that is mechanically and thermally affected by the tool rotation forming a new viscous medium between the source and the sensor fixed on the plate. The damping of elastic waves when propagating in viscous media has previously been demonstrated [Gobran et Youssef, 1967]. In AA6082-T6 cross-sections, going from 1000 to

On the potential applications of acoustic emission in FSW

93 2400 rpm, it was observed both an 8% NZ increase and a change in shape with the appearance of the onion ring structure justified by the viscosity of the material processed by the tool.

It is evident then how this leads to an attenuation of the elastic waves picked up by the sensor on the plate, contrary to those picked up by the sensor on the support that does not pass through this thick viscous material layer. For AA7075-T6, the evolution is more chaotic and remains in line with the analysis made in the previous section. In this case, it appears that the greatest attenuation of elastic waves by the viscous material around the tool occurs at lower rotational speeds. On the contrary, at higher rotational speeds with hot slipping, it seems as if this effect vanishes, providing a greater amplitude in the waves recorded by the sensor on the plate. To look for an explanation, one must remember that softened material in FSW is considered as a non-Newtonian fluid with its viscosity depending on both temperature and shearing rate [START_REF] Franke | Experimental Determination of the Effective Viscosity of Plasticized Aluminum Alloy 6061-T6 during Friction Stir Welding[END_REF]. In the case of AA7075-T6, for the combination of temperature and shearing rate obtained at a high rotational speed, the viscosity of the medium is such that it does not attenuate the elastic waves. In general, it has already been shown that AA6xxx exhibits higher viscosities than AA7xxx at the same temperature and shearing rate [START_REF] Kim | Effect of viscosity on microstructure characteristic in rheological behaviour of wrought aluminium alloys by compression and stirring process Effect of viscosity on microstructure characteristic in rheological behaviour of wrought aluminium alloys by compression and stirring process[END_REF], supporting what has been seen for the high rotational speed tests for AA6082-T6. In any case, what is important are the dynamic tests, which are the ones that are representative of FSW tests and then the ones used to evaluate the possible presence of defects. In the dynamic case, for both materials, it results that A p is greater than A s . This result is caused by the tool feed and the consequent sharper thermal gradient. Hence, the viscous zone is significantly reduced, inducing higher amplitudes always detected on the plate, where the sources of the elastic waves are located. The comparison of the NZ of cross-sections obtained at 1000 rpm in static and dynamic tests are displayed in Figure 3.32. However, the differences are minor, and the energetic losses related to positioning do not seem to be a problem. surprising and worth discussing the consistent gap found in the static tests on AA6082-T6. This difference is between 50 and 80 kHz. The same happens for AA7075-T6 but only at low rotational speeds (i.e., 400 and 600 rpm). The gap observed in the frequency content of the signals collected is not easy to explain. The hypothesis supported by the author is attributed to a specific material plastic behavior. In static tests, the material layer is continuously sheared by the tool. The way it reacts to the tool action depends on its plastic behavior under specific thermomechanical conditions. In a general sense, it is known that AA6xxx alloys are more ductile than AA7xxx at high temperatures, withstanding more plastic deformation before a fracture occurs [Zakharov, 1995]. Therefore, it could be assumed that for AA6082-T6, the material is continuously processed without the appearance of continuous fractures during shearing. The same may be true in a particular temperature and shearing rate range for AA7075-T6, whereas for higher rotational speeds, the layer is continuously fractured during tool rotation. The different phenomenology could be responsible for the shift in the signals frequency content recorded by the two sensors, with a higher centroid frequency for the sensor placed on the plate. The proposed hypothesis cannot be confirmed in this work, as it would require fine rheological analysis of the two materials at particularly severe thermo-mechanical regimes. Thus, it can be thought of as one of several perspectives of this study related to the investigation of tool-workpiece contact through acoustic emissions. However, it is important to observe the closeness of frequency contents registered by both sensors in the dynamic tests (Figure 3.33). Also, they look like the values recorded in the static tests by the sensors on the support. This result could partially confirm the hypothesis proposed above. In the FSW tests, the cyclicity is intrinsic to the process with the layer processed and then released as the tool advances, thus losing the effect of continuous deformation of a layer mentioned earlier to explain the frequencies differences.

In conclusion, the comparison between the information collected by the two sensors revealed differences attributable to the process phenomenology and the viscosity of the material around the tool. Also, as far as positioning is concerned, it was found that the sensor can be safely placed on the support. The comparisons obtained in the dynamic tests confirmed the similar information obtained in terms of energy and frequency.

Relationship between internal defects and AE

After highlighting the potential for acoustic emission, a wide window of rotational speed is investigated on both materials by running bead-on-plate at a welding speed of 180 mm/min and varying the rotational speed from 500 to 2250 rpm. Based on the information gathered above, all the welds' centroid frequencies and absolute energies were analyzed.

The weld quality, centroid frequencies and absolute energies as a function of the rotational speeds are shown in Figure 3.34a and b for AA7075-T6 and AA6082-T6, respectively. The evolution of the absolute energy follows the same trend observed in the static tests. First, it suddenly increases with the rotational speed in the low range, passing through a period of stabilization and then starting to grow again abruptly for the highest rotational speed values, approximately beyond 1500 rpm. Centroid frequencies are within 230-280 kHz for the tests on AA7075-T6. However, the first configuration at 500 rpm, i.e., the one corresponding to the only sound joint obtained on this material, corresponds to an average centroid frequency of 272 kHz. All the others, corresponding to internal and external defects, are characterized by frequencies that first decrease and then increase at higher rotational speed values but consistently below 250 kHz. Especially the joints characterized by internal defects present the lowest centroid frequencies. Figure 3.35 takes the earlier split into zones made according to tool-workpiece interactions showing the weld quality and absolute energy evolution as a function of rotational speeds. As for AA6082-T6, weldability is higher, with defect-free joints obtained from 1000 rpm onward. The first test at 500 rpm provided a cold joint characterized by an apparent surface defect, and a centroid frequency over 300 kHz distinguished this configuration. Subsequently,
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gradually increasing the rotational speed, the joints at 750 and 1000 rpm presented microvoids located between consecutive layers and onion ring area not thoroughly developed, the symptom of a maximal softening not yet reached, and then from 1500 rpm onwards with the typical onion ring shape and without problems associated with too high rotational speeds.

The surface defect, micro-voids and cross-sections of healthy joints as a function of rotational speed are shown in Figure 3.36. All the configurations are characterized by rotational speed higher than 500 rpm showed an average centroid frequency above 250 kHz. AE signals were unable to detect the cold internal micro-voids obtained at 750 and 1000 rpm. Hence, hot 

Conclusion

This section proved acoustic emission measurement's potential to reveal tool-workpiece contact information and identify internal defects. The absolute energy and centroid frequency evolutions as a function of the rotational speed explained the different types of contact that can be predominantly sliding or sticking depending on the range of rotational speeds and the aluminum alloy. The transitions were corroborated by analyzing the surfaces left by the tool, energy per rotation and cross-sections microstructure. Concerning the sensors' position, on the one hand, it was showed how it is marginal in dynamic tests, with energy and frequency differences in the elastic waves generated by the process being negligible. Therefore, for the application of acoustic emission in friction stir welding, the sensor can be fixed on the support rather than on the welding plate. On the other hand, another aspect pointed out studying the signals' attenuation was the influence of material viscosity variations around the tool, which depends on its chemical composition and the combination of temperature and shearing rate, on AE features. Although it may seem purely phenomenological, this aspect is important because it plays a key role in the weldability and the range of process parameters in which sound joints can be obtained and undoubtedly require further investigations into the two aluminum alloys rheological behavior under FSW conditions. Finally, the mean centroid frequency was identified as a characteristic of acoustic emissions capable of identifying internal defects induced by hot welding conditions associated with the exceeding of solidus temperature and the consequent local incipient melting. In tests performed on the two heattreatable alloys, AA6082-T6 and AA7075-T6, healthy joints corresponded to average centroid frequencies above 250 kHz. In contrast, when internal defects occurred at rotational speeds greater than or equal to 750 rpm for AA7075-T6, a net shift in centroid frequencies below 250 kHz was observed. The possibility of identifying a type of internal defect by monitoring acoustic emissions has been proved.

Conclusion

This chapter has highlighted how the two quantities chosen and monitored, in-plane forces and acoustic emissions, can reveal problems due to incorrect interaction between tool and material, leading to faulty joints.

The in-plane force analysis identified the colder conditions by an average force in the welding direction higher than the transverse direction. Sometimes microvoids due to lack of consolidation between successive layers may appear under these conditions.

Defects associated instead with a non-optimal stirring due to possible local incipient melting that lead to sudden embrittlement of the sheared material during the tool rotation, lead to hot internal defects. This type of defect was traceable from the analysis of the periodic investigate tool-workpiece interaction part of the in-plane forces and the observation of an acoustic emissions feature, namely the centroid frequencies. Thus, both quantities could trace suboptimal welding conditions due to too high rotation speed and suboptimal stirring. Acoustic emissions have also been revelatory of tool-workpiece interaction modifications and the appearance of hot internal defects. Depending on the rotational speed, the type of contact passes from a cold sliding to sticking in the regime of rotational speed associated with the maximum softening up to a hot sliding when increasing the rotational speed inducing local incipient melting. These evolutions and transitions vary in different rotational speed windows depending on the aluminum alloy (chemical compositions, thermal and mechanical properties). Similarly, studying the signals' attenuation, the differences in the viscosity of the two aluminum alloys depending on the employed rotational speed were pointed out. However, the sensors' position was proved negligible for monitoring the process, getting very similar information from the sensor placed on the plate and the support. Also, the occurrence of the hot internal defect was associated with a shift of the centroid frequencies below 250 kHz.

Finally, this study has shown that although these are aluminum alloys, whose difference is given by the types and percentages of alloying elements, their plastic behavior during the process presents many differences. For this reason, all the studies found in the literature on one type of material by observing and studying physical quantities such as forces and acoustic emissions cannot be directly generalized to FSW. To continue to improve understanding of the process in the local tool-workpiece framework and to develop in-situ monitoring with quantities such as forces and acoustic emissions, more systematic studies are needed to test different types of aluminum alloys under the same conditions and with the same measuring instruments.

Thus, in this chapter, we have examined the complexity of the process by focusing only on the mechanical aspect of what happens during FSW by monitoring in-plane forces and acoustic emissions. To complete the experimental study, in the next chapter we focus on the thermal field developed during the process, identifying a correlation between temperature and joint quality and proposing models to estimate the temperature in the various zones that make up the FSW joint. 100 Chapter 4. Thermal field in FSW: temperatures prediction within the weld and their relationship with defectiveness

Introduction

In every welding process, the heat input generated plays a fundamental role, and it is responsible for the welding success. In traditional welding techniques, this parameter is directly controlled, while in friction stir welding is a consequence of the mechanical interaction between tool and workpiece. The heat generated by tool motions through friction and plastic deformation induces the softening of the base material, while material mixing guaranteed by the tool rotation ensures the mechanical bonding leading to the single-piece. The final quality of the process, i.e., defective or sound joint, is strongly influenced by the temperature reached in the hot zone around the tool. Also, the final microstructure in the various areas that make up the joint and the consequent mechanical properties, as well as any residual stress that may be found in the welded plates, are other components driven by the thermal history of the material, understood as the maximum temperatures reached and the severity of the thermal cycles (time spent at certain temperatures by the base material). In addition, peak temperature evolution with process parameters is essential for recent temperature control applications in FSW. For all these reasons, it is of high interest to predict the temperatures during this process.

In the first part of the chapter, the focus is on the peak temperature reached during friction stir welding. The objective is twofold. The first is the proposition of a semi-empirical model to predict the peak temperature in friction stir welding of aluminum alloys. The second one is the study of the link between this peak temperature and the joint quality. In other words, the definition of weldability domains as a function of peak temperature for different aluminum alloys.

Instead, the thermal gradient developing in all joint areas is studied in the second part of the chapter. In this sense, a thermal FEM model based on simple input variables is proposed to assess the thermal cycles severity in the heat affected zones, weaker zones of the joint in the case of some heat-treatable aluminum alloys such as AA7075-T6.

In conclusion, the chapter intends to provide valuable tools for investigations related to FSW thermal aspects. From the microstructural-mechanical point of view, the peak temperature in the nugget zone allows the study of thermal history in the hottest zone of the joint, and the thermal FEM model enables the investigation of the thermal cycles in the zones that compose the joint. Both elements are crucial for the final mechanical properties of the joint. For numerical model validation, relying on a robust empirical model to predict peak temperature is a significant advantage for those focusing on FEM model development. Also, from an experimental perspective, if a link is found between peak temperatures and joint quality, the empirical model can facilitate selecting process conditions that lead to a healthy joint. Finally, recently there has been a focus on applying temperature control rather than force or position control in FSW. Providing empirical methods for estimating peak temperature and associating these with joint quality can significantly benefit those developing temperature control systems.

State of the art

The literature review focuses on some key points related to the thermal aspect in FSW:

• the possible types of thermal measurements are presented to motivate the choices made later from the experimental point of view;

• the existing empirical and analytical models for predicting peak temperatures are presented, showing their limitations and issues. Same for the available FEM thermal models;

• the scarce existing information between temperatures and quality of FSW joints are reported to close state of the art.

Temperature measurements

Over the years, temperature measurement has been considered as one of the ways to improve knowledge about FSW process for two reasons: firstly, monitoring the temperature makes possible the understanding of specific outcomes in terms of weld quality and microstructure; secondly, the rebuilding of the thermal field developed in the material is fundamental for the modelling of the process. The material's complex thermal history during the welding depends on process parameters, and its severity is responsible for the friction stir weld characteristics. Several attempts have been made for the thermal measurements in friction stir welding. Indeed, it is a 3D confined process where the tool is plunged in the welded material during the welding. Consequently, the tool/material interaction is not directly accessible during the process. Because of this inability to follow the material during the process, accurate thermal measurements, especially in the welding area (NZ and TMAZ), are complicated. Different techniques have been used to measure temperature during the process.

Even with their limitations, the most successful are certainly thermocouples embedded either in the workpiece or in the tool. Regarding thermocouples in the workpiece, [START_REF] Silva | Temperature measurements during friction stir welding[END_REF] proposed an extensive study with various thermocouple placements. They studied both types of thermocouple fixation in the plates, namely horizontal (Figure 4.1a) and vertical (Figure 4.1b). Thermocouples embedded in the plates can measure the temperature in each zone of the FSW joints depending on their fixing position. The disadvantage is having to instrument a plate for each welding configuration. It is, therefore, a laborious solution in case of extensive experimental activities.

The other possibility is to use thermocouples in the tool. In this regard, two works give the idea of this type of measurement. In the first one, [START_REF] Fehrenbacher | Effects of tool-workpiece interface temperature on weld quality and quality improvements through temperature control in friction stir welding[END_REF]] used a tool with two holes, one at the shoulder-pin corner and the other along with the pin height (Figure 4.2a), to obtain information about temperature in the nugget zone. The highest measurements were found in the inner shoulder, confirming that this is the hottest area during the process. In addition, various process parameters were tested, providing an idea of how the temperature Similar work, but on a 20 mm thickness, was done by [START_REF] Silva-Magalhães | In-situ temperature measurement in friction stir welding of thick section aluminium alloys[END_REF], with three thermocouples embedded in the tool (Figure 4.3a). The high acquisition frequency and low rotational speed allowed many measurement points to be obtained in the single rotation at three tool positions. Again, the hottest point was found to be in the shoulder-pin corner between the trailing edge and advancing side. Thanks to the numerous measurement points, the authors could reconstruct the thermal field around the tool. These types of measurements were used to study the temperature evolution during the process in general, to see their possible correlation with mechanical properties. The advantage is the ability to perform countless tests without having to modify the plates. However, there are some limitations related to the measurement zones and problems associated with the measurement quality. As far as the measuring zone is concerned, the accessible area is outside the shoulder and only on the surface. Therefore, the only information obtainable is that in the HAZ. Instead, the quality problems are due to the aluminum emissivity and the difficulty to fix the IR camera orthogonally to the plate. So, various factors are not easy to control and can add measurement errors, sometimes not easy to quantify.

In our work, temperature measurements were mainly performed with K-type thermocouples, even if the IR camera was also tested. Tools equipped with thermocouples were used to measure peak temperatures, being the only method available to perform large experimental campaigns. For monitoring thermal cycles in the heat and thermo-mechanically affected and their relationship with defectiveness zone, thermocouples both within the welding plates and in contact with the bottom surface of the plate have been used. Additional information and images of the experimental setups are provided in Appendix A.

Peak temperature estimation existing empirical and analytical models

During the years, few works looked for an empirical or analytical model to estimate the peak temperature based on specific inputs. [Arbegast et Hartley, 1998] proposed the first empirical model to predict peak temperature in friction stir welding in early studies:

T T m = k ω 2 (v * 10 4 ) α (4.1)
Starting with the welding parameters (v and ω) and two introduced coefficients (k and α), the authors correctly predicted the desired quantity. However, no information was provided on the new coefficients introduced. Similarly, [START_REF] Roy | Dimensionless correlation to estimate peak temperature during friction stir welding[END_REF]] developed a dimensionless correlation for peak temperature estimation based on Buckingham's theorem:

T p = 0.131 * ln f σ 8 A ω C p k u 2 + 0.196 T in (4.2)
where (f σ 8 A) represents the heat input per unit length to the workpiece, ω and U are the welding parameters, k and C p are material thermal properties while T in is the initial temperature. The temperature predicted were found to agree with the literature proving the validity of their relationship. Knowledge of specific parameters related to heat transfer, mechanical and thermal properties of the tool and workpiece, sometimes not easily accessible, is required for its application, making this method laborious. An alternative relationship between welding temperature, solidus temperature, and energy per unit length of weld was proposed by [START_REF] Hamilton | Characteristic temperature curves for aluminum alloys during friction stir welding[END_REF]:

T max = T s (m α E l,ef f + 0.56) (4.3)
where m α is material dependent while E l,ef f is calculated by the power required to perform the welding and the weld length. However, for high energy, the model's accuracy was low, not allowing its application over a wide range of process parameters. In addition, the average power required to perform the welding is needed for the temperature estimation. Recently, [START_REF] Qian | An analytical model to calculate the peak temperature for friction stir welding[END_REF] worked on an analytical model for peak temperature prediction:

T p = Q ln √ 3 2 n 60 2π 1 r v ω 2 A exp m exp (n α τ (To)) m -1 R -1 (4.4)
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It is based on Sheppard-Wright's constitutive law and the fundamentals of continuum mechanics, needing several parameters such as material properties, welding parameters, constitutive equation parameters, etc., some of which are difficult to find or calculate.

None of the proposed models are based on actual measurements in the hot zone of the joint during welding and they are developed to fit experimental data tracked in the literature by the authors. Moreover, they require either material properties (i.e., flow stress at high temperature [START_REF] Roy | Dimensionless correlation to estimate peak temperature during friction stir welding[END_REF]), energy inputs (i.e., power required for the process [START_REF] Hamilton | Characteristic temperature curves for aluminum alloys during friction stir welding[END_REF]) or process variable quantity (i.e., strain rate during the process [START_REF] Qian | An analytical model to calculate the peak temperature for friction stir welding[END_REF]) that are not always available and difficult to calculate analytically. For this reason, the goal is to develop a semi-empirical model based on experimental measurements of peak temperature during FSW, which needs few and easy to determine input variables.

Thermal model for temperatures prediction in the welds

Over time, various more or less complex thermal numerical models have been proposed to predict the temperature attained in a given experimental setup. In early studies, to investigate the thermal field around the pin, [Song et Kovacevic, 2003] considered only friction as contact conditions generating heat. Difficulty of determining the temperature distribution near the moving tool pin were for the first time reduced. [Schmidt et Hattel, 2005] including both friction and plastic deformation, introduced the concepts of sticking and slipping. Their model relayed on temperature-dependent physical quantities generated during the process (yield strength, axial force, etc.). [START_REF] Simar | Effect of boundary conditions and heat source distribution on temperature distribution in friction stir welding[END_REF] investigated the influence of friction and plastic deformation in FSW heat generation to estimate temperature distribution correctly. These studies pioneered the study of heat generation during the process. However, they are complex given the relationships on which they are based and the input variables required for their application. Simpler models were developed to study the thermal field away from the welding line rather than around the pin. In these cases, the heat generation of the tool through analytical models that consider contact conditions is bypassed by directly relying on energy quantities measured during welding. Punctual moving heat sources was employed by [START_REF] Vilaça | ISTIR -Analytical thermal model for friction stir welding[END_REF] for temperature prediction in FSW. The heat flux associate to the punctual heat source was an energetic value tuned to minimize differences between predicted end measured temperatures. However, besides being based on some questionable assumptions about the concept of hot/cold joints, the model capability has not been proven by comparing it with other measures found in the literature. Its actual validity and robustness in cases outside of that in which it was developed are not certain. Differently, [START_REF] Khandkar | Prediction of temperature distribution and thermal history during friction stir welding : input torque based model[END_REF] developed a 3D thermal model by using the machine power and dividing it in different rates associated to the various tool surfaces. Their model showed a good correlation with experimental measurements but is based on material properties as a function of temperature that is not easy to determine and therefore not easily extendable to all aluminum alloys. In all these cases, the respective models were calibrated on experiments done under specific conditions, and no comparisons to other cases already available in the literature were proposed. Also, many of them required the prior knowledge complex parameters physical and their relationship with defectiveness parameters [Schmidt et Hattel, 2005]. Challenging to determine quantities such as friction coefficients, viscosity, flow stress as a function of temperature, etc., are required or must be calibrated to apply these numerical models. Despite the efforts, from the experimental point of view, still many answers could not be found because of the impossible accessibility to the contact zone. Thus rather than going for complicated solutions, the goal is to exploit information obtained from experiments (i.e. welding parameters, material, power, and temperature measurements) to propose thermal FEM model based on applying a surface heat flux regardless of complex physical quantities related to the tool-workpiece interaction.

Correlation between thermal field and defectiveness

As is well known, FSW is a process in which mechanical and thermal phenomena are linked, and both play a fundamental role in the success of the process (i.e. the achievement of sound welds). However, the study of coupled thermomechanical phenomena is particularly complex, and therefore sometimes, one can approach the problem by focusing on only one component. The shape and size of the tool and the welding material are responsible for a specific interaction, maximum temperature, material flow, etc. Indeed, it is possible to imagine that there are temperature ranges in which the material flowability can guarantee with higher percentages the correct completion of the cavity independently from the tool shape. For this reason, we looked for information linking the thermal aspect of the process and the quality of the friction stir welded aluminum alloys.

Not much information can be found in the literature regarding the correlation between peak temperature and defects. Among the little information found, [START_REF] Imam | On use of weld zone temperatures for online monitoring of weld quality in friction stir welding of naturally aged aluminium alloys[END_REF] report the occurrence of the tunneling defect when the temperature in the nugget zone drops below 350 • C during friction stir welding of AA6063-T4. Instead, [START_REF] Fehrenbacher | Effects of tool-workpiece interface temperature on weld quality and quality improvements through temperature control in friction stir welding[END_REF] observed the occurrence of internal defects during FSW of AA6061-T6 when the temperature in the hottest measured nugget zone was below 515 • C. Therefore, there is a need for a broader database, large windows of process parameters and different aluminum alloys to identify an optimal temperature range of the considered material linking temperatures and quality of friction stir weld. One objective is to run tests changing welding and rotational speeds and on different aluminum alloys to evaluate any association between welding defects and peak temperatures.

Synthesis

In conclusion, the chapter's goal is the development of an empirical model to easily estimate the peak temperature within the weld bead during the process and at the same time identify optimal weldability windows as a function of temperature to avoid internal defects. At the same time, the thermal history of the other zones that make up the joint are also important, i.e. HAZ, and for this reason, a thermal FEM model is developed based on simple inputs to facilitate the prediction of the thermal cycles underwent by the various zones that make up
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the FSW joint.

4.3

A semi-empirical model for peak temperature estimation in friction stir welding and its relationship with defectiveness

Introduction

The literature review related to temperatures in FSW butt-configuration showed two issues. The first one is the absence of an easy-to-apply empirical model for estimating peak temperatures in the NZ, knowing the process parameters and the type of material used. In addition, it was seen that the link between the thermal aspect and weld quality had not been much investigated. Although we know that it is not possible to infer the weld quality without considering the mechanical aspect, we can consider the thermal aspect as an indicator of the success or not of the weld by identifying the optimal temperature range. Hence, this section addresses these shortcomings through an experimental campaign on multiple aluminum alloys using a tool with embedded thermocouples.

Material and methods

Several bead-on-plate runs 140 millimeters long along the rolling direction were made on 3-mm thick AA5083-H111, AA6082-T6 and AA7075-T6.

The tests were carried out at LORTEK using a MTS ISTIR PDS machine. The tool used is hardened H11 steel with a grooved shoulder and a triangular threaded pin with rounded edges and is displayed in Figure 4.5a. The tool is different from the one used in the rest of the thesis because the supplier no longer manufactured it, and we needed a new one to perform EDM for the thermocouples allocations.

The choice of parameters was made based on the range of process parameters shown in Chapter 2 (Figure 4.4) by varying both feed and rotational speeds to see their influence on peak temperature. Higher rotational speeds were not risked so as not to damage the thermocouple signal transmission system. The welding parameters are listed in Table 4.1. The tool was tilted 1.5 • towards the trailing side.

By electro-discharge machining, two small diameter holes for thermocouple placement were made on the tool. The first is through and passes through the shoulder area in proximity of the pin. The second is blind and comes precisely in the middle of the pin height. in the tool and connected to a transmitter fed by a battery, which transmits temperature data by a wireless signal sent by an antenna. All these elements rotate with the FSW spindle. The wireless temperature signal is captured by a stationary receiver located in the basement of the machine and connected to software that monitors and records the temperatures measured by the thermocouples. The sampling rate was 40 Hz. During the tests, the measurements obtained by the thermocouple fixed in the blind hole were more robust and realistic. The values recorded by the one theoretically in contact with the material were always 100 • C lower than the other one. This temperature difference was caused by the passing thermocouple movement due to the softened stirred material that pushed the thermocouple higher in the hole, preventing its contact with the stirred material and moving it away from the shoulder surface. For this reason, only readings obtained from the thermocouple fixed in the blind hole are used in the following sections.

Finally, to assess the joints' quality and identify temperature limits that must be ensured
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to achieve a healthy joint, the joints were X-ray scanned for defects detection. The width of a pixel equals 25 µm, so flaws smaller than this size are not detectable by the scan.

In Appendix A, detailed information about the tool, machine and thermocouples are provided.

Results and discussion

The three materials studied were chosen for their great application in welded structures in various industrial sectors. Moreover, the interest derives from their different thermal characteristics and alloys type (heat-treatable or not). The two most relevant attributes in the phenomenology of FSW, i.e., solidus temperature and thermal conductivity of AA5083-H111, AA6082-T6, and AA7075-T6, are listed in Table 4 The peak temperature can be defined as the maximum temperature reached in the nugget zone. Its evolution during a test, is represented in Figure 4.6. It is noteworthy the rapid increase during the plunging phase and the stabilization during the welding phase. The goal is to predict this stable peak temperature value as a function of operating conditions and correlate it with joint quality (i.e., sound or defective). temperature evolution, several factors stand out. First, as the rotational speed increases, the temperature increases independently of the welding speed until stabilization is reached, approaching the solidus temperature. The stabilization is due to reaching maximum softening of the base material with the consequent drop in heat generation. Further increases in rotational speed, therefore, no longer affect the final temperature. In tests on AA5083-H111 (Figure 4.7a) and AA7075-T6 (Figure 4.7c), characterized by low thermal conductivities, the maximum softening is already reached at 1000 rpm. Instead, for AA6082-T6, Figure 4.7b, the temperature seems to stabilize between 1500 and 1750 rpm. The second is that the influence of the feed rate on the maximum measured temperature changes depending on thermal conductivity. Its impact becomes negligible at high rotational speeds for low thermal conductivity alloys. Instead, for AA6082-T6, even at lower rotational speed, its influence seems negligible. Overall, the welding speed influence on the peak temperature is greater for low thermal conductivity aluminum alloys. In addition, the solidus temperature influences the stabilization process. The higher the solidus temperature, the higher the rotational speed
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required for reaching the peak attainable temperature.

Considering that the temperature trends are similar regardless of the chosen value of the welding speed, only 120 mm/min configurations are analyzed for comparison between materials and correlation with power measured during testing. Figure 4.8a,b and c display peak temperature and power as a function of the rotational speed for AA5083-H111, AA6082-T6 and AA7075-T6, respectively. The limit reached by the process can also be observed from the power evolution with rotational speed. The average power is given by multiplying the rotational speed in radians per second for the average torque (Figure 4.6) measured during the process. It is noteworthy that at the moment of the temperature curves flattening, i.e., minimum or no increase in temperature associated with the increase in rotation speed, the power also begins to decrease. The temperature range at which this phenomenon occurs is different depending on the material. Overall, the evolution of the curve depends on the solidus temperature and thermal conductivity of the alloy. Once the solidus temperature is reached, the rotation has a reduced impact on heat generation, resulting in no effect on the and their relationship with defectiveness peak temperature. The drop in power also demonstrates the achievement of the maximum softening. Thermal conductivity, on the other hand, is responsible for heat dissipation in the plate. Its low values accentuate the local temperature increase, easing the attainment of the solidus temperature.

Finally, joint quality was assessed with X-rays scans, as displayed in to note are the absence of hot defects (i.e., generated due to fragmented plastic deformation caused by temperature locally above the solidus temperature) for all materials, which can be justified by the optimal shape of the tool that provides better material flow as well as the applied tilt angle. Moreover, the cold defects obtained are higher for AA6082-T6 because it requires higher rotational speeds to guarantee sufficient thermal softening for the correct stirring of the material throughout the rotation. In any case, despite the differences between the three materials, the critical temperature above which sound joints were obtained are not very
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different from them being 481, 477 and 465 • C for AA5083-H111, AA6082-T6 and AA7075-T6, respectively. Therefore, independently from the thermal properties, the flowability necessary to guarantee the correct filling of the void left by the tool during its advancement can be obtained estimating mean and standard deviation for the three alloys studied equal to 474 ± 7 • C.

Therefore, from the measurements, it is remarkable how the factors affecting the maximum temperatures reached in the nugget zone during the process and its evolution are the process parameters and the material properties. In addition, the critical peak temperature to be guaranteed to obtain sound joints is similar for the various alloys and was identified at 474 ± 7 • C.

Based on the measurements made and analyzed, the goal is to develop a semi-empirical model, knowing the process parameters and the material, for estimating the NZ peak temperature. Given the context of application and the ranges of parameters studied, this model is likely valid for small plate thicknesses, not higher than 6 mm, and rotational speeds not lower than 500 rpm. In order to accomplish this aim, first, we try to fit the measured data to yield a dependence of the peak temperature on the process parameters for the three considered alloys. Then the correlation between the constants obtained from the optimization to reduce the error between model estimation and measurements and the material thermal properties are identified. In the end, the model's efficiency is verified by comparing the measured and literature values with the model estimates.

The first objective is to find a relationship between the experimentally measured values and the process parameters used. Starting from the demonstrated link between thermal properties and temperature increase, the percentage increase rate of temperature normalized for the solidus temperature was calculated for the various welding speed and materials:

∆T % = T i -T i-1 T s * 100 (4.5)
where T i represents the temperature measured at i rpm and T s the solidus temperature. This parameter indicates the rate at which temperature saturation, i.e., reaching the maximum possible temperature, is achieved by increasing the rotational speed. Figure 4.10a shows ∆T % evolution with rotational speed for the three materials at 120 mm/min. The temperature differential decreases as the rotation speed increases, confirming that approaching high temperature (i.e., solidus) reduces rotational speed effect on heat generation. The temperature increasing rate is given by the trend lines slope shown by the triangles in Figure 4.10a.

It is rapid for high slope values (i.e., AA5083-H111), soon reaching saturation (1000 rpm).

On the other hand, as is the case of AA6082-T6, a low slope leads to a gradual increase in temperature with rotational speed and delayed stabilization (between 1500 and 1750 rpm, there still is a difference). The slope was calculated for all the welding speeds, and its mean value for the three materials was surprisingly in correlation with the ratio between the thermal conductivity and the solidus temperature (γ = λ/T s ), as displayed in Figure 4.10b. Thus, a direct linear correlation was found between the temperature increasing rate and the aluminum alloys thermal properties. Therefore, to build the relationships between the peak temperature and their relationship with defectiveness and welding parameters, instead of directly considering the peak temperature, a parameter k was introduced to include the material thermal properties more than the simply measured temperature:

k = T T s λ = T γ (4.6)
The evolution of k with welding parameters was analyzed using the polyfit least squares regression analysis function in MATLAB, which yielded the highest coefficient of determination R 2 for the three alloys. The second order polynomial describing k dependence on welding parameters is the following:

k = f (v, N ) = a + bN + cv + dN 2 + e(vN ) + f v 2 (4.7)
Between the six constants, linear dependencies on thermal properties and type of aluminum alloys (AA) were found, as displayed in Figure 4.11. For constants b, c, e, and f, the dependence on thermal properties is remarkable. Applying linear regression, the coefficient of determination R 2 is greater than or equal to 0.94, except for c, equal to 0.86, as displayed in Figure 4.11. The linear dependence of the model constants on the alloy thermal properties are as follows:

             b = 0.0006 T s -0.2537 c = -0.0005 λ + 0.022 e = -3 * 10 -7 T s + 0.0002 f = 10 -6 λ -0.0002 (4.8)
In contrast, for a and d, the coefficients appear to cluster according to alloy type. In A boundary condition must be added upon reaching the critical temperature equal to 1.02 T s, chosen on the data collected during the measurements. All elements needed for estimating the peak temperature during friction stir welding, for fixed process and material parameters, are disclosed. From relations (4.6),(4.7), (4.8), and (4.9) it is possible to obtain the temperature as follow:

T =    k/γ T ≤ 1.02 T s 1.02 T s T > 1.02 T s (4.10)
For initial validation of the model, equation (4.10) was applied to the tests presented above. and their relationship with defectiveness By calculating the constants with the relations given earlier and knowing the parameters used for the tests, predictions of the maximum temperatures were calculated with the model. and estimated temperature was always less than or equal to 5% for 43 tests. Therefore, the model is sufficiently reliable to be extended to other cases in which the plate thickness does not exceed 6 mm and for rotational speeds greater than or equal to 500 rpm. The decision to limit the model to thicknesses not exceeding 6 mm is not to deviate too much from the configuration on which it was developed, i.e. 3 mm plates, as the thermal gradient in the height of the thick plates could compromise the model's predictability. Similarly, it is valid for rotations from 500 rpm onwards because this was the lowest rotation speed used in the experiments to develop the model.

In the literature, while it is possible to find many studies with thermocouples fixed away from the welding line or numerical models predicting the peak temperature in the nugget zone, few are those in which the peak temperature has been measured experimentally. [START_REF] Fehrenbacher | Effects of tool-workpiece interface temperature on weld quality and quality improvements through temperature control in friction stir welding[END_REF] carried out an extensive campaign with thermocouples in the tool. The authors conducted the tests on 4.5 mm sheets of AA6061-T6, which is the first data selected for comparison. The second is [START_REF] Lindner | Relationships between weld parameters, hardness distribution and temperature history in alloy 7050 friction stir welds[END_REF], in which temperatures were obtained through a numerical model welding 6-mm thick plates of AA7050-T7451. Only tests with rotational speeds above 500 rpm were considered. The last one is [START_REF] Li | Numerical analysis of joint temperature evolution during friction stir welding based on sticking contact[END_REF], where peak temperatures during friction stir welding of 3-mm thick AA2024-T3 were estimated with a thermal model. Therefore, the choice was oriented on the temperature measured experimentally or otherwise through simulation on different materials. Comparison between calculated and measured temperature is displayed in Figure 4.13. Even when comparing with 6061-T6 [START_REF] Fehrenbacher | Effects of tool-workpiece interface temperature on weld quality and quality improvements through temperature control in friction stir welding[END_REF] 2024-T3 [START_REF] Li | Numerical analysis of joint temperature evolution during friction stir welding based on sticking contact[END_REF] 7050-T764 [START_REF] Lindner | Relationships between weld parameters, hardness distribution and temperature history in alloy 7050 friction stir welds[END_REF] | T|=|T m -T e |=25 C

Figure 4.13: Comparison between estimated and measured peak temperature during friction stir welding based on literature [START_REF] Fehrenbacher | Effects of tool-workpiece interface temperature on weld quality and quality improvements through temperature control in friction stir welding[END_REF]] [Lindner et al., 2005] [Li et al., 2012].

literature values, the error committed by the semi-empirical model is always contained within 5%, confirming its universality in the case of thin plates on a wide variety of aluminum alloys.

The constants calculated for all materials considered for model assessment and their thermal properties are given in Table 4.3.

Table 4.3: Constant for the considered aluminum alloys. 
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Conclusion

A semi-empirical model was developed and demonstrated to correctly predict the NZ peak temperature by requiring process parameters and aluminum alloy properties as input variables. Its universal effectiveness for thin sheets (i.e., lower than 6 mm), regardless of aluminum alloy type, was proved through an extensive comparison with data obtained experimentally or with numerical simulation. The absolute percentage error was contained within 5%, show-ing the model reliability. It has been demonstrated the possibility to estimate the NZ peak temperature during friction stir welding not necesserely relying on analytical or numerical model but also using simple tool based on the welding configuration (i.e., process parameters and aluminum alloy). Furthermore, weldability windows for the three alloys were identified. In particular, it was observed that in order to avoid cold defects due to insufficient flowability of the base material, the NZ peak temperature must be at least above 474 ± 7 • C. The definition of these limits, together with the semi-empirical model that allows to predict the obtained temperature starting from the process parameters and the welding material, facilitate the choice of the suitable process parameters to weld aluminum sheet alloys in butt welding configuration avoiding flow-related defects.

Development of power-based FSW thermal model for temperature prediction

Introduction

In this part, a straightforward thermal model is proposed for the prediction of the temperature in an FSW bead. The model aims to determine the thermal gradient in the weld, in a traditional butt-butt configuration, through inputs parameters such as machine power, process parameters and experimental setup (welding material, tool geometry and backing plate). Therefore, an experimental campaign with thermocouple embedded in the welding plate was performed. The model is calibrated on a specific experimental setup, i.e. lathe machine adapted for FSW, validated with additional experiments on the same setup, extended and validated to a different setup, and finally compared to the literature.

Material and methods

Modeling

A finite element framework in ABAQUS has been used to model and simulate the thermal fields in FSW. The heat source is the mechanical power (P ) obtained from the machine. The contribution on the mechanical power resulting from the tool feed rate is negligible as demonstrated elsewhere [START_REF] Simar | Effect of boundary conditions and heat source distribution on temperature distribution in friction stir welding[END_REF]]. An efficiency parameter η is used to calibrate the model and express what percentage of this mechanical work is converted into heat (P heat ).

In order to calculate the surface heat flux (φ), P heat is divided by the tool surface, considering only the shoulder and the pin lateral surface, which generally represents 90% of the total surface and responsible for the heat generation [Schmidt et Hattel, 2005]. For the sake of simplicity, features such as grooves and threads are not considered. The surface heat flux is applied to the top of the welded plates on a surface equal to the shoulder without considering the pin and moves at a speed equal to the welding speed. In these assumptions, in commercial software to perform thermal analysis, it is sufficient to model the welding plates, assign them
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thermal properties according to the considered material and create a moving surface heat flux. Regarding the tool contact that is not modeled here, thermal losses through the tool are taken into account through the efficiency parameter η. The thermal field obtained at the top of the plates and the FSW joint cross-section running the simulation is shown in Figure 4.14. The boundary conditions are represented by the losses that occur with the air (lateral and upper surface of the plates) and the support system (lower surface here divided into two parts, the central one in contact with steel and the lateral part aluminum). For simplicity, these losses are all incorporated into a contact condition through a convection coefficient. These coefficients have been taken from previous work [START_REF] Khandkar | Prediction of temperature distribution and thermal history during friction stir welding : input torque based model[END_REF], 15 and 1000 W m -2• C -1 for air and steel, respectively. The aluminum one was calibrated to improve the prediction in the heating and cooling cycle of the model, but it does not significantly influence the peak temperature. The interaction with the clamping system was neglected while the initial temperature in the plates was set at 25 • C. The element type for the workpiece is an eight-node linear heat transfer brick element (DC3D8). A size of 0.5 millimeters was set for the size element.

Experimental setups

The tests were performed on an adapted CNC lathe machine, Somab Genymab 900, in position control (Figure 4.15a). The employed process parameters and the measured mechanical power are listed in Table 4.4. The experimental campaign consisted of ten bead-on-plate tests performed on 3 mm sheets (200 mm long and 180 mm large), five on AA7075-T6, and five on AA6082-T6. Of these ten tests, two from each material were used to calibrate η (C1 to C4).

The validation was made on the remaining six tests (C5 to C10).

Similarly, three runs were carried out on a Kuka KR500-3MT robot with an Actemium and their relationship with defectiveness BPA-6700 spindle in force control (Figure 4.15b). The experimental campaign consisted of three bead-on-plate tests performed on 3 mm AA7075-T6 sheets (200 mm long and 180 mm large). Temperature measurements were used to validate the model without recalibrating the parameter for the new configuration. The employed process parameters and the measured mechanical power are listed in Table 4.4. mm height frustum shape threaded pin with an upper and lower diameter of 5 and 4 mm. In both experimental configurations, the support system was made of mild steel in the central part surrounded by aluminum. The width of the steel backing plate was different in the two setups, 40 and 60 mm, and this difference was considered when applying the boundary conditions.

In tests performed with the CNC machine, the thermocouples were embedded in the sheets, grooves 2 mm deep, and at a distance of 1 mm from the welding line on the advancing (AS) and retreating side (RS), as displayed in Figure 4.16. Post-welding, the thermocouples' Figure 4.16: Thermocouples positions in tests performed on the CNC machine: a) and b) sketch of their locations, c) and d) real thermocouples placed in the grooves before and after the application of an epoxy adhesive.

final position was determined through computer tomography. They were found about 2.5 mm away from the center due to the pin push action before its arrival. In contrast, the thermocouples were placed between sheets and backing plate in the robot tests, thus measuring the temperature on the bottom surface, as displayed in Figure 4.17. The thermocouples distance from the welding line was 3 and 6 mm on the AS and 7 mm on the RS. They were sealed in the vertical holes with a high thermal conductivity OMEGA R CC High-Temperature Cement. Transient temperatures were recorded using K-type thermocouples (accuracy ±2 • C). The measurements were acquired by a National Instruments DAQ system at 75 Hz. and their relationship with defectiveness 

Results and discussion

Model calibration

In the calibration phase, two model parameters have been calibrated, η and the convection coefficient between the plate and the aluminum part of the composite support. The first determines the percentage of the machine spindle power converted to heat, while the second establishes the thermal exchanges between the plate and the support. Four tests (C1-C4) were chosen for model calibration. Given the very similar values obtained at both sides, the experimental peak temperature reported from here on were calculated as the average peak temperature between the two thermocouples.

In our approach, η parameter does not depend on the welding configuration. We looked for the value that most closely approximated simulation and experiments in the four tests considered. Based on [Schmidt et Hattel, 2008] estimation of the thermal efficiency of the process, η was varied between 0.8 and 0.9. Figure 4.18a shows the predicted temperature evolution in the four configurations as η varies. In three simulations, the optimal η is between 0.84 and 0.86, while only for the configuration C1 the optimal choice is placed under 0.8. Hence, the parameter was set to 0.85. Similarly, the convection coefficient between the plate and the aluminum part of the backing plate was calibrated. It was observed that the latter mainly affects the cooling cycle (Figure 4.18b). Therefore it was varied between 1000 (steel) to 50 W m -2• C -1 . By decreasing the coefficient, a better estimation of the cooling cycle was observed. From 100 W m -2• C -1 onwards, its influence on the cooling cycle starts to become negligible. Hence, it was chosen as the convection coefficient between the plate and the aluminum part of the backing plate. 

Model validation

In Figure 4.19a, it can be observed the good approximation offered by the model independently from the material, rotational speed, and welding speed. In eight out of ten tests, the error is less than 5%, confirming a reasonable estimate of the maximum temperature at 2.5 mm from the welding line. Moreover, the two cases in which the prediction error approaches 10% (C1 and C6) are characterized by rotational speeds of 500 rpm (the lowest tested) and the same AA7075-T6 material, thus showing a problem at low rotational speeds. In any case, it is plausible to think that the efficiency parameter is inevitably dependent on both the process parameters and the tool-workpiece materials. However, without considering this dependence, the results are satisfying considering its application to two alloys and ten welding configurations. In Figure 4.19b, the comparison of the experimental and simulated thermal cycles of the C2 configuration is displayed. The thermal cycle is predicted with a good approximation.

To verify the model's effectiveness, three tests were performed with the same tool and 3 mm-thick AA7075-T6 slabs but in a different configuration (i.e., different machine used to perform the welding, support system, and clamping system). The comparison of measured and simulated peak temperatures is remarkably successful (Figure 4.20a), with an error on average equal to 5%. The differences due to the system and the different positions of the thermocouples did not reduce the model's prediction ability without any kind of recalibration (i.e., η=0.85). Similarly, the thermal cycle for all three thermocouples is predicted to a good approximation, as shown in Figure 4.20b.

Among the few works wherein both temperature measurements and any power or torque measurements are shared, [Upadhyay et Reynolds, 2010] was chosen. Although the most information contained is related to the peak temperatures measured in the nugget zone, through and their relationship with defectiveness
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Test n thermocouples embedded in the tool, while the model has been calibrated and validated with temperatures outside the nugget zone, it was decided to evaluate the model without any recalibration. In addition, the process parameter combinations vary widely, not to mention that the plates' thickness has doubled (from 3 mm to more than 6 mm) as well as the tool geometry has also changed. Despite all of these differences, in six out of ten combinations, the prediction error of the peak temperature in the nugget zone is on average 5% (Figure 4.21a). However, the temperature is too high in other cases. This difference is attributable to a used efficiency (η=0.85) that does not allow to estimate the temperature in these configurations correctly. Therefore, these results suggest deepening the efficiency dependency on the process parameters and the coupled tool-workpiece. In contrast, the model's predictive ability on the heating and cooling cycles is established by comparing the thermal cycle, displayed in Figure 4.21b, with a measurement taken 6 mm from the welding line.

Conclusion

The efficient prediction capability of thermal cycles generated during FSW through a simple thermal FEM model based on a single input has been demonstrated. Its robustness has been verified in various contexts predicting both heat-affected zone and nugget zone temperatures. However, the model could be enhanced by studying the efficiency parameter dependence on the process parameters and the tool-workpiece coupling (both material and dimensions). The strength of this macroscopic approach is that it is purely thermal and disregards physical quantities that vary with temperature or are challenging to determine (i.e., yield strength, viscosity, etc.) or the interface tool-workpiece condition without losing prediction quality.

In addition, if reliable empirical or analytical models defining the dependence of power on process parameters in a specific configuration are developed, the temperatures achieved with certain process parameters could be easily traced with this thermal model. Also, it could be further improved to estimate the mechanical properties of friction stir welds if the correlation between thermal cycles in HAZ and mechanical properties are defined.

Conclusion

In this chapter, the thermal aspect of the process has been analyzed. The possibility of using both semi-empirical and numerical models to infer the thermal history of the process has been demonstrated.

A semi-empirical model for estimating the NZ peak temperature was developed from an extensive experimental base. By measuring the temperature with thermocouples in the tool on tests performed on different aluminum alloys, it was possible to develop a semi-empirical model that allows to accurately predict the NZ peak temperature starting from the process parameters and the thermal properties of the aluminum alloy used. In addition, a correlation and their relationship with defectiveness between maximum temperature and weld quality was also found, showing the differences between the various alloys.
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For predicting the thermal history affecting all friction stir welding zones, a thermal model was developed based on the power measured during the process and the process parameters. The model's predictive ability has been demonstrated on different weld configurations, materials, and machines used to perform the joints (adapted CNCs or robots). This information is beneficial for heat-treatable alloys whose final mechanical strength is governed by the thermal cycle affecting the heat affected zones. The model can also help study residual stresses within the joint that are affected by thermal shocks developed by welding conditions.

Through possible extensions of the proposed models, the most varied issues related to the thermal aspect of friction stir welding can be addressed, starting from the final mechanical properties of the joints depending on the thermal cycles up to the most recent applications in temperature control, where optimal peak temperatures and their correlation with weld quality are required. In addition, their extensions to materials other than aluminum alloys could also be an interesting prospect given the wide range of applications of FSW.

In conclusion, in the previous two chapters, we have studied the mechanical and thermal phenomena related to the process, which clarified the tool-workpiece interaction through physical quantities monitoring during the process and its relation with the resulting weld quality. The analyses provided insight into the differences in weldability windows between the consid-ered aluminum alloys and how the physical quantities developed during FSW evolve depending on the weld quality. All of these elements allowed the exploration of FSW phenomenology. However, to complete the tool-workpiece interaction phenomenology, the material flow should be considered. Experimentally, the physical limitation is represented by the shoulder covering the processing zone during the whole process. A viable alternative to studying material flow is numerical simulation. For this reason, in the next chapter, thanks to the experience and understanding gained in the previous chapters, we tackle the numerical simulation of FSW through the CEL approach to deepen the material flow and the tool-workpiece interaction. 

Introduction

From what has been deduced from the previous chapters, where the complex FSW thermomechanical phenomena have been addressed experimentally, it is clear that studying these phenomena coupled with traditional experimental methods is very challenging. The inaccessibility to the contact zone and the multiple tool-workpiece interactions complicate the process understanding. Therefore, not long after its invention (1991), the first FSW numerical simulation studies were published [Chen et Kovacevic, 2003, Colegrove et Shercliff, 2003]. The advantage of relying on simulation is to avoid all physical limitations such as the inaccessibility to the stirring zone and estimating quantities that otherwise could not be measured. However, even numerical simulation presents difficulties because the description of material behavior and tool-workpiece contact is required to simulate experiments correctly. Over the years, the FSW community put effort into both experiments and simulations to improve the material behavior description and obtain more reliable simulations.

Among different possible approaches to simulate FSW in solid mechanics, the coupled Eulerian-Lagrangian (CEL) method presents some advantages compared to the traditional Lagrangian and ALE approaches. However, in CEL formulation, the friction within the workpiece resulting from damage to the newborn interfaces is neglected. In machining processes, such as milling, turning and drilling, neglecting the interaction at the interfaces can be critical for describing the material behavior adequately. The same applies for friction stir welding in which the material is processed in layers, and at each rotation, the pin interacts with a material layer, separating it from the base material and releasing it behind it at the end of the tool rotation. Thus, this chapter aims to develop a new damage evolution law to integrate frictional resistance resulting from damage through virtual newborn surfaces. First, the newly damage evolution law is developed and calibrated on orthogonal cutting tests showing its role in the chip formation mechanisms. Then, it is extended to 3D FSW numerical simulation with the CEL approach. The results obtained are promising for the further extension of the newly developed damage evolution law to all severe plastic deformation processes in which material separation occurs.

Given the clear goal set, the chapter will be organized as follows:

• a literature review to present the CEL approach and its applications and then a focus on CEL based FSW applications to show the results already achieved by other research groups. The review is then completed with CEL application on orthogonal cutting, the process used to develop and calibrate the new damage evolution law.

• the orthogonal cutting experiments and the inverse calibration of the new damage evolution law are presented, confirming the importance of considering the friction within the workpiece resulting from damage as fundamental to predicting the different chip formation mechanisms.

• application of the damage evolution law to 3D simulation of FSW with CEL approach confirming its usefulness.

State of the art

Coupled Eulerian-Lagrangian approach for manufacturing processes

In the second half of the twentieth century, the CEL method was firstly introduced by [Noh, 1963] and successively developed by [Benson, 1997] to overcome the disadvantages of the pure Lagrangian and Eulerian approaches. Its application has exploded gradually in various fields, such as geomechanical problems involving large deformations [START_REF] Qiu | Application of a coupled eulerianlagrangian approach on geomechanical problems involving large deformations[END_REF] or various manufacturing processes (welding [START_REF] Alitavoli | Numerical modeling based on coupled Eulerian-Lagrangian approach and experimental investigation of water jet spot welding process[END_REF], machining [START_REF] Ducobu | Finite element modelling of 3d orthogonal cutting experimental tests with the coupled eulerianlagrangian (cel) formulation[END_REF] ).

Regarding manufacturing processes in which material separation occur, the need to find new simulation approaches arises from some issues related to traditional methods such as pure Eulerian, pure Lagrangian or arbitrary Lagrangian-Eulerian (ALE). For example, the Eulerian approach is generally used for fluid dynamics problems, and in machining, it can only be used in the steady-state and requires apriori knowledge of the chip geometry [START_REF] Arrazola | Recent advances in modelling of metal machining processes[END_REF]. On the other hand, the Lagrangian approach can be problematic in material removal processes because of the strong mesh distortion at the tip-workpiece contact and the surfaces separation [START_REF] Ducobu | Finite element modelling of 3d orthogonal cutting experimental tests with the coupled eulerianlagrangian (cel) formulation[END_REF]. Although these problems can be solved by techniques such as re-meshing [Umbrello, 2008] or introducing a chip separation criterion [Yvonnet, 2004], they greatly complicate the result with longer computation time [START_REF] Heinstein | [END_REF]. A viable alternative to the two traditional approaches is the ALE approach. This method combines beneficial aspects of both approaches to solve the mesh distortion problem by introducing relative motion between mesh elements [START_REF] Arrazola | [END_REF]. For the chip formation, no separation criterion has to be defined [Özel et Zeren, 2007]. This mechanism is attributed to material plastic flow around the tool [START_REF] Woon | Investigations of tool edge radius effect in micromachining: A FEM simulation approach[END_REF]. However, discontinuous chip simulation in the ALE approach is not as close as to experiments as in the Lagrangian one [START_REF] Soliman | Investigation of process parameters in orthogonal cutting using finite element approaches[END_REF].

To overcome the problems encountered with all other approaches, efforts were made to find the strengths of the CEL approach to evaluate its quality for 3D simulation of manufacturing processes, including in particular, machining and friction stir welding.

Numerical simualtion of FSW based on CEL approach

In solid mechanics, regardless of the possible simulation approaches, the choice depends on the objective and type of process. The main difference between the two classic approaches, Lagrangian and Eulerian, is the following: in the former, the mesh grid follows material deformation, while for the latter, the mesh grid is fixed. Also, the ALE method represents a competitive alternative, allowing both approaches' pros to be exploited while avoiding their drawbacks. The formulation becomes complicated due to the relative velocity between the meshes and the material [Askes et Sluys, 2000]. All the solid mechanics conventional approaches were employed for FSW simulation depending on the purposes aimed by researchers. The Eule-FSW through a numerical model based on CEL approach rian approach applied to FSW has been extensively studied by [Colegrove et Shercliff, 2004], with their early work showing the potential of this type of numerical simulation to study flow around practical tool shapes. Since then, several simulations based on the Eulerian approach have been proposed [START_REF] Bastier | Steady state thermomechanical modelling of friction stir welding[END_REF], Colegrove et al., 2007]. Furthermore, the Lagrangian approach with the adaptative meshing approach was used to reveal the relationship between residual stresses and process parameters [Chen et Kovacevic, 2003]. Similarly, the possibility of using the ALE re-meshing methodology with the explicit solver to simulate steady-state FSW was instead investigated in early studies by [Schmidt et Hattel, 2005]. As a result, the authors were able to show the role played by the cooling rate on defect formation. These groundbreaking studies set the path for many studies of the process through simulations based on the various approaches. However, each of these approaches applied to FSW has drawbacks. For example, regarding the Eulerian method, the range of the application is limited for the large plastic deformation modeling due to the requirement of proper explanation of the convection term, material properties, and the geometry of the components interacting with the tool [START_REF] Meyghani | [END_REF]. If the material is described as Lagrangian, as the mesh follows the material flow, the large distortions induce unacceptable finite element distortions leading to numerical problems. The solution is a re-meshing procedure causing an increase in the computational cost [START_REF] Tongne | On material flow in friction stir welded al alloys[END_REF]. Instead, the main shortcoming of ALE formulation is the need to define the relative movement between mesh and welded material to avoid mesh distortion [START_REF] Tongne | On material flow in friction stir welded al alloys[END_REF]. For this reason, the CEL approach was also extended to friction stir welding to achieve better results than the other simulation approaches.

Even if computationally more expensive than the corresponding ALE approach, the CEL method is more robust and suitable for studying material mixing processes such as friciton stir welding [START_REF] Grujicic | Computational analysis of material flow during friction stir welding of AA5059 aluminum alloys[END_REF]. However, thanks to mass scaling and not requiring super fine mesh to tackle the mesh distortion, the CEL approach computational time can be reduced, [START_REF] Ansari | An efficient coupled Eulerian-Lagrangian finite element model for friction stir processing[END_REF]. [START_REF] Jain | Finite element simulation of pin shape influence on material flow, forces in friction stir welding[END_REF] have exploited this approach to study the influence of pin shape and characteristics on material flow. Threaded pin showed the higher vertical movement of the stirred material and higher material velocity, strain rate and effective strain. Material stirring and residual stress were investigated by [START_REF] Shokri | Thermomechanical modeling of friction stir welding in a Cu-DSS dissimilar joint[END_REF] in dissimilar friction stir welding. However, the main CEL applications on FSW focused on defect prediction. In early studies, [START_REF] Al-Badour | Coupled Eulerian Lagrangian finite element modeling of friction stir welding processes[END_REF] have vividly illustrated the strength of this type of approach, succeeding in predicting the presence of voids within a weld seam (Figure 5.1a) as well as the influence of the friction coefficient on this type of internal defect (Figure 5.1b). Similarly, [Ajri et Shin, 2017, Das et al., 2021] found a correlation between experiments and simulation for defective and sound welding configuration. Both internal and external defects (Figure 5.2a) were correctly predicted and explained thanks to the simulated material flow. Instead, [START_REF] Tongne | On material flow in friction stir welded al alloys[END_REF] studied the influence of process parameters on the formation and extent of the banded structures during friction stir welding of aluminum alloy. The model confirmed that contrast difference between bands of microstructure, giving rise to the onion ring structure, can be correlated to the resulting gradient of the maximal equivalent plastic strain rate within the stirred layers (Figure 5.2b).

Despite the primary outcome, [START_REF] Tongne | On material flow in friction stir welded al alloys[END_REF] raised a problem. During their ex-Figure 5.1: Major outcomes from [START_REF] Al-Badour | Coupled Eulerian Lagrangian finite element modeling of friction stir welding processes[END_REF]: a) matching between experiment and simulation, b) influence of friction coefficient on void size periments, they run into an internal void on the retreating side (Figure 5.4). The fracture of the stirred layer caused this void during the rotation around the trigonal shape pin (Figure 5.4) and the consequent lack of material in the RS. According to the authors, the model did not include a damage evolution law, thus the impossibility of separating surfaces. Since the observation of [START_REF] Tongne | On material flow in friction stir welded al alloys[END_REF], some FSW simulation work on the CEL approach by integrating damage initiation according to Johnson-Cook (JC) were published [Ajri et Shin, 2017, Das et al., 2021], but none of them ever focused on the simulation quality in terms of material flow, somewhat as done by [START_REF] Al-Badour | Coupled Eulerian Lagrangian finite element modeling of friction stir welding processes[END_REF]. There is thus a need to verify whether the existing damage evolution laws are capable of correctly simulating material flow in FSW. However, the problem is the impossibility of observing the material flow during the process since the shoulder continuously hides the contact. The material constitutive laws for plasticity and damage used in the various reviewed works are summarized in Table 5.1.

In general, despite the various applications and some correlation between simulated and experimental defects [START_REF] Al-Badour | Coupled Eulerian Lagrangian finite element modeling of friction stir welding processes[END_REF], Ajri et Shin, 2017, Das et al., 2021], the actual comparison of material flow in FSW between experiments and simulation cannot be done Table 5.1: Summary of the reviewed FSW models based on the CEL approach, showing the main information, including material behavior laws and the purpose. since the interaction is hidden throughout the process by the shoulder. In addition, what is an advantage in the CEL approach, and that is the non-need to describe the separation between surfaces, may play a non-negligible role in manufacturing processes. In this regard, therefore, two actions are necessary. First, develop a damage evolution law that virtually accounts for the interaction at the interface between the separating surfaces. To do this, orthogonal cutting seems the most suitable process given the accessibility to the contact zone during the interaction and that it can be approximated to 2D. If the chip formation mechanisms can be accurately predicted by developing and integrating a damage evolution law taking into account friction within the workpiece resulting from damage, it may also play a role in processes such as friction stir welding. Next, once the new model is developed, it should be incorporated into the CEL simulation of the friction stir welding process to improve the description of material flow by capturing phenomena associated with material separation.

Orthogonal cutting and CEL approach

Among the various manufacturing processes, the CEL approach has been employed to simulate orthogonal cutting. [START_REF] Ducobu | Application of the coupled eulerian-lagrangian (cel) method to the modeling of orthogonal cutting[END_REF] were the first to apply the CEL approach to orthogonal cutting of Ti6Al4V successfully. The major outcome to assess the validity of their 2D CEL model, based on JC constitutive law, was the closeness between results of the new and the traditional ALE and Lagrangian models. Subsequently, [START_REF] Ducobu | Finite element modelling of 3d orthogonal cutting experimental tests with the coupled eulerianlagrangian (cel) formulation[END_REF] extended the previous 2D model achieving 3D simulation of orthogonal cutting, succeeding in predicting lateral material flow during plastic deformation. The first simulation using this approach that reported segmented chip prediction was described by [START_REF] Shuang | Numerical analysis of chip formation mechanisms in orthogonal cutting of ti6al4v alloy based on a cel model[END_REF]. The 2D model is based on a modified JC law, but no damage law was included. The authors also did not compare the Ti6Al4V chip morphology obtained by simulation with experiments except qualitatively. The first application on aluminum alloys is reported by [START_REF] Ducobu | Coupled eulerianlagrangian (cel) simulation for modelling of chip formation in aa2024-t3. Coupled Eulerian-Lagrangian (CEL) simulation for modelling of chip formation in[END_REF]. Based on a JC law describing material plastic behavior, the authors correctly simulated continuous chip formation. However, an average error of around 20% between the simulated FSW through a numerical model based on CEL approach and measured shear forces should be noted. [START_REF] Agmell | Development of a simulation model to study tool loads in pcbn when machining aisi 316l[END_REF] firstly developed a 3D CEL model to simulate the chip mechanism formation in AISI 316L. Based on JC constitutive law, the simulation predicted the segmented chip, but an accurate comparison of chip morphology was not performed. The simulated and measured average forces are close, although the oscillation due to chip formation is almost non-existent in the measurements while it is evident in the simulation. Thus, it is understood that the model did not accurately simulate the experimental chip formation mechanism. Recently [START_REF] Xu | Machining simulation of ti6al4v using coupled eulerian-lagrangian approach and a constitutive model considering the state of stress[END_REF] have proposed a 3D model based on a new developed plastic behavior law able to predict both segmented chip formation and the existence of a material side flow in Ti6Al4V machining. Damage evolution law in all models introduced is based on JC for the initiation and energy criteria for the evolution. Determining the parameters for these criteria requires many tests to characterize the considered material behavior as a function of strain, strain rate, and temperature [START_REF] Cheng | A constitutive model for ti6al4v considering the state of stress and strain rate effects[END_REF]. Moreover, although the mechanical testing attempt to reproduce conditions developed during manufacturing processes, the thermo-mechanical conditions in some processes, such as machining, friction stir welding etc., are different from that encountered in conventional mechanical testing [START_REF] Iturbe | Mechanical characterization and modelling of inconel 718 material behavior for machining process assessment[END_REF].

Independently from the approach, none of the reviewed CEL models showed the ability to predict both chip formation mechanisms (continuous and segmented). Most of the models are based on JC plastic law or modified versions of it. Some contradictions can be seen, such as [START_REF] Shuang | Numerical analysis of chip formation mechanisms in orthogonal cutting of ti6al4v alloy based on a cel model[END_REF], who can predict different forms of segmented chips with modified JC, while [START_REF] Xu | Machining simulation of ti6al4v using coupled eulerian-lagrangian approach and a constitutive model considering the state of stress[END_REF] states that JC constitutive law cannot successfully predict the segmented chip mechanisms. At the same time, the only one showing remarkable differences in the simulated chips is [START_REF] Shuang | Numerical analysis of chip formation mechanisms in orthogonal cutting of ti6al4v alloy based on a cel model[END_REF], in which the damage evolution law is not reported. Table 5.2: Summary of the reviewed models, showing the main information, including material behavior laws and type of model (2D or 3D) schematically. Base material (BM), continuous (Cont.) and segmented (Seg.). solved by considering the frictional resistance resulting from damage through virtual newborn surfaces.

Synthesis

The interest of this chapter is the development of a new damage evolution law integrating frictional resistance through virtual newborn surfaces to improve the simulation of severe plastic deformation processes. Trying to develop it directly by applying it to FSW is complicated because of the difficulties in comparing material flow between simulation and experiments. In addition, the particularly severe coupled shearing-compression and shearing-traction conditions to which the material is subjected during FSW are difficult to reproduce with traditional mechanical testing in terms of strain rate and the instantaneousness and simultaneity of coupled phenomena (i.e. compression-shearing in machining). Figure 5.4 shows the strain rate ranges in various manufacturing processes and classical mechanical testing [Changeux, 2001]. In mechanical testing, high strain rates are approached only with Split-Hopkinson and high-Figure 5.4: Strain rate ranges for metalworking processes and mechanical tests. speed tensile tests but always loading the specimen with compression or traction. Therefore, an alternative is represented by orthogonal cutting, which, being part of the metal cutting category, assures strain rates equal or superior to those of FSW [Mishra et Mahoney, 2007] and reproduce perhaps more faithfully the severity and coupling of the stresses. In addition, the orthogonal cutting introduces the great advantage of observing the process during its development and then easily comparable with simulation. Thus, while we are aware of the differences between the two manufacturing processes (i.e. higher temperature, constrained sheared material in FSW etc.), this approach seems interesting for improving the description of material flow in FSW. FSW through a numerical model based on CEL approach For this reason, in this section, a new damage evoution law is developed and calibrated on orthogonal cutting tests and is then extended to the FSW simulation. The effect of pin and shoulder friction coefficients on material flow and forces is studied to evaluate the model. The extension to FSW is not exhaustive and represents one of the perspectives of this research work. The goal is to lay the groundwork for a new way to simulate FSW with the CEL approach.

A new damage evolution law for Coupled Eulerian-Lagrangian

(CEL) approach: application to orthogonal cutting

Introduction

Recently, CEL method has been employed to simulate orthogonal cutting. However, in machining processes, material separation can occur within the manufactured parts due to damage. The resulting new interfaces are not explicitly described in the Eulerian formulation as they are in the Lagrangian formulation, where the mesh can describe newly born interfaces. Therefore, the interfacial friction that maintains the material resistance after full damage is not considered in the Eulerian formulation. In this section, we propose a new damage evolution law that include additional resistance by defining virtual newborn interfaces after full damage. By considering that frictional behavior is at the origin of segmented chip formation, this approach is applied to orthogonal cutting. Its advantage over other processes is the possibility of extensively comparing simulation and experiment with forces, temperatures, chip morphology, etc., which, in other processes, is more complicated to access and to follow the tool-workpiece contact zone to make comparisons. It follows that, if it is possible to correctly simulate orthogonal cutting with this approach, predicting chip formation mechanisms and chip morphology, the approach and the material behavior laws can then be extended to other processes.

Modeling and simulation of orthogonal cutting

Description of the orthogonal cutting model

The 3D model was developed in the ABAQUS/Explicit framework. It was created using the CEL approach, which allows the modeling of a Lagrangian tool and an Eulerian workpiece. In this way, the workpiece material moves through fixed mesh elements according to the Eulerian formulation, overcoming the mesh distortion problem. The fixed Eulerian mesh domain is sufficiently large to cover the evolving workpiece geometry, especially, chip formation. The CEL method is based on the volume of fluid method [Abaqus, 2010]. The Eulerian volume fraction for each Eulerian element is introduced. An element wholly filled with the material has a fraction equal to 1 (Eulerian workpiece), whereas if no material is present, it is equal to 0 (Eulerian void). Therefore, the surrounding Eulerian volume at the beginning is empty, case, the height along the y-direction was set to include at least three consecutive segmented chips in the various tests performed, and the depth in the z-direction was defined to contain the observed lateral material flow. The y-height choice was made after some preliminary simulations with a higher height (more observable chips) to reduce the model size and subsequent simulation since there was no significant difference between chips. The element type for the Eulerian medium, workpiece, and void is an eight-node thermomechanical coupled linear Eulerian brick element (EC3D8RT). A size of 5 microns in the cutting zone and an orientation of 90 • with respect to the cutting direction of the Eulerian parts were established based on [START_REF] Xu | Machining simulation of ti6al4v using coupled eulerian-lagrangian approach and a constitutive model considering the state of stress[END_REF] outcomes. The tool elements are eight-node linear thermo-mechanical coupled brick elements (C3D8RT).

The sketch of the boundary conditions presented in Figure 5.6 facilitates the explanation. On the bottom surface, the displacements along y were blocked. A velocity along x equal to the cutting speed on the left surface is assigned, blocking the z direction to avoid material flow.

The tool is fixed and modeled as a rigid body. The only initial condition set was the temperature, which was selected according to the type of test. The tool-workpiece contact condition was modeled with Coulomb's law by setting a friction coefficient of 0.3 [START_REF] Melkote | Advances in material and friction data for modelling of metal machining[END_REF].

It was assumed that the heat generated by friction can be divided equally between the tool and workpiece [START_REF] Rech | Characterisation of friction and heat partition coefficients at the toolwork material interface in cutting[END_REF] and that all the energy dissipated by the friction is converted into heat. FSW through a numerical model based on CEL approach Figure 5.6: Boundary conditions.

Plastic behavior

The model plasticity is based on the widely used JC law (5.1), which describes the material behavior during plastic deformation, with temperature, strain, and strain rate all taken into account. The decision to use this law was made because of its wide use in the literature, allowing comparison of this model with other models.

σ = [A + Bε n ] 1 + C ln ε εo 1 - T -T o T m -T o m (5.1)
The model parameters for the two materials used, AA6082-T6 [START_REF] Chen | Flow and fracture behavior of aluminum alloy 6082-t6 at different tensile strain rates and triaxialities[END_REF] and AA7075-T6 [START_REF] Zhang | A modified johnson-cook model of dynamic tensile behaviors for 7075-t6 aluminum alloy[END_REF], were taken from the literature and are listed in Table 5.3. 

Damage initiation and evolution

The damage initiation is described using the traditional ductile criterion governed by state variable w:

w = ∆ε pl εpl o (5.2)
where ∆ε pl is the equivalent plastic strain increment and εpl o is the equivalent plastic strain at the onset of damage. During deformation, the state variable w increases monotonically from 0 to 1 at the onset of damage. Even though εpl o generally depends on the stress triaxiality and strain rate, it is assumed to be dependent only on the strain rate. A piecewise linear function was proposed, as shown in Figure 5.7. Its calibration is made through experimental tests, and it strongly influences the primary shear angle and the frequency of chip creation as the tool advances. Therefore, the evolution was fixed to reproduce the shear angle and chip segmentation frequency. 

D = ∆ε pl εpl f f (η, T ) (5.3)
where εpl f is the equivalent plastic strain at failure, which depends on the characteristic length L c of the element. Therefore, the material damage evolution properties are expressed in terms of the displacement at failure, u f = εpl f L c . Before expressing f (η, T ), it is important to describe the proposed approach. First, it is noteworthy that the stress triaxiality η is equal to -0.33 for uniaxial compression, 0.33 for uniaxial tension, 0 for pure shear and -∞ for hydrostatic FSW through a numerical model based on CEL approach pressure. The stress triaxiality can be expressed as

η = σ m σ      σ m = (σ 1 + σ 2 + σ 3 ) /3 σ = 1 2 (σ 1 -σ 2 ) 2 + (σ 2 -σ 3 ) 2 + (σ 3 -σ 1 ) 2 (5.4)
where σ m is the hydrostatic pressure and σ is the von Mises equivalent stress. The expression of f (η, T ) is given by

f (η, T ) = (c 1 -c 2 ) η max (T ) -η c η + c 2 (5.5) c η = η max (T ) -η min (T ) (5.6)
and c 1 and c 2 are the extreme values of D for the full and zero frictional effects, respectively. Instead, by assuming that the stress triaxiality is constrained within uniaxial compression (η = -0.33) and uniaxial tension (η = +0.33), a transition zone c η = 0.66 is imposed for the material behavior description. The proposed damage evolution law aims to add additional resistance to the damaged material through the virtual newborn interfaces. The additional resistance is needed because, during damage, the material better resists compression than tension [START_REF] Yang | Tensioncompression mechanical behavior and corresponding microstructure evolution of cast A356-T6 aluminum alloy[END_REF]. By defining a temperature-dependent parameter, η max (T ), the frictional interface was considered. Stress triaxiality equal to or lower than η min leads to full friction zone, whereas if greater than or equal to η max it is within the zero friction zone, as displayed in Figure 5.8a. Hence, in this way, the additional resistance is controlled through the virtual newborn interfaces. Then, by integrating the η max dependency on the element temperature, as schematically represented in Figure 5.8b, thermal softening is taken into account and differences in the frictional behavior are considered. The η max (T ) parameter
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dependency on temperature is as follows:

η max (T ) =        η 0 if T ≤ T 0 (η f -η 0 ) T -T 0 T f -T 0 mc + η 0 if T 0 < T < T f η f if T ≥ T f (5.7)
where T 0 is room temperature, while T f is the critical temperature when the aluminum alloys lose their strength due to microstructural modifications. The parameter tuning the chip formation mechanism is η max . Therefore, its limits for both materials, η 0 and η f , as well as the temperature dependency, were inversely calibrated to reproduce the chip formation mechanism obtained experimentally. The function f (η, T ) is programmed in the ABAQUS subroutine VUSDFLD and is called the field variable in the tabular damage evolution law environment. Therefore, all the elements introduced in the model are following. At damage initiation, the equivalent plastic strain depends linearly on the strain rate and acts directly on the shear angle. Once the damage has started, the evolution is described by equation ( 5.3), which influences the chip separation mechanism. The novel separation criterion add frictional resistance through virtual newborn interfaces allowing the simulation of chip formation mechanisms using the CEL approach. In the first subsection of the Results and discussion section, the calibration process is explained by illustrating how the temperature dependence of η max (equation 5.7) is derived, and the results of the simulations performed once all dependencies are defined then discussed in the rest of the section.

Experimental setup

Tests were performed on a SOMAB Genymab 900 multitasking lathe, and four different configurations were tested on 3-mm-thick AA6082-T6 and AA7075-T6 sheets. The depth of cut was kept constant at 1 mm and the rake angle was set at 0 • , while the other parameters are summarized in Table 5.4.

Tests at 25 • C are referred to as room temperature (RT) and those at 180 • C as pre-heated (PH). Two tests for each configuration were performed, one with a high-speed camera (HSC) and another with an infrared (IR) camera, while forces were always recorded with a Kistler 9129AA loadcell at 1500 Hz. The experimental setup is shown in Figure 5.9, with details on the tool and the force and video acquisition system. The forces and chips obtained in the two identical tests were sufficiently similar to be considered equal. A sketch of the experimental setup and HSC and IR images (post-processed with MATLAB) are presented in Figure 5.10. The HSC images were used to measure the primary shear angle, while the mean temperature in the primary shear plane and the maximum temperature in the secondary shear plane were determined using IR camera images. Local heating of the plates was performed using a blowtorch. The machined parts were black-painted to control the emissivity of the aluminum alloys, and the emissivity was calibrated using preliminary tests. In addition, in all hightemperature tests, to check that the information provided by the IR camera was correct, a FSW through a numerical model based on CEL approach Table 5.4: Orthogonal cutting parameters. For chip preparation, the samples were polished down to 1/4 µm, and AA7075-T6 chips were chemically etched by exposure to Keller's reagent to reveal the grains. The etched samples were inspected using an optical microscope (Olympus PMG3), while the other observations were made using a Keyence VHX6000 microscope. Changes caused by different test conditions, at room temperature or preheating, were investigated with Vickers hardness measurements. They were made on polished samples using a Zwick ZHU 2,5 durometer with a load of 4.9 N and a duration time of 10 s. Three indentations were performed in each different zone that makes up the chip. 
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Results and discussion

Influence of the damage variable on chip formation mechanism

The novelty introduced in this study is related to the damage evolution law, and it depends on the stress triaxiality and coefficient η max , with the latter directly affecting the frictional resistance in the virtual newborn interfaces. In the model calibration phase, the η max parameter was changed manually to act on the formed chip geometry in the various tests performed on the different materials. Figure 5.11 shows the results three chip types obtained varying η max under the same cutting conditions (cutting speed, depth of cut, and initial temperature) and material properties.

η max establishes the frictional resistance through the virtual newborn interfaces. On the one hand, low values favourite the zero friction condition, significantly reducing the newborn interfaces' friction. On the other hand, frictional resistance is maximized by increasing η max leading to the full friction zone. The influence of η max on the damage evolution is explained by tracking an element during simulation (Figure 5.12a) in order to follow both von Mises stress and the damage variable, as displayed Figure 5.12b.

In the experiments, a continuous chip was obtained only in AA7075-T6 hot configurations. By analyzing the chip transversal microstructure and the hardness in the various areas that make up the chip, the difference between the two tests at room temperature and with pre-heating is evident, as displayed in Figure 5.13. The microstructure obtained at room FSW through a numerical model based on CEL approach minum alloys in the T6 state is due to the high density of strengthening precipitates induced by heat treatments [Gladman, 1999]. However, once certain temperatures are reached, these precipitates begin to progressively grow, losing their strengthening effect and causing a drastic decrease in the material's mechanical strength [START_REF] Maisonnette | Effects of heat treatments on the microstructure and mechanical properties of a 6061 aluminium alloy[END_REF] because of dynamic FSW through a numerical model based on CEL approach recovery and dynamic recrystallization. The critical temperatures in the two materials are different, and, based on previous studies, they were fixed between 250-350 • C for AA6082-T6 [START_REF] Xu | Investigation on compressive formability and microstructure evolution of 6082-t6 aluminum alloy[END_REF] and between 200 -300 • C for AA7075-T6 [START_REF] Dalai | Mechanical behavior and microstructure evolution during deformation of aa7075-t651[END_REF]. Consequently, the η max parameter changes within the ranges until the critical temperature T f is reached, as shown in Figure 5.15. The values attributed to the model parameters are listed in Table 5.5. Table 5.5: Damage constitutive model parameters for the two materials.

BM c 1 c 2 c η η f η 0 m c T f
AA6082-T6 0.4 0.95 0.66 0.7 -0.2 2 350 • C AA7075-T6 0.4 0.95 0.66 0.7 -0.3 7 300 • C

Comparison between measured and simulated physical quantities

The cutting force and temperature were monitored during the tests. Figure 5.16 shows a comparison of the force evolution over time in different configurations. The cutting force evolution is predicted with a good approximation by the model. The model consistently reproduces the observed experimental oscillation that coincides with chip formation. It is noteworthy that the model can capture the differences in the periodicity of the forces depending on the test. However, some differences were observed, and these were related to experimental inaccuracies. In Figure 5.16a, the experimental first peak is lower than the simulated one, but this difference is associated with the slight inaccuracy of the depth of cut during the AA6082-T6 tests owing to the deformation caused by the previous pass. In contrast, in the hot test (Figure 5.16d), in the simulation, a homogeneous temperature was predefined throughout the piece, but during experiments the plates were heated locally with the blowtorch. Therefore, at these points, even if measured, temperature may have locally exceeded the preset temperature of 180 • C or in any case the exposure to these high temperatures induced an excessive decrease in the resistance of the material. However, once the first few millimeters are advanced, the forces begin to approach each other. Figure 5.17a shows the mean values of all forces with their standard deviations. Overall, the prediction of the model is reliable, with an error that is always below 10%. Similarly, the ability of the model to predict the chip segmentation frequency is accurate, as shown in Figure 5.17b, where the simulated average time to chip creation in the 0.35 m/s configurations agrees with the experimental results.

With respect to the temperature, as observed from the thermal field obtained through the numerical simulation displayed in Figure 5.18, the temperature rise resulting from plastic deformation is always higher in AA7075-T6 than in AA6082-T6. The temperature measurements made with the IR camera allowed estimation of the average temperature in the primary shear zone by averaging the temperature in the pixels along with AB, as displayed in Figure 5.10d. Similarly, the maximum temperature at the interface with the tool was estimated by averaging the maximum values among the pixels in the white dashed rectangle recorded in each image (Figure 5.10d). The same was done in the simulations, and the comparison for all configurations is shown in Figure 5.19. A comparison between the measured and simulated values confirms the quality of the model's prediction and its ability to describe heat generation resulting from tool-workpiece interaction. Therefore, the model reliability in predicting the thermo-mechanical quantities developed during the process, such as forces and temperatures, has been demonstrated. 
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Chip morphology

The goal of introducing the new damage evolution law is to predict the type of chip formation mechanism, depending on the cutting conditions. We also aim to get as close as possible to the experiments in terms of chip morphology.

The results obtained shown in Figure 5.20 demonstrate the achievement of both set goals. The model correctly predicted both chip formation mechanisms. In addition, qualitatively, good similarity between the numerical and experimental results can be observed. The geometries of the experimental and simulated chips were evaluated by calculating their peaks, valleys, chip widths, and shear angles. The various quantities are shown in Figure 5.21. The geometric values are presented in Table 5.6, with a focus on configurations at 0.35 m/s in which a segmented chip was obtained. The percentage errors were approximately around rial side flow well with an error of 2% and 8% for AA7075-T6 and AA6082-T6, respectively. From a qualitative point of view, by observing both the front and back of the chip in the two configurations, the results obtained with the simulation can be considered successful. The model's accuracy is therefore confirmed by its ability to predict the considerable out-of-plane deformations correctly. From the experimental point of view, this result is significant, especially given the frequent assumption made in many simulations of the orthogonal cutting process in which it is considered a 2D process [START_REF] Calamaz | A new material model for 2d numerical simulation of serrated chip formation when machining titanium alloy ti6al4v[END_REF]. It is evident that, in FSW through a numerical model based on CEL approach the case of aluminum alloys, the deformation out of the plane is significant and could probably be detrimental to the application of the digital image correlation technique to measure the strain and strain rate gradient in shear zones. For AA7075-T6 [START_REF] Zhang | Characterization of material strain and thermal softening effects in the cutting process[END_REF] and Ti6Al4V [START_REF] Harzallah | Numerical and experimental investigations of ti-6al-4v chip generation and thermo-mechanical couplings in orthogonal cutting[END_REF], the digital image correlation technique was successfully applied for 0.25-mm-depth of cuts. However, if higher depths of cuts are used, the out-of-plane strain can be problematic for strain measurements through digital image correlation, leading to poor image sharpness and unsuccessful measurement owing to the material side flow [START_REF] Zouabi | Kinematic fields measurement during orthogonal cutting using digital images correlation: A review[END_REF]. It is then further understood the importance of this CEL model power in predicting out-of-plane deformations, confirming the proper material behavior description, proposing itself as an alternative to the experimental measurement of complex quantities such as kinetic fields during orthogonal cutting.

Conclusion

A 3D numerical simulation of orthogonal cutting with a CEL approach was proposed based on a new inversely calibrated damage evolution law. The damage evolution function was developed and calibrated on tests with AA6082-T6 and AA7075-T6 under different experimental conditions, replacing the laborious and complex material testing required to identify constitutive equations parameters. With the new approach, virtually describing newborn interfaces to include frictional resistance resulting from damage during cutting, the changes induced by experimental conditions resulting in different interactions between consecutive chips (and different mechanisms, from severely segmented to continuous chips) were correctly reproduced. At the same time, the simulation does not suffer a loss in quality in predicting the physical quantities generated during the process and can also capture the out-of-plane deformations that occur during orthogonal cutting. Moreover, the simulation can correctly capture the material behavior of the processed part from its elastic response to the degradation induced by damage initiation and propagation. This result is auspicious for extending the new damage evolution law by virtually considering the friction within the Eulerian workpiece in severe plastic deformation processes simulated through the CEL approach.

Influence of the friction coefficient on material flow and forces in friction stir welding

Introduction

For the assessment of the new damage evolution law, it is essential to extend it to FSW. This second part of the chapter is therefore devoted to this topic. The study aims to understand if the new damage evolution law can improve the FSW simulation with the CEL approach and study the influence of the tool and workpiece interaction on two components: forces and material flow. The simulated forces were compared to the ones experimentally measured.

In addition, material flow comparison is made with a modified FSW configuration allowing
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the observation of the tool-workpiece interaction in the first rotations. The interactions of the shoulder and pin with the material were separated by introducing two different friction coefficients depending on the surface. The choice was dictated by the desire to understand how the friction coefficients modify forces and material flow. The configuration closest to reality in terms of forces and material flow is selected as optimal and used to compare the CEL simulation with the damage evolution law we proposed and with JC damage initiation and energy criterion for evolution. Overall, the content of this section aims to lay the groundwork for a better description of material flow during friction stir welding when simulating with the CEL approach based on the previously introduced damage evolution law.

Modeling and simulation of FSW

Description of the FSW model

The 3D model was developed in the ABAQUS/Explicit framework with the CEL approach presented before. To study the material flow, a particular experimental setup was chosen and reproduced in the numerical simulation. Instead of entering the material through the traditional vertical penetration, the tool enters directly on the side as it rotates. The choice is dictated by the desire to observe the behavior of the ejected material and compare experiments and numerical simulations. According to the Eulerian formulation, the workpiece material moves through fixed mesh elements, overcoming the mesh distortion problem, and the mesh domain is sufficiently large to cover the evolving workpiece geometry, i.e. material expelled while entering from the side. The Eulerian framework, workpiece and void, and Lagrangian tool in the initial condition are displayed in Figure 5.23. The element type for the Eulerian medium, workpiece, and void is an eight-node thermo-FSW through a numerical model based on CEL approach mechanical coupled linear Eulerian brick element (EC3D8RT). A size of 12 microns was chosen for the in the mesh size in the interaction zone of the Eulerian parts. The tool elements are four-node thermally coupled tetrahedron elements, linear displacement and temperature (C3D4T).

The tool is modeled as a rigid body rotating around the z-axis. The feed rate is assigned to the eulerian workpiece along the x-direction while fixing at zero speed along the y and z-axis. For the sake of simplicity, the energy dissipated by friction is considered totally transformed into heat and divided equally between tool and workpiece. The tool-workpiece contact condition was modeled with Coulomb's law assigning different friction coefficients to the shoulder and pin surfaces. The approach used is to alternatively fix one of the two friction coefficients and vary the other to see the effect on material flow and forces generated during the process. The goal is to understand the influence of the two friction coefficients on the process phenomenology to integrate later possible differences related to the position (i.e. variation along the radius of the shoulder and the height of the pin). The simulated configuration are reported in Table 5.7. Tool and plate thermal losses are modeled with a surface film condition in Abaqus. The heat exchange coefficient of the part and tool with the air is 50 W m -2 • C -1 . s the backing plate is not modeled, we set a heat exchange coefficient of 2000 W m -2 • C -1 at the bottom of the plate in order to account for heat conduction trough the backing plate. For plastic behavior, as well as damage initiation and evolution, the same conditions presented in the previous section were applied.

Experimental setup

As for the experiments, the configuration and material chosen are 500 rpm and 180 mm/min and 3-mm thick AA7075-T6. The test to monitor the forces and the tool have been presented previously (section 3.2). A test with the same process parameters but entering on the side was proposed to study the material flow. During the trial, an HSC was used to monitor the material expelled by the tool during the first few millimeters traveled. The choice of process parameters was made to maximize the number of images per rotation and get an APR of 0.36 mm/rot that allowed using a mesh (3 times larger than the APR) with an acceptable computing time. The experimental setup is presented in Figure 5.24. This modified FSW configuration was chosen to observe, even if only partially, the tool-workpiece interaction during some rotations. The purpose is to access that part of the material usually hidden by the shoulder to compare material flow between numerical simulation and experiments directly. The aluminum plate after such a test resembles the classic FSW joint with some ejected material found on the plate edge, as shown in Figure 5.25. 

Results and discussion

While we are aware that the modified FSW configuration chosen inevitably changes the process conditions, we are confident that it does not change the type of tool-workpiece interaction. Therefore, its comparison with the simulation is considered valid and valuable. The comparison between simulation and experiments to evaluate if the material behavior description during FSW is improved through integrating the new damage law is organized as displayed in the diagram in Figure 5.26. First, we evaluate how the forces change with the friction coefficients, comparing them to the experimental measurement. Then, the material flow in the first tool-workpiece interactions (around 8-9 rotations) was recorded with a high-speed camera and compared to the simulation outcomes in the various combinations of friction coefficients. Then, having chosen a configuration from those simulated previously, we repeat the same simulation using a JC for damage initiation and energy criterion for damage evolution to see how a new damage evolution law affects material flow. This analysis will reveal if the integration of the new law guarantees benefits on the description of the material behavior during FSW.

Axial and in-plane forces

The complexity of the contact between the tool surfaces and the heated material represents an unsolved problem raising difficulties in FSW modeling. Measuring friction coefficients experimentally under conditions similar to those of the process has not yet been possible. Often, the contact is modeled by making assumptions about the type of contact and calibrating the friction coefficient to predict forces, temperatures, etc. In this section, to start investigating the tool-workpiece interaction, we study the influence of the friction coefficient on the process, starting from the hypothesis of a Coulomb type contact and distinguishing the shoulder and pin surfaces to apply different friction coefficients, because likely, the conditions established between shoulder-workpiece and pin-workpiece are not the same. The simulations are com-
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pared to data obtained from the bead-on-plate test performed on AA7075-T6 at a feed rate of 180 mm/min, and a rotational speed of 500 rpm is used as a reference. Information about the experimental setup can be found in Section 3.2 of Chapter 3. As a reminder, the measured average forces are 1600, 2250, and 9610 N for x (welding direction), y (transverse direction), and z (axial force), respectively.

To properly compare the simulation with the experiment, the tool must have wholly entered the material, and both pin and shoulder are in complete contact with the workpiece. Therefore, the average forces reported are calculated from four consecutive rotations from complete tool-workpiece contact. In addition, since the short time available did not guarantee sufficiently high temperature compared to experimental conditions, it was imposed in all simulations a pre-heating of 400 • C.

The first simulations (S1, S2 and S3) have been performed fixing the pin friction coefficient and varying the shoulder one. The hypothesis made on the pin is an extreme contact with the workpiece minimizing the relative speed between pin and tool with a friction coefficient equal to 2. Instead, the shoulder friction coefficient was varied between 0.1 and 0.6 to study its influence on the resulting welding forces. The forces obtained in these simulations (F sim ) are shown in Figure 5.27. Starting the analysis with the axial force, the simulations gave much lower values equal to about 50% of the value measured experimentally. Moreover, the influence is low, with a slight decrease obtained by increasing the friction coefficient from 0.1 to 0.3 and then stabilizing. Thus, it appears that the impact of the shoulder-workpiece interaction on the axial force is low under the conditions investigated here. The simulated values do not seem to deviate much from those measured instead on the in-plane forces. The friction coefficient acts differently on the two in-plane force components. The force in the welding direction is stable despite the contact modification, while the transversal one decreases when the friction coefficient increases. Therefore, the force in the welding direction is less sensitive to the friction FSW through a numerical model based on CEL approach coefficient and perhaps more related to temperature and thus to the mechanical resistance of the material. On the contrary, the transversal force decreasing with the friction coefficient suggests that the more the workpiece is sticking to the shoulder, the easier it will be for the tool to drag the material, thus reducing the transversal force generated. Specifically, it seems that the configuration that minimizes the differences between the in-plane forces simulated and measured is the one with a friction coefficient equal to 0.3. Hence, to study the influence of the pin friction coefficient on the forces, it ranged between 0.1 and 2 while keeping the shoulder friction coefficient constant at 0.3. Figure 5.28 displays forces evolution as a function of the pin friction coefficient. The axial force sensitivity to the pin friction coefficient seems very pronounced. Proceeding from 0.1 to 1, a 50% reduction in the axial force can be observed. This result is quite surprising and reveals a strong influence of the pin friction on the axial component, probably related to the vertical flow generated by the tool thread. On the other hand, F x is little influenced by this component, being always around an average value around 2000 N, not far from the one obtained experimentally. The transverse force decreases markedly from 0.1 to 0.3 and then stabilizes up to 1. What is surprising is a trend reversal obtained for a pin friction coefficient of 2, understood as a new increase in axial and transverse force.

In conclusion, we have seen how the two friction coefficients influence the forces generated during the process under the assumption of contact described by Coulomb's friction law. From the preliminary analysis, it was pointed out how the effect of the pin friction coefficient on the generated forces is prominent, causing, especially from the axial point of view, significant differences even with minor variations (decrease around 50% passing from 0.1 to 0.3 the pin friction coefficient). In any case, it was possible to approach the experimental values in the configuration characterized by friction coefficients equal to 0.1 for the pin and 0.3 for the shoulder. The average error for the in-plane forces is around 25% and for the axial force around 7%. Thus, the preliminary results obtained here bode well in terms of predicting the forces generated during FSW. However, finer analyses of the contact and the definition of
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functions describing the friction coefficients as a function of position on the surface need to be integrated to get more conclusive and complete results.

Material flow

The second part of this section represents a qualitative comparison of material flow for the same simulations presented previously. From the experimental point of view, the material flow during the lateral pin entry was obtained through high-speed camera recordings. In the simulations, the initial temperature was set equal to 20 • C to get into the actual operating conditions.

Focusing on the experimental result, postmortem observations of ejected material and images recorded at 1000 Hz need to be analyzed before qualitatively comparing them to the simulation. Figure 5.29a,b and c show the top, bottom and front views of the expelled material. The material is placed along the plate edge on the retreating side. While advancing and rotating, the pin-workpiece interaction begins on the advancing side, and the material is sheared for 180 • by the tool and released on the retreating side. It is helpful to note that the ejected material is divided into two parts. The outermost part interacts first with the tool, i.e. first rotations, it looks like chips, marked with a dashed orange rectangle in Figure 5.29. The material appearance is due to the low material temperature and, therefore, to the solid behavior of the material. Instead, approaching the weld seam, it is possible to see the material starting to compact, and it is evident how the layers of softened material processed per revolution by the pin are arranged one on top of the other, as indicated by the red arrows in Figure 5.29b. Postmortem observations do not allow seeing the generation of these zones, and it is useful to rely on images recorded during the process to observe the evolution of ejected material in early rotations. For this purpose, the frames of seven consecutive rotations (∼ 0.84 second) from the first pin-workpiece contact are shown in Figure 5.30. In the first three rotations, a chip-like material is expelled on the retreating side and increases its horizontal extension as rotations increase. Instead, from Figure 5.30e onwards, the rise in temperature that induces the softening, the position of the tool that enters more in the plate and the consequent containment action of the sidewall holding the new layers carried by the tool as well as the material previously ejected that clog the new layers, result in a continuous cyclic deposition of layers on each other.

The newly developed damage evolution law was correctly describing chip formation mechanism during orthogonal cutting. The goal now is to verify whether, in FSW modified configuration, the material ejection in the first few rotations in the simulations follows what was observed experimentally. Figure 5.31a, b and c display material expelled after ∼0.84 seconds keeping constant the pin friction coefficient. It can be seen that by changing the shoulder friction coefficient, the shape of the ejected material changes slightly. However, regardless of friction coefficients, even in the simulation, we can distinguish an initial chip-like zone seen in the experiment and a second one where the overlapping between layers begins. Similarly, observing the material flow after the first few rotations by holding the shoulder friction coefficient fixed at 0.3 and varying the pin friction coefficient between 0.1 and 1 displayed in Figure 5.32, the same trend is revealed. FSW through a numerical model based on CEL approach From the various configurations, the one shown in Figure 5.32a is probably the most representative of the experimental result for two reasons. First, the simulation shows the deformed material under the pin, highlighted in the red dashed rectangle in Figure 5.32a, while absent in all the others. Also, the material ejected in the first rotations seems thinner than the other simulation representing more the experiment in which the first material expelled is very thin (Figure 5.29).

In order to assess an actual benefit in incorporating the new damage evolution law, one must compare it to the one traditionally used and accepted by the community, i.e., JC for damage initiation and energy criterion for damage evolution. Hence, the configuration S4 is used to compare the simulation obtained by integrating the new damage evolution law with a simulation using Johnson-Cook based damage law. 
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Material flow comparison between JC damage law and the new developed damage evolution law

The model parameters required for the JC damage law were taken from [START_REF] Jomaa | Finite element simulation and analysis of serrated chip formation during high-speed machining of AA7075-T651 alloy[END_REF] in which high-speed machining of AA7075-T651 was successfully simulated. In JC damage model, the plastic strain at onset of the damage is given by: 

ε pl 0 = D 1 + D 2 exp D 3 σ m σ 1 + D 4 ln εp ε0 1 -D 5 T -T 0 T melt -T 0 (5.8)
The parameters are listed in Table 5.8.

Table 5.8: Failure JC material constants [START_REF] Jomaa | Finite element simulation and analysis of serrated chip formation during high-speed machining of AA7075-T651 alloy[END_REF]. II fracture behavior, based on the assumption that damage occurs in a deformation mode dominated by shear stress:

D 1 D 2 D 3 D 4 D 5 εo (s -1 ) T 0 ( • C) T melt ( • C) 0 
D = 1 -exp up 0 σ G II f du p (5.9)
where σ represents the Cauchy stress tensor, u p the equivalent plastic displacement and G II f is the fracture energy for Mode II fracture and is given by:

G II f = 1 -ϑ 2 E K 2 IIC (5.

10) FSW through a numerical model based on CEL approach

The fracture toughness for the failure mode II K IIC is equal to 40 MPa(m) 1/2 . Aside from initiation and damage evolution, all other parameters, boundary conditions etc. remained the same.

The comparison is made by analyzing the material flows obtained with the two different Top and isometric view without the tool.
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damage evolution law. Figure 5.33 shows the distribution of the damage variable D (SDEG) and plastic equivalent strain (PEEQ), in the case of the damage evolution law we developed after 1.84 seconds of simulation, i.e., 1 second longer than in the previous paragraph. At the qualitative level, we observe the distinction between the first ejected material and the material subsequently visualized as layers deposited on top of each other. Regarding the variable D, it is observed that, in the beginning, being the material cold, the damage reaches its limit of 0.95. At the same time, the temperature is increasing with time and the material in contact with the tool after 1.84 seconds is characterized by lower values of D due to the temperature dependence of the interaction between the separation surfaces (5.7). Figure 5.34 shows the S4 configuration employing the JC for damage initiation and energy criterion for damage evolution described above. In this configuration, the material flow changes dramatically.

Qualitatively, the effect of ejected material along the edge on the retreating side is lost. The separation effect between the surfaces seems to be missing, and this stands out by observing the gradient of the damage variable in Figure 5.34a, which presents values lower or equal to 6%. The consequence is the high elements stiffness at the separation surfaces and the resistance to separation. Therefore, the friction stir welding phenomenology observed experimentally in the first tool-workpiece interaction is lost. Thus, the description of material behavior during FSW based on JC damage initiation and energy criterion for damage evolution traditionally employed in orthogonal cutting simulations presents problems. The difficulties have been demonstrated in reproducing a modified FSW configuration that allows observation of the initial tool-workpiece interaction, as displayed in Figure 5.35. Clearly, what happens inside the process, when the shoulder hides everything, is still not possible to say. Still, most likely, if the model cannot describe the first pin-workpiece interaction represented by the initial ejection of the material during the first rotations, it will not be able to correctly describe the material behavior in the rest of the process. In particular, considering how the material flow and the interaction between the separating surfaces are modified through the damage evolution law we integrated, everything suggests that the hypothesis stated by [START_REF] Tongne | On material flow in friction stir welded al alloys[END_REF] regarding the need to include the separation to correctly describe the process and some defects associated with this phenomenology is evident.

Conclusion

This preliminary study has allowed investigating the integration of the damage evolution law developed and calibrated on an orthogonal cutting configuration in the simulation of friction stir welding. In the simulations, we wanted to investigate the influence of the friction coefficients on the material flow and the forces generated by modeling the contact with Coulomb's friction law. Different friction coefficients were assigned to shoulder and pin, and their effect on the process was studied. The configuration that most closely matched the experiments in terms of forces and material flow was then used to compare the previously developed damage evolution law and the traditional ones used in the literature (i.e., JC for initiation and energy criteria for evolution). For this reason, since the shoulder constantly hides the material during friction stir welding, we used a modified configuration, i.e. lateral tool entry without penetration, in order to observe the pin-workpiece interaction during the first rotations. The analysis was made comparing both the material ejected from the tool through post-mortem observations and employing a high-speed camera to observe the material ejected for each cycle. The results pointed out the difficulties in describing FSW material behavior based on JC damage law and energy criterion evolution. The simulation could not reproduce the material expulsion in the first rotations because of the damaged elements' high stiffness. On the contrary, the new damage evolution law predicted the ejected material appearance correctly. Therefore, the new damage evolution developed and calibrated in orthogonal cutting configuration was proved to help describe material behavior during friction stir welding.

Conclusion

This chapter has opened a new perspective in the simulation of manufacturing processes with the CEL approach. The issue has been reported in the literature in the case of FSW simulation using a CEL approach and the inability to predict a defect type associated with fracture of the material layer processed by the pin during rotation. For this reason, a new damage evolution law was developed to include frictional resistance resulting from damage by describing virtual newborn interfaces. Depending on the thermomechanical conditions, the frictional resistance induced by the virtual newborn interfaces changes.

In the first part of the chapter, orthogonal cutting was chosen for developing and calibrating the damage evolution law for its advantages, such as observing the tool-workpiece interaction continuously during the process and, therefore, the formation and evolution of the separation surfaces. The tests were performed on two aluminum alloys, and we used them to develop and calibrate the model. To approach experiments, the model parameters were calibrated to correctly reproduce shear angle, chip segmentation frequency, and chip morphology. The results obtained were satisfactory and were able to predict both segmented and continuous chips.

Then, the effects of incorporating the new damage evolution law on friction stir welding were studied. A modified configuration with the tool entering the plate laterally was performed to compare experiment and simulation directly. In this configuration, it was possible to observe the tool-workpiece interaction during the first few rotations and to do a postmortem analysis on an ejected material rather than one in the weld seam. Qualitatively, the results obtained were convincing and promising for a better description of the material behavior. To confirm this, the results were compared with a friction stir welding simulation based on the damage law traditionally employed in orthogonal cutting simulations such as JC for damage initiation and energy criterion for damage evolution. The improved description of the material behavior during visible contact during the modified FSW test obtained by integrating the new damage evolution law is a promising result confirming the success in including the frictional resistance resulting from damage in the CEL approach through virtual newborn surfaces.

Although not comprehensively, the results open new perspectives for simulating severe plastic deformation processes through the CEL approach by including frictional resistance resulting from damage through virtual newborn surfaces. Further experiments are required to enhance both the law itself and its application to FSW in order to improve the material behavior description and exploit its full potential for future extension to other manufacturing processes.

General conclusion and future work Conclusion

In this research work, we addressed the topic of thermo-mechanical phenomena generated during friction stir welding and their effect on weld quality.

After introducing the process in Chapter 1, Chapter 2 aimed to fill the literature gap about weldability of two widely friction stir welded aluminum alloys, AA6082-T6 and AA7075-T6, analysing the type of defects encountered. The goal was achieved by performing experimental campaigns in different configurations (the machine used to perform the welding) and varying welding parameters combinations. The different weldability of the two alloys was pointed out from the analysis, and various types of internal defects were identified. This critical problem of internal defects was then tackled in the subsequent chapters monitoring physical quantities generated during the process.

Chapter 3 focused on the mechanical interaction between tool and workpiece by monitoring in-plane forces and acoustic emissions. The forces analysis confirmed the differences in the weldability showing different evolution depending on the aluminum alloy. The in-plane forces were studied in their static and dynamic parts, and the occurrence of internal hot defects was detected in the irregular periodicity of the signals. Despite identifying the internal flaws, the differences observed in the evolution of the forces depending on the aluminum alloys suggest that analysis focusing on a specific alloy cannot be directly extended to others. Then, another path was investigated, analysing the potential of AE in FSW. Considering the nature of this technique in monitoring hidden phenomena, the application to FSW seemed potential. First, the monitoring technique proved successful for studying the tool-workpiece interaction detecting modification in the contact found by analysing the weld marks. Then, the position analysis clarified the influence of the sensors' position on the AE signal information, ensuring the possibility of placing the sensor directly on the support instead of the welding plates without losing signal information. Also, the signals were proved successful in detecting the hot internal defect. The outcomes pointed out demonstrated the potential of the AE monitoring technique applied to FSW. Hence, this analysis showed how physical quantities such as in-plane forces and acoustic emissions can be indicators of joint quality and reveal information about the tool-workpiece interaction. Then, to complete the analysis it was necessary to focus on the thermal fields developed in FSW.

In Chapter 4, the thermal aspect of FSW was addressed, focusing on the estimation of both peak temperature and thermal field in the zones that make up the weld. First, a semi-empirical model for peak temperature prediction in thin aluminum alloys plate was developed to quickly identify the temperature reached during the process depending on base material thermal properties and process parameters. Furthermore, critical peak temperatures for three aluminum alloys (AA5083-H111, AA6082-T6 and AA7075-T6) below which internal cold defects appeared. Therefore, the semi-empirical model could guide the choice of welding parameters to guarantee peak temperature above the critical temperature range established based on the three materials considered here. Then, the focus shifted on the thermal field developed in the weld zones responsible for the joint's mechanical properties. A power-based thermal model was developed based, and thermal cycles were successfully predicted. The model inputs are the energy required for the process, parameters, tool and plate geometries and properties, and the substrate material. Hence, two tools were provided for studying the temperatures in FSW. In conclusion, Chapter 3 and Chapter 4 allowed to complete the experimental study of the tool-workpiece interaction and its effect on the weld quality through the monitoring of mechanical and thermal quantities. Nevertheless, to complete the investigation of tool-workpiece interaction, the material flow must be considered. Experimentally, the physical limitation is represented by the shoulder covering the processing zone during the whole process, and for this reason, the problem was addressed through numerical simulation.

Chapter 5 focused on FEM numerical simulation of manufacturing processes through the CEL approach. After explaining the issue linked to the CEL approach and its impact on severe plastic deformation processes, such as FSW, a new damage evolution law to overcome the problem is developed and calibrated on orthogonal cutting due to the advantage over other processes (i.e. almost 2D and the possibility to follow the tool-workpiece interaction as well as the material separation during chip formation). The new damage evolution law integrates frictional resistance resulting from damage through virtual newborn surfaces to overcome the missing explicit description of new interfaces in Eulerian formulation. The damage evolution law was then extended to FSW numerical simulation with the CEL approach to study the material flow. The differences over the traditional method (i.e., J-C damage criterion) are discussed, and the better results achieved in the obtained material flow integrating the new damage evolution law are promising to further develop this approach. Although not comprehensively, the chapter opened a new perspective for study material flow during FSW.

Finally, bearing in mind that this work is part of the ENABLE project, some collaborations have been put in place and are still ongoing to provide more results:

• AA7075-T6 microstructures obtained in FSW will be compared with samples obtained from traditional mechanical testing in condition comparable to FSW provided by other project partners. Samples from torsion tests at medium-high strain rates and temperatures comparable to those of FSW were obtained thanks to testing on a new patented experimental bench developed by Tecnalia and University of Bordeaux. Samples from compression tests at medium-high strain rates and temperatures comparable to those of FSW, were provided by the University of Lulea. The microstructures will be compared for deepening the effects to which the base material is subjected during FSW through a post-mortem analysis;

• the new damage evolution law proposed to simulate severe deformation processes with the CEL approach will be further improved by using a dedicated experimental bench developed within the project by the University of Bordeaux for orthogonal cutting tests allowing thermal and kinetic gradients to measure temperatures and strain rates;

• The new large deformation Cosserat Theory (developed within the project by the University of Bilbao and Mines Paris Tech) in which will be plugged the dislocations-based material model (developed by the University of Lulea) for metal manufacturing processes simulation will be fed with data gathered in FSW once the theory and the simulations will be mature enough to be extended to this complex process. Also, the numerical simulation based on the new approaches will be compared to the results achieved in this work with conventional FEM numerical simulation.

Future work

The topics covered within the manuscript are varied and focus on the phenomenology of FSW. Each chapter yielded specific results and opened up perspectives confirming that there is still much research and endeavor needed to unravel the phenomenologies hidden by the shoulder during this type of welding.

Weldability:

• The different weldability of the two alloys studied highlighted how the mechanical and thermal properties and chemical composition greatly influence the deformation process. The deepening of these concepts must be necessarily linked to the dynamic behavior of materials when subjected to shearing and compression at high frequency and temperature. However, this may not be enough because, as understood, during friction stir welding, the material is simultaneously compressed and sheared, while classic mechanical tests to characterize the material behavior as torsion and compression could not be sufficient to describe what happens in this process. The alternatives could be either to define new specimens shapes for dynamic tests to stress the material in such a way to get as close as possible to FSW conditions or to get into other manufacturing processes comparable to FSW, such as machining, where the contact and what happens in stress concentration areas can be studied more easily. Hence, we can clarify aluminum alloys plastic behavior during severe plastic deformation processes and better understand what happens in FSW.

Tool-workpiece interaction:

• The study of in-plane forces, both statically and dynamically, revealed interesting phenomenologies due to the dynamic tool-workpiece contact. The different interactions depending on the welding material behavior explained the achievement of sound and defective welds. Overall, it was pointed out that it is not possible to do studies on one type of alloy and directly extend them to the whole process because the reaction of the base material to the compression and shearing tool action is not the same. Moreover, the importance of not focusing only on the average values of the forces was confirmed. The dynamic part hides essential information, and therefore more systematic studies, with various tools and materials, are required to understanding what is happening locally. Some research groups [START_REF] Franke | Understanding process force transients with application towards defect detection during friction stir welding of aluminum alloys[END_REF] have recently embraced this trend, but more efforts are needed to reveal other aspects of the process at the tool-workpiece interaction level. In the long term, a phenomenological understanding of how in-plane efforts should evolve to ensure the completion of the cavity left by the tool while advancing could lead to in-plane forces control systems to guarantee the sound weld.

• The perspective offered on applying acoustic emission to FSW has opened many insights confirming its potential. Two aspects inevitably need more investigation, opening up two new paths of fundamental FSW research: tool-workpiece contact (sticking or sliding) and internal defect detection. From the contact point of view, the observed differences in the material state require more investigation. Deeper chemical and tribological analyses could clarify fundamental aspects of understanding the tool-workpiece interaction depending on the process parameters. A key issue in the process is the difficulty in defining the type of shoulder-workpiece and pin-workpiece contact, which traditionally is thought between two extremes, pure sliding and pure sticking, i.e. material not dragged by the tool and material sticking to the tool rotating at its own speed.

From the experimental point of view, to the author knowledge, this aspect has never been clarified. The acoustic emissions and the analysis of the traces left by the tool can explain, at least partially, this aspect that is key for modeling the tool-workpiece contact in numerical simulation. Instead, the results of identifying a type of internal defect through observing a specific characteristic of the acoustic emission signals are promising for in-situ monitoring. However, more tests and investigation are required for revealing other potential features of these signals that might infer the appearance of a defect. These sensors can be easily installed on any type of FSW configuration, and the fact that they can be fixed on the support obtaining satisfying information suggests in the long term their possible use to in-situ monitoring of weld quality.

Thermal field:

• The semi-empirical model for determining the temperatures reached in the nugget zone presented in Chapter 4 is a quick and easy way to estimate the NZ peak temperature, with simple inputs such as material properties and process parameters. However, to generalize its application, this model also needs to introduce a dependence on the tool geometry (and thus on the welding plates), extending it to higher thicknesses. For this reason, it is necessary to study the relationship process parameters-geometries on peak temperatures. Similarly, it may be interesting to look at the link between the peak temperature and the mechanical properties of the FSW joints. We know the significant influence of thermal cycle severity on HAZ and the joint's mechanical properties.

Nevertheless, what happens if the heating and cooling cycles are similar? How do the maximum temperature reached in the nugget zone and the resulting microstructure affect the mechanical properties? Mechanical testing and microstructural analysis are necessary to correlate the maximum temperature achieved with the mechanical properties.

• Similarly, the power-based model provided to estimate the temperature in all zones that make up the joint can be improved. To improve the model as such, there are indeed two factors to be implemented. The first is developing an analytical model to determine the power generated during the process known tool geometry and process parameters.

In this way, it is possible to simulate the process without performing any kind of experiment. Moreover, as seen comparing the model prediction with the literature, it is necessary to implement a dependence of the efficiency parameter (i.e. the percentage of mechanical energy transferred to the part as thermal energy) on both the process parameters and the tool-workpiece coupling in terms of both geometry and materials.

In addition, as far as practical applications are concerned, beyond the simple prediction of temperatures, the major interest could be directly correlating the friction stir weld mechanical properties as a function of thermal cycles. Then, by knowing the mechanical properties of the base material and the thermal shock induced by a given welding configuration, obtain the joint's mechanical properties.

Numerical simulation:

• The results obtained in Chapter 5 on coupled Eulerian-Lagrangian approach applied to severe plastic deformation processes are auspicious, as they showed that a damage evolution law developed and calibrated on orthogonal cutting tests, once extended to FSW simulations, allowed to improve the description of the material flow compared with the traditional employed JC damage law. Thus, the method of using orthogonal cutting as a technique to develop and calibrate a damage evolution law was proved viable.

Developing the damage law, some simplifying assumptions have been made (i.e. damage initiation depending only on strain rate and not on stress triaxiality and temperature) because the goal was to understand if this method was worthwhile or not. Now that we have demonstrated its viability, there is the need to extend the proposed damage evolution law based on orthogonal cutting, integrating all the necessary variables. For this purpose, a more extensive experimental phase is needed, with tests at various temperatures and investigating a larger cutting speed and depth-of-cut ranges. In this way, the new damage evolution law proposed in Chapter 5 can be enhanced.

• As far as FSW is concerned, apart from the modified configuration used to compare simulation and experiments in Chapter 5, new process simulations should be carried out both to evaluate if we can predict the formation of voids and to see if, with polygonal tools, it is possible to obtain voids on the retreating side due to the fracture of the material during its stirring. Furthermore, from the sensitivity analysis on the friction coefficients, we have seen their significant influence on the forces generated during the process. The comprehension of the contact at the tool-workpiece interface once again proved fundamental to the correct simulation of the process. More efforts in this direction should be made, not only from a numerical point of view but also experimentally, to be able first of all to distinguish the phenomena on the different contact surfaces and then maybe in the long term to be able to quantify how the friction coefficient evolves with the process parameters in the various surfaces. Correctly defining the tool-workpiece interaction is the only way to describe the process one day accurately.

A.1.2 METALLICADOUR -Robot KR500-3MT

At METALLICADOUR, the available system was a KUKA robot equipped with an Actemium BPA-6700 FSW head (Fig. of 3700 rpm. All tests performed on the robot were done in force control to limit problems related to the robot's lower stiffness compared to dedicated machines. The force values to be applied were determined with preliminary plunging tests. The equipment was used to perform tests for the first analysis of the weldability of the two alloys (Chapter 2, section 2.3) and the work reported in Appendix B on FSW joints' aging and mechanical properties. In the second experimental campaign, these thermocouples were fixed inside the plates in tests performed on the SOMAB Genymab 900. The plates were modified with grooves, the thermocouples were fixed with an epoxy resin, and the post-mortem position was verified with tomography. All the details are given in Fig. B.4). It is noteworthy that after three days of natural aging, the average hardness in the nugget zone is almost equal for all the welding configurations, while its evolution as a function of natural aging seems to be influenced by the employed process parameters. However, regardless of the welding configuration, the largest increase in all the zones occurs between three and ten days of natural aging. The minimum hardnesses are identified in the HAZ and seem to be negatively affected by low welding speed. Focusing on WC 1 and WC 2 , it is interesting to
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observe how both the minimum hardness in the HAZ and the average hardness value in NZ are similar and evolve almost in the same way. The best mechanical characteristics were obtained in the configuration characterized by the highest welding speed (i.e. 180 mm/min). At the same welding speed, the different rotational speeds did not significantly change the mechanical properties of the joints showing the negligible influence of the rotational speed on the performance of a joint in the considered welding conditions. In conclusion, it is the welding speed rather than the rotational speed that mainly affects the mechanical properties of the friction stir welded joints. Regardless of the welding configuration used, from the results shown in Table B.2, it is evident that the mechanical properties of the FSW joints are not stable even after 45 days of natural aging.

B.3.2 Artificial aging

In this section and the following one, only welds obtained in the WC 3 , i.e., 180 mm/min and 1400 rpm, are reported because of their similar response to the heat treatments. Table B.3 summarizes the mechanical properties for specimens undergone by N3, N3A, N10, and N10A. The engineering stress-strain curves in Fig. B.7a show the different mechanical behavior of naturally and artificially aged joints. The change in the mechanical behavior of FSW joints, whether or not they have undergone a post-welding heat treatment, is already clear from a simple analysis of the curves' shape. Specimens that undergo artificial aging showed a remarkable reduction higher than 50% in strain at break regardless of the previous exposure to natural aging. Comparing the engineering stress-strain curves of specimens undergone artificial aging, it is evident both the absence of instability in the plastic regime and the strain-softening before the fracture, both phenomena not present in specimens subjected only to natural aging. UTS and Y evolve differently depending on the previous natural aging, which strongly affects the mechanical characteristics in early post-welding days. The yield strength increases by 14% if the heat treatment is carried out after three days of natural aging while it decreases by 6% if carried out after ten days. The ultimate tensile stress instead decreases in both but by different percentages, 6% and 18% for N3A and N10A, respectively. In Fig. B.7b the evolution of the hardness for different aging conditions is shown. The influence of artificial aging on hardness in the nugget zone seems to be dependent on the previous natural aging. Comparing the effect of N3 and N3A treatments on the mean hardness in the nugget zone, an almost 15% increase can be observed. Contrarily, it decreases from N10 to N10A, with some similarities to yield stress. Then, regardless of the starting minimum hardness value in HAZ, the artificial aging reduces it due to overaging to almost 110 HV with a percentage reduction of 5% and 15% for N3A and N10A, respectively. Therefore, it is clear that artificial aging increases the hardness differential between the nugget and heat affected zone passing from 18 and 31 HV in N3 and N10 to 40 and 41 HV for N3A and N10A.

The different mechanical behavior of specimens after artificial aging can be noticed in the sharp reduction of strain at break and the strain-softening before the rupture. The effect of the artificial aging in friction stir welded joints is affected by the previous natural aging. However, regardless of the different starting mechanical properties that depend on previous natural aging, PWHT produces similar mechanical properties for the joints.

B.3.3 Artificial aging and Natural Aging

Table B.4 shows the mechanical properties of joints artificially aged and further exposed to natural aging.

The data show that artificial aging succeeded in stabilizing the mechanical properties with only a small reduction of 1% and 5% of UTS when comparing specimens belonging to category N3A with N3AN and N10A with N10AN. Both the minimum hardness and the average hardness in the nugget zone have been stabilized by artificial aging with changes lower than 2% detected after forty-five days of natural aging, regardless of when the heat treatment was carried out (after three days or after ten days). 
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B.3.4 Temperature measurements

Table B.5 summarizes all information about the thermal cycles. Information about TC 3 was not reported for WC 3 due to a positioning error during the experiment. Comparing the temperature values recorded for the joints made in the WC 1 and WC 2 it is clear that almost the same thermal cycles have been obtained overall. Analyzing the maximum temperature values recorded in the closest zone to the nugget (TC 1 ), it is noteworthy that the tested configurations have guaranteed maximum temperatures close to 430 • C. The peak temperatures obtained with the closer thermocouple to the nugget zone suggest that similar peak temperatures were attained in the nugget zone independently of the 204 Appendix B. Relationships between welding parameters, aging conditions and weld properties in AA7075-T6 friction stir welds welding configuration. The attainment of similar peak temperatures despite the different rotational speeds used is justified by the fact that different axial forces were employed. Also, it is known that aluminum alloys belonging to the 7xxx group are characterized by particularly low solidus temperature (477 • C for AA7075), which can be reached with relatively low rotational speeds below 1000 rpm [START_REF] Long | Process response parameter relationships in aluminium alloy friction stir welds[END_REF]. The average grain size in the nugget zone was calculated using the linear intercept method. Six measurements for each micrograph have been made. It was estimated at 23 ± 5 µm for the longitudinally elongated grains in the base material and 3.4 ± 0.3 µm , 3.8 ± 0.45 µm, and 3.9 ± 0.69 µm for WC1, WC2, and WC3, respectively. The micrographs are displayed in reached in the NZ and the negligible effect of different cooling times on the NZ grain size can be confirmed, as already reported by [START_REF] Yi | Evaluation of heat input during friction stir welding of aluminium alloys[END_REF]. Also, the differences in maximum temperature measured between TC 1 and TC 2 are around 20 • C and 50 • C for joints made at 60 mm/min and 180 mm/min, respectively. These measurements suggest steeper thermal gradients in the friction stir weld cross-section when higher feed rates are used. Concerning the thermal cycles, comparing the heating and cooling rate values in Table B.5, it is noticeable the significant influence of the welding speed. Overall, the time elapsed above the temperature of 200 • C has approximately tripled in the lowest welding speed from 9 s to 32 s for 180 mm/min and 60 mm/min. In addition, extra information can be gathered by estimating the different heat inputs obtained in the various configurations. The heat input was calculated using the empirical model proposed by [START_REF] Yi | Evaluation of heat input during friction stir welding of aluminium alloys[END_REF] This empirical relationship considers the process parameters, welding speed v (mm/s) and rotational speed ω (rad/s), the tool geometry, shoulder diameter D s (mm), pin diameter d p (mm), pin height h p (mm) and the thermal diffusivity of the base material λ (W/m.K). The estimated heat input is reported in Table B.5 and seems to distinguish the joints carried out at different welding speeds. The higher welding speed results in low heat input and leads to steep thermal gradients moving away from the center and significantly shorter thermal cycles. Contrarily, different rotational speeds result in similar peak temperatures in the nugget zone, and their influence on heat input is much lower. Thermal gradients on the upper surface of the welded plates were obtained with the IR camera. Since the sensor does not guarantee sufficient accuracy in this experimental configuration, the measured temperature trends were compared with those obtained from thermocouples. However, IR thermographic images enabled qualitatively observing the temperature distribution on the aluminum sheet and the harvesting of more information. Temperatures between 6 mm and 18 mm away from the welding line (AS) and 40 mm from the plunging point were recorded along time and then analyzed. The welding setup imposed the investigation zone because between the tool shoulder and the clamping system, only 12 mm are accessible from the IR camera, as shown in In summary, the welding configurations tested here can be divided for simplicity into two groups, high and low heat input. The influence of this quantity on the maximum temperature in the nugget zone was shown negligible. On the other hand, the duration of thermal cycles is significantly influenced by the heat input. Similarly, the steeper thermal gradient in the FSW section, intended as a faster decrease of temperature away from the center of the joint, was observed in lower heat input conditions. Hence, rather than the peak temperature, the heat input influences the duration and sharpness of the thermal cycle.

B.4 Discussion

The tested FSW joint specimens show mechanical properties strongly influenced by the process parameters reaching the best case the 84% and 66% of UTS and Y of the base material.

The failure of the specimens occurred in the HAZ for all 63 tensile tests carried out with an equal percentage between AS (Fig. The decrease in the mechanical characteristics of the joints as the heat input increases is noticeable. Bearing in mind that heat input mainly influences the thermal cycles, to explain such degradation of the mechanical properties, it is necessary to deepen the aspect of the precipitate population and its different evolution as a function of the heat input.

The high-strength AA7075-T6 is characterized predominantly by the presence of a dense system of finely distributed η' precipitates [START_REF] Loffler | Review Decomposition processes in AI-Zn-Mg alloys[END_REF]. Friction stir welded joints belonging to this alloy degrade their mechanical properties due to the thermal cycles generated by the process that modify the initial precipitate population. In the nugget zone, a solution heat treatment of a few seconds takes place, the duration of which varies according to the welding speed, together with high strain rate that completely modifies the initial microstructure. Instead, the TMAZ is modified by the thermal cycle and severe plastic deformation, whereas the HAZ is only affected by the rapid rise and fall in temperature. Therefore, the three zones experience various phenomena, and different factors contribute to their final properties. The NZ characteristics are dictated by the fine equiaxed grains, the partial dissolution of η' and η precipitates in the matrix during the rapid solution heat treatment, the subsequent formation weld properties in AA7075-T6 friction stir welds of η' and η during rapid cooling, and consequent NA [START_REF] Fuller | Evolution of microstructure and mechanical properties in naturally aged 7050 and 7075 al friction stir welds[END_REF]. In TMAZ, the high temperatures induce growth and rapid dissolution of metastable precipitates η' while grain deformation leads to strain hardening increasing the generation rate of dislocations [START_REF] Fuller | Evolution of microstructure and mechanical properties in naturally aged 7050 and 7075 al friction stir welds[END_REF]. The partial reduction in the strengthening precipitate density induces a decrease in strength, though partially recovered through increased dislocations. On the other hand, the HAZ microstructure is only modified by thermal cycles inducing the growth of metastable precipitates η' and the consequent reduction of the mechanical properties of those zones [START_REF] Mahoney | Properties of friction-stir-welded 7075 t651 aluminum[END_REF]]. The comprehension of the results obtained in mechanical tests is closely related to the phenomena that occur in the NZ and HAZ during the process and natural aging.

In the nugget zone, the rapid solution heat treatment and cooling lead to enough solute for solution strengthening and GP zones formation [START_REF] Reynolds | Relationships between weld parameters , hardness distribution and temperature history in alloy 7050 friction stir welds[END_REF]. However, despite the difference in the duration of thermal cycles in the different configurations, hardness measured in the nugget zones at N3 is almost equivalent, as shown in the FigB.12b. On the contrary, by prolonging the natural aging time, the recovery of mechanical properties in the nugget zone seems to be affected by the heat input, with an increase of 20% and 10% for low and high heat input configurations. Strength recovery in the nugget zone with NA for heat-treatable aluminum alloy is justified with the longer time available for solution strengthening and GP zones formation after rapid cooling [START_REF] Sharma | Effect of post weld heat treatments on microstructure and mechanical properties of friction stir welded joints of Al-Zn-Mg alloy AA7039[END_REF]. The microstructure of the nugget zone in AA7xxx is characterized by a high concentration of GP zones and fine equiaxed grains with different dislocation densities. Both are recognized as preferential nucleation sites for strengthening precipitates [START_REF] Fuller | Evolution of microstructure and mechanical properties in naturally aged 7050 and 7075 al friction stir welds[END_REF]. The final microstructure of the nugget zone has proved to be effective for the stabilization of the mechanical properties with a variation in hardness, ultimate tensile strength, yield strength, and elongation at break always less than a few percentage points. However, comparing the mechanical properties of samples belonging to categories N3AN, N10AN, and N45, i.e., all those that have been exposed to aging for at least 45 days, it is clear that post-welding heat treatment, while stabilizing the mechanical properties, significantly reduces them in FSW AA7075-T6 joints. Tab. B.6 shows the efficiency of the joint made in the WC3 under the aging condition N3AN, N10AN, and N45. The efficiency is defined as the ratio between the tensile properties (UTS, Y, and ε b ) of the FSW joints and the unwelded base material. weld properties in AA7075-T6 friction stir welds In conclusion, the heat treatment was effective in stabilizing the mechanical properties. The process parameters do not influence the evolution of the mechanical properties with artificial aging and the subsequent natural aging, thus the heat provided does not affect the evolution of mechanical properties with aging. Nevertheless, the mechanical properties of joints subjected to artificial aging and then left to age naturally for forty-five days are significantly lower than those aged only naturally for the same period.

B.5 Conclusion

This study examined the natural and artificial aging response of friction stir welded 7075-T6 fabricated with different welding parameters. The evolution of mechanical properties with aging has been correlated with welding parameters through heat input focusing on differences in nugget and heat affected zone. Based on the present results, the following conclusions were pointed out.

1. Friction stir weld mechanical properties are maximized with the highest welding speeds reaching 84%, 66%, and 96% of UTS, Y, and ε b of the BM. The influence of rotational speed was found to be negligible.

2. The influence of welding parameters on the mechanical properties was justified by microstructural modifications produced by the different heat input during welding. The joint with the best mechanical characteristics occurred in the lowest heat input configuration. Through temperature measurements, low heat input configurations, characterized by high welding speed, were shown to have the shortest duration of thermal cycles and the most severe temperature gradients moving away from the welding line. The strength in the nugget zone increases due to the lower dynamic recovery rate in the fine grains and consequently, higher dislocation densities that are preferential nucleation sites for strengthening precipitates during natural aging. In heat affected zones, less time spent above the temperatures causing growth and dissolution of the strengthening precipitates guaranteed lower mechanical properties degradation.

3. Artificially aged joints show a drastic reduction in the strain at break, always below 5%. The cause was shown to be the increased hardness difference between NZ and HAZ
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that led to strain localization in the weak heat affected zones. Conversely, in naturally aged welds, the deformation is distributed throughout the region between the two heat affected zones, resulting in the higher strain at break, almost reaching the base material in the best welding configuration, with ε b equal to 10.6%.

4. Independently of the degree of recovery of the mechanical properties after three and ten days of natural aging, the effect of artificial aging allowed to obtain very similar mechanical properties comparing N3A and N10A. Although the specific impact of artificial aging on the friction stir welds varies depending on when it is carried out (N3 and N10), the final result is the homogenization of the mechanical properties at least in the time intervals tested in this work (N3A and N10A).

5. Post-welding heat treatments were proven to stabilize the mechanical properties of the FSW joint over the next forty-five days of natural aging. However, mechanical properties are significantly lower (N3AN and N10AN) than the same joints subjected to natural aging (N45) with decreased ductility in all cases tested in this work by at least 40%.

Résumé -La complexité du contact caché entre l'outil et la pièce et son influence sur le écoulement de la matière et la qualité de la soudure représentent toujours un défi pour la communauté du soudage par friction-malaxage (FSW). Pour cette raison, des travaux expérimentaux et de simulation ont été développés pour améliorer la compréhension du processus et la relation entre les paramètres opératoires, l'écoulement de la matière et la qualité de la soudure. Tout d'abord, l'activité expérimentale a été orientée vers la mesure des quantités physiques générées pendant le processus afin d'identifier les défauts internes en analysant les caractéristiques des signaux. Ensuite, l'accent a été mis sur le champ thermique, en déterminant les fenêtres de température optimales pour garantir la santé des soudures et en identifiant la relation entre les paramètres de soudage et la température maximale dans la nugget zone par le biais d'un modèle semi-empirique. Dans la deuxième partie, la modélisation s'est concentrée sur l'intégration d'une nouvelle loi d'évolution de l'endommagement pour prendre en compte l'interaction des surfaces naissantes résultant de l'endommagement pendant la simulation des processus de déformation plastique sévère (SPD) basée sur l'approche couplée Eulerian-Lagrangian (CEL). La loi d'évolution de l'endommagement proposée a été inversement calibrée sur l'interaction entre des copeaux consécutifs en coupe orthogonale et a ensuite été intégrée dans un modèle numérique 3D de FSW basé sur l'approche CEL. La similitude prometteuse de l'écoulement de la matière obtenue dans les expériences et la simulation soutient l'intégration du frottement résultant de l'endommagement dans l'approche CEL pour mieux décrire le comportement de la matière pendant les processus SPD.

Mots clés : soudage par friction-malaxage; phénomènes thermo-mecanique, défauts, écoulement de la matière, modélisation.

Abstract -

The complexity of the hidden contact between the tool and the workpiece and its influence on material flow and weld quality continues to be a challenge for the friction stir welding (FSW) community. For this reason, experimental and simulation work has been developed to improve the understanding of the process and the relationship between operating parameters, material flow and weld quality. Firstly, the experimental activity was oriented towards monitoring physical quantities generated during the process to identify internal defects by analyzing signal features. Then the focus moved on the thermal field, determining the optimal temperature windows to ensure welds' soundness and identifying the relationship between welding parameters and peak temperature in the nugget zone through a semi-empirical model. In the second part, the modeling focused on integrating a new damage evolution law to take into account the interaction of newborn surfaces resulting from damage during severe plastic deformation (SPD) processes simulation based on the coupled Eulerian-Lagrangian (CEL) approach. The proposed damage evolution law was inversely calibrated on the interaction between consecutive chips in orthogonal cutting and was then integrated into a 3D numerical FSW model based on the CEL approach. The promising similarity of the material flow obtained in experiments and simulation supports integrating the frictional resistance resulting from damage in the CEL approach to better describe the material behavior during SPD processes.
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 1 Figure 1.1: Differences in weld zones depending on the power density: a) low and b) high density.

Figure 1

 1 Figure 1.3: a) FSW tool, b) Process phases.
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 16 Figure 1.6: Typical joint configuration: a) butt, b) lap, c) T-joint, d) corner.
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 1 Figure 1.7: Type of backing plate: a) monolithic, b) composite.
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 1 Figure 1.10: Different machines used for FSW: a) adapted milling machine, b) dedicated FSW machine, c) polyarticulated robot.
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 1 Figure 1.13: Basic streamlines due to tool rotation (a), feed (b) and their combination (c) based on [Schneider et Nunes, 2003].
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 1 Figure 1.14: Ring vortex induced by the downward material flow driven by the shoulder.
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 1 Figure 1.15: Friction stir welding material flows.
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 1 Figure 1.17: Different type of flow-related a), b), c), d) and geometric (e) defects.
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 1 Figure 1.18: Comparison between BM and NZ in AA7075-T6 friction stir welds.
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  Figure 1.19:Schematic illustration of NZ microstructure evolution during FSW[START_REF] Su | Microstructure evolution during fsw/fsp of high strength aluminum alloys[END_REF].
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 1 Figure 1.20: Thesis organization.
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 1 Figure 1.21: Chapter II, III and IV logic flow.
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 1 Figure 1.22: Chapter V: goal and steps.
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 21 Figure 2.1: Weldability windows for a) AA6082-T6 and b) AA7075-T6 from previous works.
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 23 Figure 2.3: Void in the transition between SAZ, NZ and TMAZ. Going from a) to f) the axial force is increased and the defect disappear.
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 24 Figure 2.4: External cavity due to cold welding configuration.
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 27 Figure 2.7: Friction stir welds surfaces: a) sound, b) galling defect.

Figure 2 . 8 :

 28 Figure 2.8: Excessive flash on the retreating side.
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 2 Figure 2.10: Welding setup: a) robot, spindle and backing plate, b) tool features and dimensions.

Figure 2 .

 2 Figure 2.11: Visual inspection: a) external appearance of friction stir welds, b) results of the visual inspection on the two materials.

Figure 2 .

 2 Figure 2.12: a) AA6082-T6 sound (120 mm/min -1800 rpm) and defective (360 mm/min -1400 rpm), b) magnification of microvoids in the transition zone of the defective joint.

Figure 2 .

 2 Figure 2.13: AA7075-T6 weld cross-section macrographs at 60 mm/min: a) cross-section sketch, b) 800 rpm, c) 1000 rpm, d) 1200 rpm, e) 1400 rpm.

Figure 2 .

 2 Figure 2.14: AA7075-T6 magnification of the transition zone at 60 mm/min and 800 rpm

Figure 2 .

 2 Figure 2.15: AA7075-T6 weld cross-section macrographs at 180 mm/min: a) cross-section sketch, b) 1000 rpm, c) 1200 rpm, d) 1400 rpm, e) 1600 rpm.
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 2 Figure 2.16: AA7075-T6 weld cross-section macrographs at 300 mm/min: a) 1200 rpm, b) 1600 rpm, c) 1800 rpm.
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 2 Figure 2.18: Weldability window for the two aluminum alloys.
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 2 Figure 2.20: Comparison between measured and assigned axial forces for different configurations (sound, internal and external defects) on AA7075-T6.
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 2 Figure 2.21: Experimental setup: lathe machine adapted for FSW.
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 2 Figure 2.22: Cross-sections and details of the NZ for AA6082-T6 joints: a) 750 rpm, b) 1000 rpm, c) 1500 rpm, d) 2000 rpm.
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 22 Figure 2.23: Cross-sections and details of the NZ for AA7075-T6 joints: a) 500 rpm, b) 1000 rpm, c) 1500 rpm, d) 2000 rpm.

Figure 2 .

 2 Figure 2.24: External defects welding AA7075-T6 at 2000 rpm.
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 2 Figure 2.25: AA6082-T6 (750 rpm) tomography: a) top view, b) internal view where the defect were found at 0.216 mm from the bottom, c) defects detail.
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 2 Figure 2.26: AA7075-T6 (1000 rpm) tomography: a) top view, b) internal view where the defect were found at 0.375 mm from the bottom, c) defects detail.

Figure 2 .

 2 Figure 2.27: Flow-related defects associate to heat input. From cold to hot defective joints.
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 32 Figure 3.2: Welding force as a function of the welding speed and rotational speed: a) [Su et al., 2013], b) [Astarita et al., 2014].
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 3 Figure 3.3:Polar plot for different tools and welding configuration[START_REF] Balasubramanian | Process forces during friction stir welding of aluminium alloys[END_REF].
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 3 Figure 3.4: Influence of process parameters on in-plane forces and weld quality [Doude et al., 2015]: a) evolution of in-plane forces varying rotational speed; b) optimal rotational speeds range for sound welds.

Figure 3 . 5 :

 35 Figure 3.5: Friction stir weld cross-section as function of the rotational speed.
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 3 Figure 3.6: Average value of in-plane forces as a function of the rotational speed. F x welding and F y transverse directions.
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 3 Figure 3.7: Relationship between in-plane forces averages: a) AA6082-T6, b) AA7075-T6.
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 3 Figure 3.8: Periodic evolution of in-plane forces over ten rotations while welding AA6082-T6. a) 750 rpm, b) 1000 rpm, c) 1500 rpm, d) 2000 rpm.

Figure 3

 3 Figure 3.9: Periodic evolution of in-plane forces over ten rotations while welding AA7075-T6. a) 500 rpm, b) 1000 rpm, c) 1500 rpm, d) 2000 rpm.

  (a) Example of the maximum and minimum forces in the harmonic evolution once subtracted the average. LE = leading edge, TE = trailing edge.(b) Focus on the eccentricity. Tool rotation around itself (i.e. around the tool axis) and revolution around the theoretical tool axis (i.e. rotation of the tool axis around the theoretical tool axis).
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 33 Figure 3.10: Explanation of the link between forces oscillation and tool revolution.

  Figure 3.13: Focus on three rotations while welding AA7075-T6 at 1000 rpm.
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 3 Figure 3.16: Differences between continuous and intermittent material flow.

Figure 3 .

 3 Figure 3.17: View of the FSW experimental devices: a) sketch system, experimental configuration b) setup 1 and c) setup 2, d) AE sensors.

Figure 3 .

 3 Figure 3.18: FSW tool: a) 3D, b) top and c) front views.

  Figure 3.19a, representing the highest peak of the burst. The absolute energy is always energetic information associated with elastic waves and is obtained by integrating the squared voltage signal over the entire burst duration. It is given in Atto-Joule (aJ, 10 -18 J) due to its small energy. The signal can also be transformed from the time domain to the frequency domain through the fast fourier transform (FFT) to study the frequencies associated with the signal. The most interesting feature in the frequency domain is the centroid frequency, representing the center of mass of the AE signals and characterizes the overall frequency content Figure 3.19b.
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 3 Figure 3.19: Acoustic emission raw signal: a) temporal hit wave, b) FFT of a hit [Yahiaoui et al., 2019].

Figure 3

 3 Figure 3.20: a) Illustration of static test and acquired signals (b) Power and torque and c) absolute energy and centroid frequency). Configuration at 1200 rpm on AA6082-T6.
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 3 Figure 3.21: Trace left by the tool and exit-hole.

Figure 3

 3 Figure 3.22: Exit-hole diameter and energy for one rotation as function of the rotational speed: a) AA7075-T6 and b) AA6082-T6.
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 3 Figure 3.23: Static tests: a) marks left by the tool, b) scheme of the different zones composing the mark.

Figure 3 .

 3 Figure 3.24: Triple transition obtained in static tests on AA7075-T6: a) and d) 400 rpm, b) and e) 1200 rpm, c) and f) 2400 rpm.
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 3 Figure 3.25: Shoulder-pin edge zones modifications according to various contact phenomena induced increasing the rotational speed.

Figure 3 .

 3 Figure 3.26: Cross-section of AA7075-T6 samples: a) 1000 rpm, b) 2400 rpm, c) magnification on the incipient melting zone.

  Figure 3.27: Cross-section of AA6082-T6 samples: a) 1000 rpm, b) 2400 rpm, c) magnification of the onion ring structure, d) magnification on the incipient melting zone.
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 3 Figure 3.28: Shoulder-pin edge zones analysis from AA6082-T6 cross-sections view: a) 1000 rpm, b) 2400 rpm.

Figure 3

 3 Figure 3.29: Evolution of centroid frequency and absolute energy: a) AA7075-T6 and b) AA6082-T6.
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 3 Figure 3.30: Evolution of amplitudes as a function of the rotational speed: a) AA7075-T6 and b) AA6082-T6.
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 3 Figure 3.31: a) Evolution of the absolute loss coefficient α n as a function of the rotational speed, b) Schematic representation of AE sensors positions
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 33 Figure 3.32: AA6082-T6 cross-sections obtained at 1000 rpm for a) static and b) dynamic tests.
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 3 Figure 3.34: Evolution of centroid frequencies and absolute energies as a function of the rotational speed in bead-on-plate tests: a) AA7075-T6 and b) AA6082-T6.
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 3 Figure 3.35: Welds quality evolution for AA7075-T6 as a function of the rotational speed following the earlier introduced classification based on the absolute energy trend.
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 3 Figure 3.36: Welds quality evolution for AA6082-T6 as a function of the rotational speed following the earlier introduced classification based on the absolute energy trend.
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 41 Figure 4.1: Thermocouples embedded in the workpiece [Silva et al., 2017]: a) horizontal, b) vertical.

Figure 4 . 2 :

 42 Figure 4.2: Thermocouples embedded in the tool [Fehrenbacher et al., 2014]: a) Holes position, b) shoulder's thermocouple (TC1) temperature measurement.
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 4 Figure 4.3: Thermocouples embedded in the tool [Silva-Magalhães et al., 2019]: a) thermocouples position, b) temperature measurement at the beginning and end of the weld.

Figure 4

 4 Figure 4.4: IR images during FSW with the welding direction indicating the movement of the aluminum sheet [Lambiase et al., 2018].

Figure 4 .

 4 Figure 4.5: FSW tool: a) CAE model, b) thermocouple placement, c) tool section scheme to show the blind and passing holes).

  Table4.1: Process parameters in the tested configuration. Rotational speed (N), welding speed (v). Total eighteen configurations for AA6082-T6 and fifteen each for AA5083-

Figure 4 . 6 :Figure 4

 464 Figure 4.6: Peak temperature and torque evolution as a function of time in the configuration on AA7075-T6 at 120 mm/min and 1250 rpm.
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 48 Figure 4.8: Peak temperature and power as a function of the rotational speed: a) AA5083-H111, b) AA6082-T6 and c) AA7075-T6. The dashed red line represents solidus temperatures.

  Figure 4.9a. The weldability windows relative to the three materials are shown in Figure 4.9b,c and d. Things

Figure 4

 4 Figure 4.9: a) X-ray scans of sound and defective joints and b) AA5083-H111, c) AA6082-T6, d) AA7075-T6 weldability windows and critical temperature for sound and defective joints.

Figure 4

 4 Figure 4.10: a) Differences in the temperature increasing rate at 120 mm/min, b) Correlation between γ and the temperature increasing rate.

Figure 4

 4 Figure 4.11: Constants dependence on aluminum alloys type (a, d, HT = heat treatable, SH = strain hardened) and material propreties (b, c, d, f). Circle=AA7075-T6, diamond=AA6082-T6, square=AA5083-H111

Figure 4 .Figure 4

 44 Figure 4.12: Comparison between estimated (T e ) and measured (T m ) NZ peak temperature during friction stir welding of AA5083-H111, AA6082-T6 and AA7075-T6.
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 4 Figure 4.14: Plot obtained from the simulation. The thermal field in the upper plates and in the cross-section. Temperature in • C.

Figure 4 .

 4 Figure 4.15: Experimental setups
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 4 Figure 4.17: Thermocouples positions within the backing plate in tests performed on the KUKA robot.

Figure 4

 4 Figure 4.18: Parameters' sensitivity: a) η influence on predicted temperatures, b) aluminumaluminum surface film condition impact on cooling cycle.

Figure 4

 4 Figure 4.19: CNC lathe machine tests: a) comparison between experimental and simulated peak temperatures, b) C2 configuration showing the experimental and simulated thermal cycles.

Figure 4

 4 Figure 4.20: KUKA robot tests: a) comparison between experimental and simulated peak temperatures (Ki x , i is the test number while x is the thermocouple position), b) K3 configuration showing the experimental and simulated thermal cycles.

Figure 4

 4 Figure 4.21: Tests from [Upadhyay et Reynolds, 2010]: a) comparison between experimental and simulated peak temperatures, b) comparison between experimental and simulated thermal cycles.
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 5 Development of a damage evolution law to simulate material flow in FSW through a numerical model based on CEL approach

Figure 5

 5 Figure 5.2: a) External defect comparison between experiment and simulation [Ajri et Shin, 2017], b) equivalent plastic strain along the white arrow [Tongne et al., 2017].

Figure 5 .

 5 Figure 5.3: a) Internal defect on the RS b) trigonal shape pin [Tongne et al., 2015].

Figure 5 . 5 :

 55 Figure 5.5: 3D orthogonal cutting model including Eulerian workpiece, Eulerian void, Lagrangian tool and dimensions.
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 57 Figure 5.7: Equivalent plastic strain at damage initiation εpl o as function of strain rate.

Figure 5 . 8 :

 58 Figure 5.8: Conceptual dependencies representation of a) f (η, T ) on stress triaxiality and b) η max on temperature.
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 59 Figure 5.9: Experimental setup a) Lathe machine, b) tool detail, c) acquisition systems (forces and high speed cameras).

Figure 5 .

 5 Figure 5.10: Experimental setup a) front and b) top view. Frame from c) HSC and d) IR (after post-treatment).

Figure 5 .Figure 5 .Figure 5 .

 555 Figure 5.11: Stress-strain curve in the chip formation. a) Begin elastic deformation, b) yield point, c) damage initiation w = 1 and D = 0, d) material stiffness degradation limit (ε pl f ). Influence of η max on the chip formation mechanism

Figure 5 .

 5 Figure 5.14: Segmented and continuous chips obtained in the tests at 0.35 m/s on AA7075-T6: a) room temperature, b) pre-heated.
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 5 Figure 5.15: Evolution of η max as function of the temperature.
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 5 Figure 5.16: Forces evolution during the formation of at least three consecutive chips in all tests performed at 0.35 m/s: a) and b) AA6082-T6, c) and d) AA7075-T6.
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 5 Figure 5.17: Comparison between experiment and simulation: a) average values and standard deviation of cutting forces, b) chips segmentation frequency at 0.35 m/s.
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 5 Figure 5.18: Thermal field in different configurations: a), b) AA6082-T6 and c), d) AA7075-T6.

Figure 5 .

 5 Figure 5.19: Temperature measurements in the primary shear plane (T AB ) and at the toolchip interface (T int ) for room temperature (RT) and pre-heated (PH) tests on both materials.

Figure 5 .

 5 Figure 5.20: Comparison between chip obtained experimentally and numerically: a), b) AA6082-T6 and c), d) AA7075-T6.
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 55 Figure 5.21: Identification of chip geometry characteristics from a) simulation and b) experiment showing peak, valley, width and shear angle.

Figure 5 .

 5 Figure 5.23: 3D orthogonal cutting model including Eulerian workpiece, Eulerian void, Lagrangian tool and dimensions.

5. 4 . 157 Figure 5 .

 41575 Figure 5.24: Experimental setup of FSW test entering from the side: a) top and front sketch views, b) experimental view and HSC frame.

Figure 5 .

 5 Figure 5.25: Samples from the modified FSW configuration.
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 5 Figure 5.26: Results and disucussion section organization.

Figure 5 .

 5 Figure 5.27: Forces evolution as a function of the shoulder friction coefficient. Simulated forces F sim and experimental forces F exp .
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 5 Figure 5.28: Forces evolution as a function of the pin friction coefficient. Simulated forces F sim and experimental forces F exp .

Figure 5 .

 5 Figure 5.29: Material expelled on the retreating side: a) front b) bottom, c) front views.

Figure 5 .

 5 Figure 5.30: Material expelled for each rotation: a), b), c) cold chip-like material, d) to h) softened material.

Figure 5 .

 5 Figure 5.31: Material flow in simulation with constant pin friction coefficient equal to 2 while shoulder friction coefficient is a) S1, b) S2, c) S3.
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 1655 Figure 5.32: Material flow in simulation with constant shoulder friction coefficient equal to 0.3 while pin friction coefficient is a) S4, b) S5, c) S6.

Figure 5 .

 5 Figure 5.33: Damage (a) and equivalent plastic strain (b) distribution after 1.84 seconds in S4 configuration with the new damage law. Top and isometric view without the tool.

Figure 5 .

 5 Figure 5.34: Damage (a) and equivalent plastic strain (b) distribution after 1.84 seconds in S4 configuration with JC for damage initiation and energy criterion for damage evolution. Top and isometric view without the tool.

Figure 5 .

 5 Figure 5.35: Material expelled during the beginning of tool-workpiece interactions obtained experimentally (a) compared with simulations b) our damage evolution law, c) JC damage.

  Figure A.3: KUKA robot equipped with an Actemium BPA-6700 head and CAD of the composite backing plate.

Figure A. 5 :

 5 Figure A.5: Experimental setup showing the tool, the clamping system and the backing plate.

Figure A. 6 :

 6 Figure A.6: Beads-on-plates obtained for each slabs.

  Fig. A.11.

Figure A. 11 :

 11 Figure A.11: Details: a) Grooves on the plates, b) magnification on the thermocouples, c) thermocouples fixed wit the resin, d) experimental setup, d) tomography to detect thermocouples final position.

b

  Figure B.7: (a) Engineering stress-strain curves and (b) hardness profiles for specimens N3, N3A, N10, and N10A made in the WC 3 configuration. Effect of the artificial aging on the mechanical properties.

  Figure B.8: Microscopic observation (50x) in (a) base material and nugget zones: (b) WC 1 : 60 mm/min -800 rpm -6 kN, (c) WC 2 : 60 mm/min -1400 rpm -5.5 kN, (d) WC 3 : 180 mm/min -1400 -7.5 kN.

  (B.1). HI = 7.8 v -0.80 ω 0.10 D 0.55 s d 0.45 p h 0.3 p λ 0.4 (B.1)

  Fig. 1.8a. The choice of 40 mm distance from the plunging point ensured the steady-state of the process. The scheme to visualize the line of pixels analyzed in the frames acquired with the IR camera is shown in Fig. B.9a. Fig. B.9b, c and d are built assembling the temperature along the line for each time increment. They display the thermal gradient during the entire welding process of the marked zone represented by the red dotted line. The influence of the heat input on the thermal cycles is evident when comparing welds made with different welding speeds (Fig. B.9b,c with d), confirming what was observed with thermocouples. Contrarily, the extension of the heat affected zone heated over 250 • C did not affect the heat input (Fig. B.9b with c and d). These observations suggest that the extension of the heat affected zone, at least as far as the upper surface of the welded plates is concerned, is affected by the rotational speed with about 2-3 mm extra extension of heated zones above 250 • C in joints made at 1400 rpm.

  Figure B.10: Typical fracture locations of friction stir welding joints: a) advancing side (+), b) retreating side (-).

Figure

  Figure B.11: Weld cross-section macrographs obtained with the different welding configurations: (a) WC 1 , (b) WC 2 , (c) WC 3 .

  Figure B.13: Evolution of (a) ultimate tensile strength and (b) yield strength with the average hardness in the NZ and the minimum hardness in HAZ, respectively.

  Figure B.17: Mechanical properties as a function of the aging condition for all the welds undergone natural aging, artificial aging, and subsequent further natural aging: (a-b) ultimate tensile strength and yield strength, (c-d) hardness in NZ, and minimum value in HAZ.
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Table 2

 2 

	.1:	Chemical composition (wt%) of the two considered aluminum alloys
	[ASM Handbook, 1990].						
		Alloy	Cu	Mg	Si	Mn	Cr	Zn	Fe Ti
	AA6082-T6	0.1	0.6-1.2 0.7-1.3 0.1-1.0 0.25	0.2	0.5 0.1
	AA7075-T6 1.2-1.6 2-2.5	1.0	-	0.2 5.6-6.1	-	-
	percentage of alloying elements between 8/12 % contrarily to AA6082-T6 with the maximum
	percentage of alloying elements reaching 5%.			

Table 2 .

 2 4: Nugget and shoulder affected zone dimensions for AA7075-T6 cross-sections at 60 mm/min.

	v	N	L N Z H N Z H SAZ
	mm/min rpm	mm	mm	mm
		800	5.6	1.6	1.4
	60	1000 1200	5.9 6.1	1.5 1.7	1.5 1.4
		1400	6.3	1.7	1.4

Table 2 .

 2 

	v	N	L N Z H N Z H SAZ
	mm/min rpm	mm	mm	mm
		1000	5	1.3	2.1
	180	1200 1400	5.2 5.2	1.3 1.0	2.0 2.2
		1600	5.3	1.1	2.1

5: Nugget and shoulder affected zone dimensions for AA7075-T6 cross-sections at 180 mm/min.

Table 2 .

 2 6: Nugget and shoulder affected zone dimensions for AA7075-T6 cross-sections at 300 mm/min.

	v	N	L N Z H N Z H SAZ
	mm/min rpm	mm	mm	mm
		1200	4.8	1.0	2.3
	300	1600 1800	5.3 5.3	1.2 1.3	1.9 2.0

Table 2

 2 

		750	0.24	0.3
	6082-T6	1000 1500	0.18 0.12	0.25 0.25
		2000	0.09	0.2
		500	0.36	0.3
	7075-T6	1000 1500	0.18 0.12	0.25 0.25
		2000	0.09	0.2

.7: Process parameters in the tested configuration. Rotational speed (N), welding speed (v), advance per revolution (APR), plunge depth (d).

Material N APR d (AA) (rpm) (mm/rev) (mm)
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Table 3 .

 3 1: Analysis of the dynamic component of in-plane forces for internal defect detection.

	AA	Tool	Result	Reference
	6061 Three flats	Internal defects occurrence and in-plane forces anomalies	[Shrivastava et al., 2017]
	6061 Three flats	Instable evolution of the in-plane resultant force when internal defects occur	[Franke et al., 2020]
	6061 Three flats	Correlation between forces amplitude and defects size	[Franke et al., 2021]

Under investigate tool-workpiece interaction

  

						F x	F y			
		4								
	F (kN)	2								
	19.6 0	19.8	20		20.2	20.4	20.6		20.8	21
		4								
	F (kN)	2								
	19.6 0	19.7	19.8	19.9	20	20.1		20.2	20.3
		4								
	F (kN)	2								
	19.65 0	19.7	19.75	19.8	19.85	19.9	19.95	20	20.05	20.1
	19.65	19.7	19.75	19.8	19.85	19.9		19.95	20
						Time (s)			

Table 3 .

 3 3: Welding parameters for the two experimental campaign.

		BM	v	N	BM	v	N
	Setup	AA	mm/min rpm	AA	mm/min rpm
				200			200
				400			400
				600			600
				800			800
				1000			1000
	1	6082-T6	STATIC	1200 1400	7075-T6	STATIC	1200 1400
				1600			1600
				1800			1800
				2000			2000
				2200			2200
				2400			2400
			180	1000		180	1000
				500			500
				750			750
				1000			1000
	2	6082-T6	180	1250 1500	7075-T6	180	1250 1500
				1750			1750
				2000			2000
				2250			2250

Table 3 .

 3 4: Parameters for the acoustic emission acquisition. Peak definition time (PDT), hit definition time (HDT) and the hit lockout time (HLT).

	Threshold Preamplification Sample rate Pre-trigger PDT HDT HLT
	(dB)	(dB)	(MHz)	(µs)	(µs)	(µs)	(µs)
	30	40	10	50	200	800	1000
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Table 4 .

 4 .2. 2: Thermal properties of the three selected aluminum alloys.

	Material	T s	λ	Type
	(AA)	( • C) (W/mK)	
	5083-H111 [ASM Handbook, 1990]	570	120	Strain hardened
	6082-T6 [Silva-Magalhães et al., 2019] 580	180	Heat treatable
	7075-T6 [ASM Handbook, 1990]	535	130	Heat treatable

Table 4

 4 

	.4: Process parameters in the tested configuration. Rotational speed (N), welding
	speed (v), advance per revolution (APR), plunge depth (d).	
	Config BM	N	v	d / F z	P
	-	(AA) (rpm) (mm/min) (mm) / kN (W)
	C1	7075	500	180	0.3	945
	C2	7075	1500	180	0.2	1060
	C3	6082	1500	180	0.2	1240
	C4	6082	2000	180	0.1	1200
	C5	7075	1000	180	0.2	1002
	C6	7075	500	120	0.2	824
	C7	7075	1000	240	0.2	999
	C8	6082	1000	180	0.3	1253
	C9	6082	1000	240	0.1	1140
	C10	6082	1500	360	0.1	1255
	K1	7075	800	60	6	951
	K2	7075	1400	60	5.5	1112
	K3	7075	1400	180	7.5	1281

Table 5

 5 

			.3: Workpiece and tool material properties.		
	BM	A	B	C	n	m	εo	T m
	(AA)	(MPa) (MPa)				(s -1 ) ( • C)
	6082-T6	305	307	0.0044	0.68	1.31	1	582
	7075-T6	473	210	0.033	0.38	1.5	1	635
	BM	E	ν	ρ	k	c		
	(AA)	(GPa)		(kg/m 3 ) (W/m • C) (J/kg • C)		
	6082-T6	73	0.33	2700	180	960		
	7075-T6	73	0.33	2700	130	900		
	Steel tool	200	0.3	7800	N/A	N/A		

new damage evolution law for Coupled Eulerian-Lagrangian (CEL) approach: application to orthogonal cutting 141

  

Table 5 .

 5 6: Chips geometry.

	BM	Configuration	Peak	Valley	Witdh	Shear angle
		Exp.	2.55 ± 0.19 0.78 ± 0.27 1.59 ± 0.42	26
	AA6082-T6 -RT	Sim.	2.34 ± 0.12 1.05 ± 0.06 1.50 ± 0.07	30
		absolute err.	9%	25%	6%	13%
		Exp.	2.73 ± 0.10 1.13 ± 0.21 1.65 ± 0.12	20
	AA6082-T6 -PH	Sim.	2.4 ± 0.01 1.31 ± 0.02 2.02 ± 0.18	24
		absolute err.	13%	13%	18%	16%
		Exp.	1.64 ± 0.07 0.76 ± 0.17 0.98 ± 0.07	33
	AA7075-T6 -RT	Sim.	1.35 ± 0.05 0.65 ± 0.05 1.03 ± 0.07	30
		absolute err.	21%	15%	5%	10%

Table 5 .

 5 7: Experimental configuration simulated.

	Configuration µ s µ p
	S1	0.1 2
	S2	0.3 2
	S3	0.6 2
	S4	0.3 0.1
	S5	0.3 0.3
	S6	0.3 1

Table B .

 B 2: Mechanical properties for naturally aged specimens fabricated with all welding configurations. The hardness profiles for welds made in the WC 3 configuration as a function of the natural aging are shown in Fig. B.6b. The minimum hardness in the cross-section and the average value in the nugget zone are listed in Table B.2. The average hardness value in the nugget zone was calculated by averaging the three measurements made in it (

	WC	T	UTS	Y	ε b	HV HAZ HV N Z
	-	-	(MPa)	(MPa)	(%)	(HV0.5) (HV0.5)
	AA7075-T6		535	456	11	175	175
	1	N3 340 ± 3 215 ± 4	6.8 ± 0.6	103	130 ± 1
	1	N10 374 ± 5 237 ± 12 7.4 ± 0.9	111	145 ± 2
	1	N45 385 ± 6 252 ± 5	7.4 ± 0.6	119	147 ± 1
	2	N3 328 ± 2 195 ± 0	7.6 ± 0.1	103	131 ± 2
	2	N10 376 ± 6 231 ± 8	7.2 ± 0.5	112	140 ± 2
	2	N45 389 ± 3 261 ± 8	7.7 ± 0.2	115	144 ± 1
	3	N3 374 ± 1 230 ± 1	8.6 ± 0.2	114	132 ± 1
	3	N10 439 ± 6 286 ± 6	9.4 ± 0.7	124	155 ± 2
	3	N45 449 ± 3 303 ± 1 10.6 ± 0.3	131	155 ± 1

Table B .

 B 3: Mechanical properties for N3, N3A, N10, N10A specimens fabricated in the WC 3 configuration.

	WC	T	UTS	Y	ε b	HV HAZ HV N Z
			(MPa) (MPa)	(%)	(HV0.5) (HV0.5)
	AA7075-T6		535	456	11	175	175
	3	N3	374 ± 1 229 ± 1 8.6 ± 0.2	114	132 ± 1
	3	N3A 351 ± 2 262 ± 3 3.6 ± 0.2	108	148 ± 5
	3	N10	439 ± 6 286 ± 6 10.3 ± 0.7	124	155 ± 2
	3	N10A 372 ± 3 269 ± 4 4.4 ± 0.2	109	150 ± 6

Table B .

 B 4: Mechanical properties for N3A, N3AN, N10A and N10AN specimens fabricated in the WC 3 configuration.Overall, artificial aging was proved effective in stabilizing the mechanical properties of the joint.

	WC	T	UTS	Y	ε b	HV HAZ HV N Z
	-	-	(MPa) (MPa)	(%)	(HV0.5) (HV0.5)
	AA7075-T6		535	456	11	175	175
	3	N3A	351 ± 2 262 ± 3 3.6 ± 0.1.7	108	148 ± 5
	3	N3AN 346 ± 6 262 ± 6	3.6 ± 0	106	145 ± 1
	3	N10A	372 ± 3 269 ± 4 4.4 ± 0.2	109	150 ± 6
	3	N10AN 354 ± 2 269 ± 2 4.1 ± 0.2	109	150 ± 3

Table B .

 B 5: Thermal cycle details for each welding configuration.

	WC TC	Peak	Heating	Cooling	Heat Input
			Temperature	Rate ( • C/s)	Rate ( • C/s)	calculated from Eq. B.1
			( • C)	(200 • C to peak) (Peak to 200 • C)	(J/mm)
		TC 1	422	17	13	
	WC 1	TC 2	402	15	10	850.5
		TC 3	346	13	8	
		TC 1	430	17	12	
	WC 2	TC 2	407	15	11	899.5
		TC 3	350	14	9	
		TC 1	431	98	38	
	WC 3	TC 2	380	66	30	375.5
		TC 3	NA	NA	NA	

  TableB.6: Joint efficiency for specimens belonging to N3AN, N10AN, and N45 and fabricated in the WC 3 i.e., 180 mm/min, 1400 rpm, 7.5 kN.

	WC 3	UTS	Y	ε b
	N3AN	65% 57% 44%
	N10AN 66% 58% 44%
	N45	84% 66% 96%
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Introduction

This section will describe all types of devices (machines, sensors, microscopes, etc.) in greater detail than in the manuscript. All information and calibration steps of parameters, sensors etc., will be given below. This section of the appendix is organized into two parts, machines and sensors. The first will contain information on the three different machines used to perform the FSW tests and some more information and pictures on the two types of tools used.

The second one focuses on the various sensors used, explaining their functioning, limits, positionings etc. the machine are as follows: 8000 rpm and 17 kW. Also, in terms of FSW, no tilt angle is applicable as well as only in position control is it possible to weld. The position calibration is done by fixing 0 in the Z-direction in the contact between the shoulder and welding plate.

A.1 Machines

After that, the axial position is adjusted to ensure the correct contact and penetration of the shoulder. Most of the tests were performed on this device (Chapter 2 in section 2.4, Chapter 3, Chapter 4 in section 4.4 and Chapter 5 in section 5.4). In addition, the same machine was also used to perform the orthogonal cutting tests reported in Chapter 5 in section 5.3.

A.1.3 LORTEK -Dedicated FSW machine

The machine used at LORTEK is a dedicated FSW system ISTIR PDS (Fig. A.4). This The trigonal tool was used because the first model was taken out of the catalog, and when a new tool was needed to embed the thermocouples, the old one could no longer be purchased from the supplier. Hence the reason for using a different tool in section 4.3.

A.2. Sensors
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A.2 Sensors

A.2.1 Power

The power obtained in the various tests performed on the three types of machines differed from each other. In the case of the tests performed on the lathe machine, the output obtained from the device was the total energy that powered the equipment. Therefore, to get the power associated with the process, it was necessary to subtract the amount already present simply by starting the spindle rotation without yet beginning the process, as shown in As for the other two solutions, the KUKA robot and the dedicated FSW ISTIR PDS-MTS machine, the spindle torque was provided as output, and therefore the power calculation was made multiplying the torque by the angular speed in radians per second.

A.2.2 Thermocouples

As for thermocouples, these have been used in three different types of applications. In the first two type K thermocouples, solid conductors Ø 0.5mm welded together, high-temperature fiber-glass insulated (temperature rate 800 • C), total external dimension 2 x 3 mm were used (Fig. A.9). In the first experimental campaign on the KUKA robot, these were used to measure the temperature at the bottom surface of the plate used. To understand how they are installed, The thermocouples were fixed in the holes with high thermal conductivity OMEGA CC High Temperature Cement to ensure the seal during the process. The setting for KISTLER 9255B is listed in Table A.1. 

A.2. Sensors
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This configuration references the tomography images reported in Chapter 2 in section 2.4.

A.2.5 Infrared camera

The infrared camera CEDIP c Jade III MWIR retrofitted FLIR c titanium SC 7200 is displayed in Figure A.17. Calibration and data recording were managed by Altair software. 

A.2.6 High speed camera

The optical device consists of a Photron SA1 camera, coupled to a Titanar objective, displayed in Although several works on the influence of welding parameters on the mechanical properties and the aging process in friction stir welded hardening aluminum alloys 7075 are available, an investigation combining these two factors has rarely been addressed before to the authors' knowledge. For this reason, the authors have set two objectives in this study. The first is to compare the mechanical properties of the joints obtained with three different combinations of process parameters for different periods of natural aging. The second is to study the effect of PWHT on joints after an initial period of natural aging. Understanding the combination of NA and PWHT is fundamental to establishing suitable and realistic post-weld procedures in industrial manufacturing as real procedures usually combine those two phenomena due to operative reasons. The joints' mechanical properties were then evaluated directly following heat treatment and after further natural aging to see if the artificial aging was able to control the precipitation phenomenon and thus stabilize the mechanical properties of friction stir welds. Therefore, the results can clarify the influence of process parameters on mechanical properties and their evolution for different aging and the possible stabilization of mechanical properties following artificial aging.

B.2 Material and methods

B.2.1 Friction stir welding

Three bead-on-plate runs were made parallel to the rolling direction for each combination of processing parameters. The size of AA7075-T6 welding plates was 200 mm x 140 mm x 3 mm (LxWxT). The tested welding configurations and the different chosen process parameters are listed in The process parameters were chosen based on previous work [Ambrosio et al., 2020a] and to assess the influence of the rotational speed (WC 1 ) and welding speed (WC 3 ) against a reference configuration (WC 2 ). In other words, the choice was first of all driven by the willingness to analyze the influence of the maximum temperatures reached in the nugget zone (rotational speed) and the rate of thermal cycles (welding speed) on the mechanical properties and secondly by the attempt to investigate their influence on the aging process of friction stir welded joints. The friction stir welds were performed on a Kuka KR500-3MT robot with an Actemium BPA-6700 spindle (Fig. 

B.2.2 Methods

From each joint, eight specimens for tensile tests and one specimen for metallography and microhardness test have been obtained by abrasive water jet cutting method, as shown in The different aging conditions have been tested on all previously introduced welding configurations (Table B.1). The heat treatment at 180 • C for 9 hours was selected as the artificial aging as it is a commonly used PWHT in the industrial practice [Staley, 1974]. For each pair of process parameters and aging condition, three tensile tests and one microhardness test have been carried out.

B.2.3 Mechanical property evaluation

Mechanical characterization of naturally and artificially aged samples was performed by tensile tests and Vickers hardness measurements. The uniaxial tensile tests have been performed weld properties in AA7075-T6 friction stir welds using an Instron electromechanical testing machine equipped with a 100 kN load cell and crosshead speed of 1 mm/min at room temperature, following the ASTM E-8 subsize specimens. The 0.2% offset yield strength Y (MPa), ultimate tensile strength UTS (MPa), and strain at break ε b were evaluated. Strains were measured using digital image correlation (DIC) through the post-processing software Aramis. Hardness measurements were made on polished samples using a Zwick ZHU 2,5 durometer with a load of 4.9 N and a duration time of 10 s. The hardness filiations were performed 1 mm from the samples' bottom surface to be in the center of the nugget zone. The step between the two indentations is not constant. It decreases in the transition of NZ to HAZ passing through the thermo-mechanically affected zone (TMAZ). Furthermore, it increases between HAZ and the base material (BM). Globally, sixteen points, only taken on the advancing side to reduce the execution time, are considered. A pattern of the indentation points along the weld cross-section is shown in 

B.2.4 Temperature measurements

Joints 140 mm long were repeated to perform temperature measurements in all the different welding configurations. Three K-type thermocouples measured the thermal cycle in the zones surrounding the nugget zone. The backing plate was modified to allow the placement of three thermocouples with the tip in contact with the bottom surface of the sheets in contact with the backing plate, as displayed in 

B.3 Results

The analysis of the mechanical test results is divided into three parts to simplify the subsequent discussion. First of all, the results for welds undergone various natural aging period (N3, N10, N45) is detailed in subsection Natural aging. Afterward, the comparison between the mechanical properties of joints obtained by natural aging (N3 and N10) and those also undergone artificial aging (N3A and N10A) is outlined in subsection Artificial aging. Lastly, the mechanical tests on specimens subjected to artificial aging and then naturally aged for 45 days (N3AN and N10AN) are presented in the Artificial aging and natural aging subsection. In the tensile tests analysis, only one stress-strain curve for each of the three tested samples was displayed on the graphs to facilitate their reading. The results for all the tests performed are available in Appendix B.

B.3.1 Natural aging

The different combinations of process parameters have significantly influenced the mechanical properties of the joints. Fig. B.6a displays typical engineering stress-strain curves obtained for FSW joints obtained in WC 3 configuration and undergone the various natural aging N3, N10, and N45. Table B.2 shows the results for the specimens obtained in all the welding configurations and exposed to different natural aging.

Joints obtained in the WC 3 always showed the highest UTS, Y, and ε b when comparing specimens under the same aging conditions. Regardless of the process parameters, the mechanical properties increase progressively as the natural aging time increases, as displayed in Fig. B.6a. UTS increases on average by 15% and 3% when comparing N3-N10 and N10-N45, respectively. Contrarily, the increase in yield strength seems to be more affected by the process parameters. The biggest increase of 24% can be observed when comparing N3 and N10 in the WC 3 configuration. It is noteworthy that once yield strength is reached in all the responses, the strain hardening begins until the specimens' rupture. Also, the plastic regime has been characterized by an instability before the fracture as if it was a signal of the imminent rupture. However, it should be noted that strain at break increases with natural aging and with the reduction of the instability in the plastic regime. weld properties in AA7075-T6 friction stir welds , which shows the progressive increase in hardness in both NZ and HAZ with NA time. It is noteworthy that while UTS remains almost constant between 10 and 45 days of NA, Y continues to increase at least by 6%. This trend seems to agree with the hardness values in NZ and HAZ. Going from 10 to 45 days of NA, hardness in the nugget zone remains almost constant while the recovery in the heat affected zones continues. Therefore, it would seem that the two quantities, UTS and Y, are directly affected by the hardness in NZ and HAZ, respectively. In Fig. B.13, the first-order linear regression was adapted to both data sets with correlation coefficients R 2 of 0.83 and 0.92 for UTS and Y. The improvement of mechanical properties with natural aging is due to the recovery process in the various zones of the FSW joint, which varies according to the thermal shocks suffered during the process. The results in Fig. B.12 indicates a distinction between the joints ob-

Appendix B. Relationships between welding parameters, aging conditions and weld properties in AA7075-T6 friction stir welds

is the result of a sequence of various complex phenomena, including continuous dynamic recrystallization favored by dynamic recovery [START_REF] Su | Microstructural investigation of friction stir welded 7050-t651 aluminium[END_REF]. Consequently, according to [START_REF] Su | Microstructure evolution during fsw/fsp of high strength aluminum alloys[END_REF], the fine equiaxed grains have different densities of dislocations, and they are in various degrees of recovery depending on each different thermo-mechanical history that occurred during FSW. The different heat inputs could have been responsible for the different degrees of recovery in the nugget zone grains. Therefore, the different evolution with natural aging may be justified as follows. Welding configuration with high heat input allowed a remarkable recovery with a decrease in dislocation densities and thus decreasing the concentration of nucleation sites for strengthening precipitation η'. This different recovery degree explains the increase in hardness in the nugget zone between N3 and N10, by 9, 15, and 23 HV for WC 2 , WC 1 , WC 3 ordered from the highest to the lowest heat input configuration. By further increasing exposure to natural aging, no significant difference can be observed in the evolution of recovery.

On the contrary, in the HAZ, the evolution of mechanical properties with natural aging seems to be mostly constant by comparing the various configurations while the strength depends on the heat input, and it is already evident from N3, as shown in the FigB.12b. These zones were recognized as the weakest for heat-treatable alloys due to the overaging, which leads to growth and partial dissolution of strengthening metastable precipitates η' and the formation of stable precipitates η [START_REF] Mahoney | Properties of friction-stir-welded 7075 t651 aluminum[END_REF]. Therefore the weakness of the joint is due to the temperatures reached in HAZ, which, although significantly higher than the dissolution range of the strengthening precipitates η' between 180-260 • C [START_REF] Su | Microstructural investigation of friction stir welded 7050-t651 aluminium[END_REF], are not able to completely dissolve the latter. Hence, the weakening depends on the dissolution rate, which is related to the thermal cycle duration. This phenomenon, therefore, explains Fig. B.14 and the clear difference in the mechanical properties of the joints as a function of the heat input. This result quantifies the direct correlation between the thermal cycles in HAZ and FSW joints' mechanical properties through the heat input. The overall increase in hardness with natural aging displayed in Fig. B.12b is attributed to GP(II) nucleation followed by the formation of strengthening phase η' as the natural aging time increases [START_REF] Fuller | Evolution of microstructure and mechanical properties in naturally aged 7050 and 7075 al friction stir welds[END_REF].

In conclusion, the best mechanical properties of friction stir welds resulting from low heat input are related to higher recovery in the NZ due to the higher density of dislocations that operate as preferential nucleation sites of strengthening precipitates η' and to shorter thermal cycles in the HAZ that determines a lower rate of growth and dissolution of strengthening precipitates η'. , HV min , respectively, as a function of the aging condition for specimens belonging to the group N3, N3A, N10 and, N10A. Among the effects of PWHT, two elements stand out. The former is the sharp reduction of the strain at break regardless of the welding configuration and the previous natural aging undergone by the specimens. The second is that while ultimate tensile strength and hardness in HAZ decrease in all cases, the evolution of yield strength and hardness in NZ depends on the natural aging before artificial aging. Specifically, specimens naturally aged for three days and then subjected to heat treatment (N3A) benefited from artificial aging, while those undergone ten days of natural aging before the artificial aging (N10A) experienced a decrease in yield strength and hardness in NZ. conditions belonging to WC 3 . The engineering stress/strain curves show that in the configuration N3, there is instability with slight fluctuations in the curve at a certain point in the plastic regime. Similarly, in N3A, the reduction of strain at break is accompanied by strain-softening before the fracture. The onset of these two phenomena is highlighted in This variable shows the strain localization effects in the different microstructural zones of the FSW joints. It turns out that in both cases, the two heat-affected zones deform equivalently up to a critical point where one of the two diverges until the breakage. However, the substantial difference lies in the different roles played by the nugget zone in the two tests. For N3, at least in the first half of the plastic regime, the deformation seems to be evenly distributed. Starting from the dashed red line, ε y increasing rate decreases in the nugget zone, while in the two heat affected zones, it first increases irregularly, and then one diverges from the other until the break. On the contrary, in the N3A configuration, the transversal deformation in the nugget zone is null. All the deformation is concentrated in the two heat affected zones, thus inducing a much higher transversal deformation rate than N3, resulting in a much faster break. This behavior was observed in all artificially aged specimens. Therefore, the strain at break reduction for artificially aged specimens is explained with the strain localization in the HAZs. As shown in Fig. B.16b, before the fracture, the transverse deformation is differently distributed in the two configurations. It is concentrated in two HAZ for N3A, whereas it is distributed along the gauge length for N3. This difference in artificially aged joints' mechanical behavior is due to the increased hardness difference in NZ and HAZ. This quantity was 18 and 40 HV in N3 and N3A, respectively, increasing the difference in mechanical behavior in the various zones of the joint that cause the strain localization in the weakest regions during tensile tests. For the analysis of the impact of PWHT on mechanical properties according to previous natural aging, it is necessary to refer to the increase of the mechanical properties between N3 and N10. The most significant increase in mechanical properties occurs in the early days weld properties in AA7075-T6 friction stir welds after welding. After three days of natural aging, the recovery of the mechanical properties of the various zones is still low. In the nugget zone, artificial aging speeds up the process that would have occurred through natural aging, accelerating the precipitation phenomenon due to the high concentration of solute available. The more pronounced increase in hardness in the nugget zone for low heat input configuration again relates to the higher dislocation density in the microstructure. Differently, after ten days of natural aging, the PWHT lowered hardness in the nugget zone because the solute available was already precipitated. Then, the artificial aging causes the growth of the η' strengthening precipitates. On the other hand, in the HAZ, the hardness decreases because of the overaging that increases the growth of strengthening precipitates, independently from the previous natural aging. After ten days, the higher recovery in the HAZ induces a more pronounced reduction in N10A compared to N3A. Overall, comparing the artificially aged friction stir welds' mechanical properties, the one previously naturally aged for ten days gave slightly improved mechanical properties though lower than before heat treatment. Thus, PWHT results in strain localization lowering strain at break. The positive effect of artificial aging on yield strength was achieved when the weld has undergone short previous