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procédé de fusion sélective sur lit de poudre par faisceau d'électrons (E-PBF)

Processing of pure copper by Electron Powder Bed Fusion (E-PBF)

Mise en oeuvre du cuivre par le

AM

Introduction

Additive manufacturing (AM), or 3D printing, is an innovative technology that offers new design freedoms allowing to fabricate sophisticated geometries which could not be produced by more conventional processing routes (forging, machining, casting). Besides, AM opens the path towards a new metallurgy by (i) taking advantage of the high cooling rates that lead to out-of-equilibrium microstructures and (ii) allowing a 3D control of the microstructure by tuning the processing parameters or changing the melting strategies.

The aeronautics and bio-medical industries have been key drivers for the development of those processes. More recently, the energy sector with companies, such as Schneider Electric which financially supports the present study, has shown a growing interest in AM processing routes to produce electrical conductors made of pure copper. The opportunities offered by AM processing routes are multiple. First, AM is suitable for rapid prototyping, which speeds up the product development stages. Second, it allows the production of unique and/or customized complex parts at a lower cost than conventional processes. Third, optimizing geometries through this process could reduce the high copper consumption of this sector. Finally, the new geometries available through additive manufacturing could improve product performances, in particular their energy efficiency (depending on electrical and thermal conductivities). Thus, it turns out to be crucial to master the manufacturing of pure copper conductive parts using additive manufacturing technologies.

This PhD work is carried out as part of the FUI AMbition project. This project brings together a number of actors to develop copper additive manufacturing in France (powder suppliers, academic labs, PBF system manufacturers, end-users...). Two technologies have been selected: Laser Powder Bed Fusion (L-PBF) and Electron Powder Bed Fusion (E-PBF). L-PBF is widely used with various metals but the issue with copper is that it reflects the CO 2 lasers (commonly used for this process, with λ = 10.6 µm) [START_REF] Yao | Interface microstructure and mechanical properties of laser welding copper-steel dissimilar joint[END_REF]] [Jadhav et al., 2019b]. To solve this problem, several solutions are considered such as using lasers with different wavelengths (green laser with λ 515 nm for instance) or coating powder particles to improve the absorptivity. This PhD thesis focuses on the additive manufacture of copper using E-PBF. It has been selected to bypass the INTRODUCTION reflectivity issue, for its high cleanliness (building environment under vacuum which limits oxygen contamination, detrimental to the electrical properties), and its high building rates (to achieve high productivity).

The manuscript is divided into six chapters. Chapter 1 gives an overview of the E-PBF process. The importance of the quality of the raw material, i.e. the powder, on the process is stressed out. Emphasis is put on the different processing steps: preheating, melting and powder recycling, along with the key processing parameters to understand the process flow and the main phenomena involved. This chapter also gathers both experimental observations and simulation results from literature related to the specific thermal history in E-PBF and the typical defects observed in the produced parts.

The E-PBF process is mastered to produce parts in Ti-6Al-4V. This titanium alloy exhibits a low density (4.43 g/cm 3 ) combined with a low electrical conductivity (1%IACS), which is the opposite of the material studied here (copper: 8.96 g/cm 3 and 100%IACS). Thus, Chapter 2 focuses on copper, and especially on high purity copper, to highlight the specificities of this material compared to Ti-6Al-4V (commonly used with E-PBF). At the end of this chapter, a brief literature review on copper (high purity grade and alloys) produced by two additive manufacturing processes (L-PBF and E-PBF) is presented.

One of the specificities of the E-PBF process is the preheating step applied prior to the selective melting of each powder layer. During this preheating stage, the powder layer is heated at a given temperature, defined as the preheating temperature T preheat , to consolidate the powder bed (formation of necks between powder particles) to avoid electrostatic particles repulsion. This sintering phenomenon is called "consolidation" and depends on the material physical properties as well as the powder morphology. Chapter 3 presents the characterization of the copper powder used in this study. It is followed by sintering experiments to determine the T preheat adapted for the studied powder.

The identification of the processing window of the E-PBF process to produce dense copper parts is reported in Chapter 4. Designs of experiments have been conducted to assess the effect of the main processing parameters, such as the beam power P and the scanning speed v, on the microstructure as well as on the mechanical and electrical properties of the parts. Moreover, defects present in the different samples are characterized and a classification is proposed.

The mechanical and electrical properties of copper fabricated by E-PBF with an optimized set of parameters are then thoroughly characterized with tensile tests and bulk electrical conductivity measurements in Chapter 5. The influence of the build orientation on the microstructure, and on both electrical and mechanical properties is also studied.

Chapter 6 demonstrates with a few illustrative examples the possibility to tailor the grain structure (grain size and morphology as well as crystallographic texture) by playing with the melting strategies. First, the ability to control the thermal gradient, and thus grain growth during E-PBF, is demonstrated. Then, four strategies are presented with a specific objective in mind in each case: changing the grain size, the crystallographic texture or the grain boundary morphology. Optical microscopy observations, EBSD measurements, and thermal simulations are coupled to understand the effect of the melting strategy on the resulting microstructures.

The main conclusions drawn from the present work are summarized and few perspectives are suggested to identify key features that would deserve further study in the near future in order to consolidate this work and move a step forward. 

Introduction

Introduction

Additive manufacturing (AM), or 3D printing, is a disruptive manufacturing process. The component is fabricated layer by layer by addition of material instead of material subtraction as in more conventional processes such as machining.

AM has many advantages compared to other manufacturing processes. The most obvious benefit is the design freedom. Sophisticated geometries like lattice structures, as shown in Figure 1.1, can be built with those processes, which is very difficult with other manufacturing methods. Indeed, a complex 3D geometry is transformed into multiple 2D slices. 2D slices are easier to build than 3D part, so AM broadens the limits of existing manufacturing processes.

Figure 1.1: Example of metallic lattice structure obtained by additive manufacturing [START_REF] Preveraud | Une chaire fabrication additive à Clermont-Ferrand[END_REF] A myriad of benefits results from this. For example, geometry can be optimized to improve performances or to save raw material for given requirements, it is called topological optimization. Moreover, AM processes offer great flexibility. For instance, the series of customized parts with dedicated geometries do not involve extra cost, as when designing and manufacturing a specific mold. Each part in the building chamber can be different.

An assembled component can be built in one part with AM. It reduces the number of processing steps and assembling process might be almost obsolete. In the long term AM could reduce carbon footprints and change the business model because fewer intermediates will be involved, fewer amount of materials will be needed and 3D printers can be set up closer to customers [START_REF] Ing | 3d printing: a threat to global trade | ING WB[END_REF]. Moreover, AM is the fastest way to make prototypes and small series.

However, several points hold AM back. Firstly, AM cannot compete with conventional manufacturing processes for simple shapes and mass production. The production CHAPTER 1. ADDITIVE MANUFACTURING BY ELECTRON POWDER BED FUSION (E-PBF) rate of AM processes is still lower and more expansive than conventional manufacturing processes. Raw materials are still expensive because the number of suppliers is small and the atomization processes are costly. Moreover, the investment cost of AM can be high depending on the chosen process.

Lack of knowledge about AM, because, for instance, of the complex interaction between the heat source and the raw material or about the influence of the building height, slows down its industrial integration. For each material and geometry configuration, the process needs optimization to minimize defects and so maximize process efficiency and part performance. When building parameters are not well mastered, AM parts can present a lot of defects like poor surface quality, internal defects, and low dimensional accuracy or heterogeneous microstructures. As a result, mechanical and physical properties can suffer from significant know-down.

Several AM processes have been developed to build metallic parts, each presenting its own advantages and drawbacks. Some examples of processes are given below with a short description:

• Powder Bed Fusion (PBF): A powder layer is spread and then selectively melted with a heat source: laser or electron beam,

• Direct Metal Deposition (DMD) or Direct Energy Deposition (DED): A focused thermal energy (laser or electron beam) is used to melt materials while they are sprayed (powders) or deposited (wires),

• Binder Jetting: A liquid binding agent is selectively deposited to join powder particles. Further heat treatments are necessary to densify the parts (debinding and sintering).

Among them, the powder bed fusion processes are suitable to build very complex parts. Laser Powder Bed Fusion (L-PBF) is the most common process. Fine and complex parts with relatively low roughness (Ra between 8 -20 µm) can be built with this process thanks to its fine powder particles (typically around 15 -45µm) coupled with thin building layer (down to 20 µm) and its narrow beam (40 µm diameter [START_REF] Eos | EOS M 100 -Ideal entry level model for industrial 3D printing[END_REF]). One of the major drawbacks of this technology is the residual thermal stress in parts resulting from the steep thermal gradients. The other PBF process, the Electron Powder Bed Fusion (E-PBF), has a wider spot size (200µm diameter), a thicker layer (50 µm as standard), and uses large powder particles (between 45 and 120 µm) which induces a relatively high roughness (Ra ∼ 25 µm). Apart from the powder bed and beam parameters themselves, the two other key differentiating features of E-PBF as compared to L-PBF, are the preheating step and the vacuum level. The E-PBF building sequence takes place under vacuum, because of the electron-gun requirements. This low vacuum also reduces the interstitial (including 1.1. Introduction oxygen), and gas contamination into the part. At each layer, a pre-heating step allows to maintain the building chamber at relatively high temperature during the build and limits the internal thermal stresses into the parts [START_REF] Sochalski-Kolbus | Comparison of residual stresses in inconel 718 simple parts made by electron beam melting and direct laser metal sintering[END_REF].

This study focuses on the E-PBF process, which corresponds to selective electron beam melting on metal powder bed as per ISO 17296-2 standard, which classifies the AM technologies. This first E-PBF system, named Electron Beam Melting (EBM), had been patented in 1993 by Larson [START_REF] Larson | Method and device for producing three-dimensional bodies[END_REF]. In 2002, the Swedish company Arcam has commercialized the first EBM system. After bought by General Electric in 2016, Arcam became Arcam EBM GE additive company in 2016. More recently, Qbeam and JEOL have also developed E-PBF systems. The EBM technology was initially developed for steel, but the first commercialized system was for Ti-6Al-4V alloy. However, the literature reports that other material materials can be built in E-PBF, see below some examples:

• Ni-based super alloys [START_REF] Sames | Additive Manufacturing of Inconel 718 using Electron Beam Melting: Processing[END_REF]] [Murr et al., 2011[START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF],

• Stainless steel [START_REF] Rännar | Hierarchical structures of stainless steel 316l manufactured by Electron Beam Melting[END_REF][START_REF] Hinojos | Joining of Inconel 718 and 316 Stainless Steel using electron beam melting additive manufacturing technology[END_REF], ,

• Al-Fe-V-Si alloys [START_REF] Sun | Microstructure and mechanical properties of Al-Fe-V-Si aluminum alloy produced by electron beam melting[END_REF],

• Titanium aluminide [START_REF] Cormier | Freeform Fabrication of Titanium Aluminide via Electron Beam Melting Using Prealloyed and Blended Powders[END_REF],

• Cemented Carbide WC-13%Co [START_REF] Konyashin | Additive manufacturing of WC-13%Co by selective electron beam melting: Achievements and challenges[END_REF],

• Mn-Al permanent magnets [START_REF] Radulov | Production of net-shape Mn-Al permanent magnets by electron beam melting[END_REF],

• Co-Cr alloys [START_REF] Wei | Heterogeneous microstructures and corrosion resistance of biomedical Co-Cr-Mo alloy fabricated by electron beam melting (EBM)[END_REF],

• High-entropy alloys (HEAs) [Fujieda et al., 2015],

• Metallic glass [START_REF] Koptyug | Bulk Metallic Glass Manufacturing Using Electron Beam Melting[END_REF],

• Pure copper [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF]] [Frigola et al., 2014] ,

• Copper alloys [START_REF] Momeni | Selective electron beam melting of a copper-chrome powder mixture[END_REF], [START_REF] Wolf | Selective electron beam melting of an aluminum bronze: Microstructure and mechanical properties[END_REF].

A schematic view of an EBM system is presented in Figure 1.2. Electron beam is produced by an electron gun located in the column. Electrons are extracted from a tungsten filament (cathode) by a thermo-electrical effect. A secondary vacuum, around 5.10 -6 mbar, is needed in the column. A 60 kV acceleration voltage is applied between the filament and the anode generating the beam. Beam power can be continuously varied from 50 to 3000 W. Then, the beam passes through a succession of lenses. The astigmatic lenses master the beam shape and correct astigmatic defects. The focus lenses allow to control the beam diameter, the minimum diameter is around 200 µm. Beam movement is made thanks to the deflection lenses. The use of electromagnetic lenses enables the E-PBF system to reach high scan speed, up to 8000m/s according to the technical specifications FUSION (E-PBF) Figure 1.2: Overview of an EBM-A1 machine [Galati & Iuliano, 2018] of EBM-A1 system from Arcam. Accurate positioning of the beam, ± 200µm, is also obtained thanks to those lenses [START_REF] Medina | Reducing metal alloy powder costs for use in powder bed fusion additive manufacturing: Improving the economics for production[END_REF].

The building chamber is under vacuum, around 2.10 -3 mbar. This vacuum limits the risk of oxygen or nitrogen contamination for metal powder but increases the risk of element evaporation. The powder is loaded into 2 hoppers located on either side of the build platform. A raking system spread the powder on the top of the building plate. The standard powder layer thickness is from 50 to 100 µm.

At the beginning of the build, the start plate is placed at the same level as the build platform. Once a layer is built, the platform is lowered to enable the rake to spread a new layer of powder. The building area is thermally protected by a heat shield that limits heat losses and prevents vaporization to be deposited on the chamber walls. The maximum build size for this machine EBM-A1 is 210 x 210 x 250 mm.

Powder

Atomized powder is the most common and recommended raw material for the E-PBF process. In this section, the main atomization processes are briefly presented, followed by Arcam AB recommendations about powder features. Then, the stakes about powder recycling are detailed. Note that as Ti-6Al-4V is the most widely used alloy for E-PBF, most of the process developments and investigations have been made on this material. In this subchapter, the literature is mainly related to Ti-6Al-4V feedstocks. [START_REF] Neikov | Handbook of Non-Ferrous Metal Powders: Technologies and Applications[END_REF][START_REF] Ltd | Atomising systems powder production through atomising & atomiza-tion| atomising systems powder production[END_REF][START_REF] Lpw | Powder production[END_REF] [ [START_REF] Kassym | Atomization processes of metal powders for 3D printing[END_REF] CHAPTER 1. ADDITIVE MANUFACTURING BY ELECTRON POWDER BED FUSION (E-PBF)

Atomization process

Table 1.1 lists seven processes with their respective advantages and limits. The powder size distribution and powder morphology depend on the chosen atomization process. For instance, the most economical process is water atomization because of its high production rate, but it is not suitable for the production of spherical and interstitial-free powder with narrow particle size distribution (PSD). Highly spherical particles are achieved through plasma atomization, however, it is very expensive.

In this project, a gas atomized powder will be used. This process is commonly used for additive manufacturing powder because it is a good compromise to obtain spherical particles at reasonable costs. During gas atomization, the raw material is melted under a protective atmosphere (inert gas or vacuum). Molten metal is pushed by gas pressure through a nozzle. A high-speed gas flow (gas flow rate between 0.02 and 0.24 m 3 /s [START_REF] Liu | Science and engineering of droplets: fundamentals and applications[END_REF]) hits the liquid and splits into droplets. Droplets solidify while falling into the atomization tower and form spherical particles. Powder size is between 0 and 500 µm and powder is then sieved to reach the required particle size distribution [START_REF] Lpw | Powder production[END_REF]. This process produces spherical particles with some porosity due to entrapped gas. Some of these pores can be found in final E-PBF components, see Section "Typical defects" 1.4.1. Particles can also exhibit some satellites, defined as small particles stuck to a larger particle during solidification of the liquid droplets.

Powder requirements

Arcam AB, who also supplies powders for E-PBF systems, recommends the following recommendations to ensure a robust E-PBF process:

• Spherical particles: Having particles with spherical shape is required to have good flowability and to maximize the apparent density with a compact stacking of powder particles.

• Flowability below 25 s for 50 g: A proper flowability is required to achieve homogeneous spreading of the powder by the rake and so uniform powder bed which is a key point for the process stability. Indeed, a pile of particles could lead to smoke phenomena (particles repulsion due to a negative charge accumulation, detailed in section 1.3.2) or defects in the melted part. Flowability depends, for instance, on the particle morphology. Indeed, the presence of satellites reduces the flowability [START_REF] Anderson | Feedstock powder processing research needs for additive manufacturing development[END_REF].

• Apparent density above 50% of bulk density: The density of powder bed for E-PBF system is approximately the apparent density of powder. Building a part 1.2. Powder with the highest possible density is easier to achieve with a high powder bed density [START_REF] Rausch | Predictive simulation of process windows for powder bed fusion additive manufacturing: influence of the powder bulk density[END_REF].

• PSD between 10 and 150 µm and D50 around 70 µm: Arcam recommends this range of PSD because it is optimal for its specific spreading system. Note that it can be hazardous to use smaller particles because of the higher risk of pyrophoricity (ability to ignite spontaneously within five minutes in contact with air [START_REF] Nations | GHS (rev.7) -transport -UNECE[END_REF]). Some materials are very sensitive to this aspect like aluminum or zinc powders, because of their affinity to oxygen.

It has been shown that three Ti-6Al-4V powders with similar size ranges, same composition, with the standard process parameters, and which meet the Arcam powder requirements do not produce the same part quality in E-PBF [START_REF] Nandwana | Correlations Between Powder Feedstock Quality, In Situ Porosity Detection, and Fatigue Behavior of Ti-6al-4v Fabricated by Powder Bed Electron Beam Melting: A Step Towards Qualification[END_REF]. According to Nandwana et al., the porosity level in the as-build parts was very dependent on the powder characteristics, especially the apparent density and the PSD. With the standard melting parameters, the generic Arcam requirements for powder feedstock are not enough to build dense parts, and the E-PBF process needs to be finely tuned for each powder feedstock. The atomization process highly affects the porosity in the powder particles, and so, in the part produced by E-PBF. Indeed, there is a risk of finding gas pores in the E-PBF part inherited from the initial pores in the powder particles [START_REF] Cunningham | Analyzing the effects of powder and post-processing on porosity and properties of electron beam melted Ti-6al-4v[END_REF]] [Chauvet et al., 2018a]. As a consequence, porosity in powder is a feature to take into account and to monitor to optimize additive manufacturing processes.

Recycling

One of the AM advantages is to save raw materials. Indeed, during a build, the powder is not fully used and unmelted powder particles are removed in the powder recovery system (PRS) and can be used for the next builds. After blasting in the PRS, powder particles can lose part of their circularity and their satellites which could change their characteristics like flowability or apparent density [START_REF] Tang | Effect of Powder Reuse Times on Additive Manufacturing of Ti-6Al-4V by Selective Electron Beam Melting[END_REF]. An example of Ti-6Al-4V reused powder is shown in Figure 1.3, after the second reuse, the powder particles are still spherical and smooth. However, after twenty-one reuses, powder particles are less spherical and rougher, besides, there are fewer satellites than the two times reused powder. They noticed that the flowability and the apparent density were improved because of the removal of the satellites and the reduced moisture. However, in this case, they reported no significant impact on the process stability of the E-PBF.

Besides, the oxygen content of recycled powder may increase during the heat cycle of the build, in the powder recovery system, or during storage. For instance, Ti-6Al-4V is very sensitive to oxidation contamination: oxygen content can rise from 0.2 to 0.6% which FUSION (E-PBF) can drastically impact the mechanical properties of E-PBF parts by increasing the yield strength and decreasing the ductility [START_REF] Suard | Mechanical equivalent diameter of single struts for the stiffness prediction of lattice structures produced by Electron Beam Melting[END_REF].

Figure 1.3: SEM micrographs at relatively low (left) and high (right) magnification of Ti-6Al-4V reused powder: (a) and (a1) reused twice, (b) and (b1) reused 21 times. [START_REF] Tang | Effect of Powder Reuse Times on Additive Manufacturing of Ti-6Al-4V by Selective Electron Beam Melting[END_REF] Note that the chemical composition of the produced parts can also vary from the raw material one because of the element evaporation during the melting. For instance, evaporation of aluminum is noticed during the processing of Ti-6Al-4V by E-PBF when using an excess energy which induces very high surface temperature and thus, evaporation of the light element, i.e. Al [START_REF] Juechter | Processing window and evaporation phenomena for ti-6al-4v produced by selective electron beam melting[END_REF].

Thus, special care is recommended for powder storage and recycling to avoid oxygen contamination. According to Hryha et al., it is necessary to store the powder in a controlled/protective atmosphere to limit oxide formation [START_REF] Hryha | Surface chemical state of ti powders and its alloys: Effect of storage conditions and alloy composition[END_REF]. For instance, exposure to the air results in immediate oxide thickness increase of up to 3.2 nm for Ti-6Al-4V. It is also important to monitor the impact of recycling on the powder chemical composition and morphology because it can impact the whole process and have consequences on the final properties.

1.3. Overview of the E-PBF process 1.3 Overview of the E-PBF process

Machine preparation

Powder hoppers are filled with powder and the start plate is placed on the powder bed into the build tank. The chamber is closed and vacuum pumps are switched on. The electron beam is started when the required vacuum level is reached, i.e. < 5.10 -6 mbar in the column, and <5.10 -4 mbar in the chamber. [START_REF] Kahnert | Layer formations in electron beam sintering[END_REF] If an electron beam hits a cold free powder bed, grounded, there is a high risk of "smoking". A "smoke" is defined as an ejection of particles due to electrostatic repulsive forces. The mechanism of a smoke is illustrated in Figure 1.4. The cold bed powder is shown (a), then the beam hits it in (b). Smoke can be observed on image (c), which corresponds to a powder "cloud". It is caused by the accumulation of negative electrostatic charge on the powder particles. At some point, the cohesion force between the powder particles becomes smaller than the repulsive forces, so particles repel each other and form a "smoke". This event makes the process unstable and the building sequence has to be interrupted.

Preheating: consolidation of the powder bed

Arcam AB has developed two solutions applied in parallel to avoid this phenomenon. The first solution is a helium flow injected in the chamber. Electron beam ionizes He atoms. He + can be then recombined with free electrons located at the surface of the powder bed resulting in a discharged powder bed [START_REF] Sames | Additive Manufacturing of Inconel 718 using Electron Beam Melting: Processing[END_REF]. Helium flow is also used at the end of the building to increase the cooling rate.

The second strategy is to increase the powder bed electrical conductivity by creating necks between particles. Thanks to that, the free electrons are more easily released through the building platform. Besides, the particles are thus connected by the necks so the powder bed cohesion becomes stronger. Neck growth is a mechanism widely studied CHAPTER 1. ADDITIVE MANUFACTURING BY ELECTRON POWDER BED FUSION (E-PBF) in powder metallurgy when investigating sintering kinetic. To create necks, diffusion between powder particles must occur, which required heat. That is why, at the beginning of each layer, a preheating step takes place. This preheating consists of repeated passes with the unfocused electron beam on the powder bed (approximately 800 µm [START_REF] Leung | Effect of preheating on the thermal, microstructural and mechanical properties of selective electron beam melted Ti-6Al-4V components[END_REF]). As a consequence of the neck growth between the particles, a"powder cake" around the melted parts is formed during the build.

The preheating step is crucial to consolidate the powder bed enough to avoid charge accumulation and undesirable events such as smokes. However, the consolidation has to be controlled to be able to break the necks of the unmelted powder particles, to recycle them properly, and to extract the parts from the powder cake. Partial melting or densification of the powder bed must be avoided. The preheating temperature T preheat is a key parameter in the E-PBF process.

To provide new insights into the preheating step, several studies have been carried out. Smith et al. have shown that thermal conductivity increased with the rise of energy input [START_REF] Smith | Tailoring the thermal conductivity of the powder bed in Electron Beam Melting (EBM) Additive Manufacturing[END_REF]. Thermal conductivity rises thanks to an increase of connectivity between powder particles induced by neck growth (consolidation). The two samples exposed to the highest energy show excessive localized melting and the sandblasting is not sufficient to remove the "pre-heated" powder. An optimization of the preheating parameters is therefore necessary to adjust the consolidation while avoiding partial melting.

The pre-heated powder bed has also been characterized with X-ray Computed Tomography (XCT) [START_REF] Leung | Effect of preheating on the thermal, microstructural and mechanical properties of selective electron beam melted Ti-6Al-4V components[END_REF]. The results show an anisotropic thermal conductivity of the powder bed, the thermal conductivity along the building axis is lower than in one in the building plane. Indeed, the XCT-scan reveals an anisotropic necks growth in the pre-heated powder bed. Each layer is individually consolidated but neck growth is less promoted between layers. This anisotropy could be reduced by increasing the preheating energy.

The preheating in the E-PBF process brings two key advantages, as compared to L-PBF. First, the consolidated powder bed helps to mechanically maintain the melted parts, reducing the need for supports, and objects to be fabricated can be piled up. Then, the powder cake and the parts are held at a relatively high temperature by the preheating during the build. Maintaining the processed parts at relatively high temperature limits the development of internal stresses, and less power is needed to melt the material, during the melting step.

For each build, two different types of preheating operations take place: one at the beginning of the build, called the start plate heating and described in the following section, and the second one for each new layer, i.e. the preheating step. The temperature to reach or maintain is the preheating temperature T preheat , specific for each material. A method 1.3. Overview of the E-PBF process to identify this temperature will be described in Chapter 3.

Start plate heating

Construction begins with the heating of the start plate without any powder on it. Repeated passes of an unfocused beam heat the start plate. Thanks to that step, the first powder layer spread on the top of the start plate is heated by conduction before the electron beam hits the powder bed to avoid smoke.

Preheat of the powder bed

A new layer starts to be processed when the building platform gets down by an increment corresponding to the layer thickness. Then, the rake spreads the powder to have a uniform powder bed. The powder bed is then pre-heated with a highly unfocused beam, the surface being swept by the electron beam. There are two pre-heats. Pre-heat I is applied on all the start plate. Pre-heat II concerns only the contours of parts with an offset from their section edges, called offset-to-part, see Figure 1.5.

Figure 1.5: Scanning strategy for preheating step, example for 3 parts to build. The whole start plate is submitted to the preheat I. The preheat II is only applied on and around the parts. The parameter "offset-to-part" is illustrated. Its standard value is 0.1 mm

Melting: parameters and standard scanning strategy

The powder bed is now ready to be melted. The melting stage is composed of two steps, see Figure 1. 6 (a). The first step is called contouring. It consists of melting the outline of each part. The multibeam technology is used for this strategy: the beam moves fast enough to maintain active multiple melt pools. Up to 100 melt pools can be maintained simultaneously. Then the hatching strategy fills in the interior of the parts. The standard beam path for hatching is shown in Figure 1. 6 (b). It is a snake-like strategy with a FUSION (E-PBF) Figure 1.6: Standard melting strategy. Illustrations of: (a) the contouring (point heat source) and hatching (line heat source) strategies, (b) the line offset, which is the hatching space, (c) the hatch depth, it is the z-depth during which the scan direction will be kept constant, before being rotated by 90°h atching spacing, called line offset, of 0.1 mm. The hatch depth is defined in Figure 1.6 (c). In the standard strategy, the hatch depth is equal to one layer. It means that at every layer the hatching direction is rotated by 90 • C to ensure in-plane isotropy. Changing the scanning mode can modify the uniformity of the temperature field, and also alter the surface quality [START_REF] Lu | Scan strategy in electron beam selective melting[END_REF].

To define the processing parameters (melting, preheating, etc...), Arcam beam control software uses "themes". The EBM system can be used in an automatic or manual mode. The advantage of the automatic mode is the auto calculation that uses 4 functions to build part regardless of the complexity of the geometry. However, only a few parameters can be defined by the user in the automatic mode. To have full control over all parameters during the EBM process, it is recommended to use the manual mode. Both modes, namely the automatic one and the manual one, are detailed in the next sections.

Automatic mode

The Arcam EBM Control 3.2 software has an automatic mode with two main parameters that control the energy input: the speed function value and the focus offset. These two parameters are chosen by the user. The remaining parameters, like the beam current, are calculated through automated functions by the software to achieve a uniform build temperature and constant melt pool dimensions for each layer whatever the geometry.

The speed function and the focus offset

It is a dimensionless value, between 1 and 300, that adjusts the scanning speed with the beam current to achieve a correct melt pool size, see Figure 1.7. Several speed function values are illustrated by plotting the scanning speed as a function of beam current. The larger the speed function, the larger the scan speed, the smaller the pool size.

Overview of the E-PBF process

The focus offset is the current applied in the lenses to focus the beam. It can vary from 0 to 100 mA. There is a machine-dependent focus value for which the beam diameter is minimum. It is used to adapt the energy input according to the thermal conductivity of the substrate. If the substrate is a solid material, the conductivity is high whereas if the substrate is a powder bed, the conductivity is lower than the solid part, see Figure 1.9 (a). The thickness function is important when there is a change of the conductivity of the material during the build, for instance when parts are built on a powder bed (negative or down-skin surfaces). The adapted speed is calculated with equation (1.2), the shape of the function is shown in Figure 1.9 (b).

Speed 2 = Speed 1 1 +
SpeedF actor e ExpF actor.[(T hickness-T hicknessF actor)+1]

(1. 

Speed 3 = Speed 2 1 + P reExp.e -(Speed 2 .(ExpF actI.dist-ExpF actII.Speed 2 )) 2 (1.3)
Pre-exponential factor affects the overall effect of the speed contribution for the function,

ExpF actorI affects the extension of the turning point region, ExpF actorII affects the amplitude distribution for the speed contribution within the turning point region. The parameters are defined in Melt theme.

To summarize, the scan length dependency function calculates the beam current as a function of the length of the molten track. The speed function value chosen by the user affects the beam velocity depending on the current. Then this speed is constantly adjusted by the turning point and the thickness functions. This is important to keep in mind that when the automatic mode is used, the processing parameters depend on the geometry of the parts to be melted, especially for the beam speed.
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Manual mode

The manual mode consists of turning off the auto calculation mode which controls the functions of the automatic mode. The beam speed will remain constant during the build, independently of the length of the molten track and whatever the geometry. Therefore, it is the recommended mode to have full control of the parameters and to rationalize the underlying mechanisms. A strategy to explore several sets of parameters to process a new material consists of building cubes to keep the same scan length in both scan directions, x and y. In this mode, the main parameters are the beam current I, the scan speed v scan , the line offset l offset , and the focus offset (beam focus). The energy input can be described by the line energy, see equation (1.4), the surface energy, see equation (1.5), or the volume energy, see equation (1.6). To evaluate the volume energy, the layer thickness can be replaced by the melt pool depth.

E line = U.I v scan = P v scan
(1.4)

E surface = P v scan .l offset (1.5) E volume = P v scan .l offset .e layer
(1.6)

Average current

To guarantee the same processing conditions for every single layer, the temperature at the build surface must be stable. It might be necessary to compensate heat losses due to heat conduction through parts, start plate, and powder cake as well as due to radiation through the surface. The build chamber is under vacuum during the process, which limits convective heat loss [START_REF] Sames | Additive Manufacturing of Inconel 718 using Electron Beam Melting: Processing[END_REF]. The energy input, from preheating or melting, may vary from one layer to another, particularly because of the variations in the melted surfaces. So heat losses and energy input changes induce temperature variations at the build surface.

In the EBM machine, the temperature is only measured by a thermocouple located under the start plate. At the beginning of the build, the measured temperature is close to the build surface temperature. But with the addition of new layers, this temperature might not be relevant and does not represent the temperature at the surface of the constructed layer. As it is complicated to measure directly the build surface temperature throughout the build, the monitoring of this temperature relies on the average current by layer. Since the accelerating voltage is constant at 60 kV, it is similar to an average 1.3. Overview of the E-PBF process power by layer. To keep the temperature constant, every single layer must reach the same average current. This value depends on the raw material, and it will be noted I av .

During the building and for each layer, the average current of the layer,I layer av , is calculated with equation (1.7) [START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF]. For example, if the average current of a given layer is too low in comparison to the target value, I av > I layer av , see an example in Figure 1.11, then at the end of the melting step, a post-heating step is added. Repeated scans with an unfocused beam, and a high beam current, are used to increase I layer av to reach the fixed average current I av . In the other case, I av < I layer av , the post-heating step is done with a very low beam current, it will be equivalent to break time.

I layer av = n i=0 I i .∆t i ∆t layer = n-2 i=0 I i .∆t i + I P reHeat .∆t P reHeat + I P ostHeat .∆t P ostHeat n-2 i=0 ∆t i + ∆t P reHeat + ∆t P ostHeat (1.7)
Maintaining the preheating temperature allows the thermal gradient to be controlled to a given extent during the construction of the part and lowers the residual thermal stresses in the parts compared to L-PBF parts [START_REF] Sochalski-Kolbus | Comparison of residual stresses in inconel 718 simple parts made by electron beam melting and direct laser metal sintering[END_REF].

Cooling and Powder recovery

At the end of the whole build, the build platform goes down and gets in contact with a cooling device (a copper bar assembled with an aluminum heat exchanger). A Helium flow can also be applied to speed up the cooling of the parts. When the powder cake is at CHAPTER 1. ADDITIVE MANUFACTURING BY ELECTRON POWDER BED FUSION (E-PBF) room temperature, it can be removed from the EBM machine. It is then blasted within the PRS with raw powder to remove the pre-sintered powder particles, see Figure 1.12 an example of a Ti-6Al-4V powder cake in the PRS. Generally, the powder is recycled to be used in the next builds and to limit raw material losses.

Figure 1.12: Example of a Ti-6Al-4V "powder cake" at the end a building sequence in the Powder recovery system [3Dprint.com, 2019] 1.4 Typical defects and post treatment

Defects

In this process, the local melting is complex because it depends on the beam parameters, the topology of the previous layer, as well as the configuration of the new powder layer [START_REF] Bauereiß | Defect generation and propagation mechanism during additive manufacturing by selective beam melting[END_REF]]. E-PBF specimens could present several recurrent defects like internal (porosity, channel-like defect or cracks) or surface defects (uneven surface, delamination, and roughness).

Internal defects

Porosity is a common defect in E-PBF components. There are two types of porosity: spherical and irregular pores, see examples in Figure 1.13 (a).

Spherical pores are the most common defects in E-PBF specimens. Figure 1.14 (a) shows randomly distributed spherical pores in E-PBF Ni-based superalloys. Because of their size (between 10 and 100 µm and their spherical shape), they are likely due to gas entrapment during solidification. Since E-PFB processing is performed under a secondary 1.4. Typical defects and post treatment Figure 1.13: (a) XCT images of pores from E-PBF samples. Small (i) and large (ii) spherical pores in blue, (iii) two near-spherical pores joined together in purple, small (iv) and large (v) irregular pores in red [START_REF] Tammas-Williams | XCT analysis of the influence of melt strategies on defect population in Ti-6al-4v components manufactured by Selective Electron Beam Melting[END_REF]. (b) XCT image of powder particles containing spherical pores (in red) [START_REF] Tammas-Williams | XCT analysis of the influence of melt strategies on defect population in Ti-6al-4v components manufactured by Selective Electron Beam Melting[END_REF] vacuum, the origin of the gas seems to be the gas atomization process. As mentioned in section 1.2.1, gas pores in powder particles are typical in those processes, as illustrated in Figure 1.13 (b). Spherical pores in E-PBF parts may come from porosities contained in the powder [START_REF] Iebba | Influence of Powder Characteristics on Formation of Porosity in Additive Manufacturing of Ti-6al-4v Components[END_REF] because the two populations of pores have roughly the same size and shape. A quantitative study of as-built samples and as-received powder shows that no more than 20% of the pores initially contained in the powder particles disappear during the E-PBF process in a Ni-based superalloy [Chauvet et al., 2018a]. Indeed, when a layer is built, several layers underneath are re-melted, often 2 or 3 layers, sometimes even more. Note that the number of remelted layers highly depends on the material considered and processing parameters used. This re-melting could give time for [START_REF] Raab | Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam Melting[END_REF] gas to escape from the melt pool, depending on the conditions. The ability of the gas bubbles to escape the melting pool by breaking the surface is based on the bead shape, the convective and buoyancy forces controlling their movement, the viscosity of the molten metal and the time as well. For instance, if the melting pool is large and deep, gas bubbles have a higher probability to escape than in the smaller beads [START_REF] Tammas-Williams | XCT analysis of the influence of melt strategies on defect population in Ti-6al-4v components manufactured by Selective Electron Beam Melting[END_REF].

Another kind of rounded-shape pores is illustrated in Figure 1.14 (b). These spherical pores are smaller than gas porosities and they are lined-up. They are microshrinkage and they are the consequence of dendrites secondary arms coalescence during the last stage of solidification. During solidification, liquid metal can be trapped between dendritic secondary arms. Because of the volume contraction during this phase transformation, pores are generated, localized between the dendrites, aligned and spherical.

Apart from these two types of spherical pores, one can find other types of pores, irregularly shaped such as lacks of fusion or channel-like defects

The lack-of-fusion defects are observed when the input energy is not sufficient to properly melt all powder particles and to ensure the cohesion with the underneath layer. They correspond to voids located in between partially melted particles and they can deeply impact the part density, see an example in Figure 1.15 of a Cu E-PBF sample with an 83% density.

The other internal defect is the channel-like faults [START_REF] Bauereiß | Defect generation and propagation mechanism during additive manufacturing by selective beam melting[END_REF], also called chimney pore [START_REF] Cordero | Nucleation and growth of chimney pores during electron-beam additive manufacturing[END_REF], continuous beam tripping [START_REF] Gaytan | Advanced metal powder based manufacturing of complex components by electron beam melting[END_REF] or tunnel cavities [START_REF] Guschlbauer | Process development of 99.95% pure copper processed via selective electron beam melting and its mechanical and physical properties[END_REF], see an example in Figure 1. 16 (a). It is a void in a melted layer that is not filled when melting the next layer and it goes on through 1.4. Typical defects and post treatment Figure 1.16: (a) SEM Micrography of Ti-6Al-4V by E-BPF with channel-like defect parallel to the build direction (arrow) [START_REF] Gaytan | Advanced metal powder based manufacturing of complex components by electron beam melting[END_REF]. (b) Numerical simulation of the evolution of a channel-like defect over 8 layers. For each layer, the layer before the powder is spread (left), the layer with powder (middle), the temperature field during melting (right) [START_REF] Bauereiß | Defect generation and propagation mechanism during additive manufacturing by selective beam melting[END_REF] many layers. According to Cordero, those pores only nucleate at defects located close to the side surfaces of a part and reducing the beam diameter might be sufficient to prevent the appearance and the propagation of those channel-like pores [START_REF] Cordero | Nucleation and growth of chimney pores during electron-beam additive manufacturing[END_REF]. To better understand the formation of this kind of defects, a mesoscopic numerical model for the local melting process is used by A. Bauereiss [START_REF] Bauereiß | Defect generation and propagation mechanism during additive manufacturing by selective beam melting[END_REF]. The gravity and viscous forces are not significant in comparison with capillary forces and wetting. As a result, when a new powder bed is spread on a previous layer with a pre-existing defect, powder particles over the defect might not heal the void below when it melts. Capillary forces can make it go laterally, see Figure 1.16 (b) (layer 2) where the powder particles coalesce and do not fill the void. A solution to avoid this defect is to rise the beam power.

The same physical phenomena are at stake for the balling phenomenon, see Figure 1.17 on the left. This happens when the molten liquid solidifies into balls, it is caused by the lack of melting of the substrate under the melted particles [START_REF] Yan | Modeling and Experimental Validation of the Electron Beam Selective Melting Process[END_REF]. The surface tension of molten liquid becomes higher than the wetting ability of the underlying layer [F. Zäh & Lutzmann, 2010]. Consequently, surface tension predominates and dictates the melt pool geometry. This phenomenon leads to porosity and rough and bumpy surface. Cracks can also be observed in E-PBF specimen, see an example in Figure 1.14 (c). For instance, non-weldable, i.e with high cracking susceptibility, Ni-based superalloy produced by E-PBF exhibit hot cracks [Chauvet et al., 2018a]. The presence of a liquid film and stress between the solidified zone and the mushy zone in the melt pool has lead to cracks formation. A correlation has been noticed between those intergranular cracks and high FUSION (E-PBF) Figure 1.17: Example of balling phenomenon (a) and delamination between layers (b) [START_REF] Sames | Additive Manufacturing of Inconel 718 using Electron Beam Melting: Processing[END_REF]. Note that no scale is given.

angle grain boundaries (HAGB). Thanks to this work which allows understanding the hot cracking mechanism, guidelines are now available to prevent crack formation in E-PBF samples.

Surface defects

The surface defects are detrimental to the process stability because they can damage the rake system. Under some processing conditions, the top surface becomes higher than the building surface, because of delamination or uneven surface. In such cases, the new powder layer spread is no longer homogeneous and the rake can hit the part, which will lead to process instability or interruption.

The delamination is the result of residual stresses, due to the cooling of the melted metal, which is higher than the bonding abilities between layers [START_REF] Gong | Review on powder-based electron beam additive manufacturing technology[END_REF], see Figure 1.17. The cohesion between layers is mostly influenced by the raster pattern of the hatching scanning strategy. For instance, according to Zaeh, the best scanning strategy to avoid delamination is the x-y hatch at each layer (i.e. the beam squares the area to be melted) [START_REF] Zaeh | The effect of scanning strategies on electron beam sintering[END_REF].

The uneven surface happens when the input energy is too high. In Figure 1.18 (a), the processing window of Ti-6Al-4V processed by E-PBF is shown. For each scanning speed, the highest line energy exhibits an uneven surface. It becomes clear when observing the cross-section. The top surface of a "good" sample is relatively flat whereas the top surface of an uneven surface is irregular [START_REF] Juechter | Processing window and evaporation phenomena for ti-6al-4v produced by selective electron beam melting[END_REF]. A process, called Surfi-Sculpt, takes advantage of this phenomenon as a surface texturing technique with a laser [START_REF] Earl | Parameter influence on surfi-sculpt processing efficiency[END_REF] or electron beam [START_REF] Wang | Effect of forming parameters on electron beam surfi-sculpt protrusion for ti-6al-4v[END_REF]. Figure 1.18 (b) illustrates a schematic of the mechanism. A melt pool is created on the substrate with the electron beam, and the beam moves in one direction. A protrusion, i.e a pile-up of molten metal, is created behind the beam while an intrusion, i.e. a hole, is located at the end of the path. This molten metal movement is due to the surface tension and vapor pressure of the material. The [START_REF] Juechter | Processing window and evaporation phenomena for ti-6al-4v produced by selective electron beam melting[END_REF]. (b) Surfi-sculpt process mechanism [START_REF] Earl | Parameter influence on surfi-sculpt processing efficiency[END_REF] uneven surface is the result of the molten metal displacement behind the beam applied on a surface.

Another surface defect observed in the parts produced by E-PBF is the high surface roughness. Indeed, the poor surface finish caused by the layer deposition strategy and partially melted particles stuck to the parts is a major drawback for E-PBF. Indeed, some applications require a high-quality surface finish. This roughness depends on the orientation of the surface. The horizontal surface roughness is relatively low (Sa = 20 µm), it is caused by the molten tracks that are not flat. The vertical surface exhibits higher roughness (Sa = 30µm) because of the powder particles sticking to the outer edge of the melt pool during contouring [START_REF] Wang | Effects of processing parameters on surface roughness of additive manufactured ti-6al-4v via electron beam melting[END_REF] The worst case is the overhanging surface, also called down-skin, because of the staircase appearance where layers can be seen [START_REF] Tian | Material interactions in laser polishing powder bed additive manufactured Ti6al4v components[END_REF].

The origins of defects are usually hard to understand because a defect can provoke another one. For instance, a pore can lead to a decrease in thermal conductivity. This change of thermal condition may induce balling effect [START_REF] Sames | Additive Manufacturing of Inconel 718 using Electron Beam Melting: Processing[END_REF]. To observe the formation of the defects during the building or as nondestructive testing, in situ characterization is developed for E-PBF system like optical camera [START_REF] Additive | Arcam EBM Q20plus -Aerospace Component AM Machine[END_REF], near-infrared (NIR) camera [START_REF] Nandwana | Correlations Between Powder Feedstock Quality, In Situ Porosity Detection, and Fatigue Behavior of Ti-6al-4v Fabricated by Powder Bed Electron Beam Melting: A Step Towards Qualification[END_REF] or backscatter electron detector [START_REF] Arnold | Layerwise monitoring of electron beam melting via backscatter electron detection[END_REF].

Post-treatments

Several post-treatments are available to improve the surface roughness, the final density or the microstructure of parts built by E-PBF. Examples are given below.
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Surface finish

To improve the surface roughness, machining can be used for simple geometry or only net usable area. For instance, Avio Areo produces TiAl turbine blades by E-PBF. To reduce the surface roughness to R a = 1.6 µm, the parts are machined by Electrochemical Machining (ECM) [START_REF] Ackelid | Additive manufacturing of gamma titanium aluminide parts by electron beam melting[END_REF].

Moreover, several types of polishing post-treatments provide solutions to this issue. Mechanical polishing is efficient but not feasible for complex part with internal cavities and channels. Laser polishing is one of the possibilities. A laser scans the surface to re-melt a thin surface layer. The surface tension effects in the melt pool smooth the surface. A 75% improvement of surface roughness is obtained, to reach 0.51 µm [START_REF] Tian | Material interactions in laser polishing powder bed additive manufactured Ti6al4v components[END_REF]. However, it induces a change of texture, grain structure, and a martensitic transformation for E-PBF Ti-6Al-4V part. A high level of residual tensile stresses is also measured on the surface. Those stresses can be easily released by a standard stress relief heat treatment. Chemical or abrasive flow polishing can be used to improve surface quality. Chemical flow polishing involves material removal by the dissolution of the oxide layer formed thanks to an oxidizing agent in a polishing solution. Chemical etching has been used and modeled with a cellular automaton on a Ti-6Al-4V vertical strut build by E-PBF, see Figure 1.19 (a) [START_REF] Lhuissier | Geometrical control of lattice structures produced by EBM through chemical etching: Investigations at the scale of individual struts[END_REF]. The characterizations of the struts made by X-ray tomography show a reduction of surface defects with the increasing of the etching time. The cellular automaton model predicts the morphological evolution during etching, the kinetics and surface roughness, with good agreement with the experimental results. Chemical polishing has also been used for lattice structures in Ti-6Al-7Nb E-PBF part with good results on surface defects [START_REF] Lyczkowska | Chemical polishing of scaffolds made of Ti-6al-7nb alloy by additive manufacturing[END_REF].

Abrasive flow polishing process consists of material removal by erosion with a pumped water-abrasive fluid through the part. The quantity of material removed increases with the flow speed. A combined process, chemical-abrasive flow polishing, shows encouraging results for Inconel 652 L-PBF parts [START_REF] Mohammadian | Surface finish control of additively-manufactured Inconel 625 components using combined chemical-abrasive flow polishing[END_REF]. Powder particles stuck to the part surface are removed and surface roughness, Ra, is reduced by about 20 to 45%. Polishing time is also reduced thanks to the combined process, from 3 to 1 hour.

Hot Isostatic Pressing (HIP)

As explained in the previous section, in their as-built conditions, E-PBF specimens do not reach a 100% density. E-PBF Ti-6Al-4V parts have shown a scattered highcycle fatigue lifetime [Tammas-Williams et al., 2016a]. It is mainly due to porosity. Indeed they create stress concentration near them and act as fatigue crack initiation sites. To heal internal defects in E-PBF parts, hot isostatic pressing (HIP) is often used. Indeed, one of the purposes of this technique is to densify foundry parts or sintered [START_REF] Lhuissier | Geometrical control of lattice structures produced by EBM through chemical etching: Investigations at the scale of individual struts[END_REF] parts. HIP consists of applying simultaneously high temperature and pressure through an inert gas (like argon) on the component. With the appropriate conditions (temperature, pressure, time), internal pores (without any surface connected pores) will successfully shrink. Their small size and distribution prevent them from impacting the mechanical properties [START_REF] Gaytan | Advanced metal powder based manufacturing of complex components by electron beam melting[END_REF]. Some pores that have shrunk during HIP may regrow during further heat treatments. This has been observed for E-PBF Ti-6Al-4V components with X-ray CT after a high-temperature β solution heat treatment followed by quenching. The gas pore regrowth is due to high pressure in pores combined with low diffusivity of argon in titanium. However, even after regrowth, pores are fewer and smaller than in the as-built component and the lack-of-fusion pores do not re-grow, because there is no gas in them [START_REF] Tammas-Williams | Porosity regrowth during heat treatment of hot isostatically pressed additively manufactured titanium components[END_REF][START_REF] Cunningham | Analyzing the effects of powder and post-processing on porosity and properties of electron beam melted Ti-6al-4v[END_REF]. Thanks to HIP, Ti-6Al-4V EBM parts show a better fatigue resistance and a an higher density [Facchini et al., 2009[START_REF] Tammas-Williams | Porosity regrowth during heat treatment of hot isostatically pressed additively manufactured titanium components[END_REF]. Note that HIP can also result in grain growth which can decrease the yield strength.

Heat treatment

Stress relieving heat treatment can be applied to E-PBF parts to remove all residual stresses. Hrabe et al. applied a stress-relieving heat treatment on Ti-6Al-4V parts build by E-PBF [START_REF] Hrabe | Fatigue properties of a titanium alloy (Ti-6Al-4V) fabricated via electron beam melting (EBM): Effects of internal defects and residual stress[END_REF]. No difference was found between the as-built and the stressrelieved parts, chemically or microstructurally, meaning that no residual stresses were induced by the E-PBF process, probably due to the high process temperature, 600°C.
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Heat treatment can also be applied to E-PBF parts to reach a specific microstructure. The heat treatment used is the same that for the parts built with conventional process. Note that, the starting microstructure is often finer and more homogeneous in part built by E-PBF than conventional process, which makes the treatment all the more effective. Galarraga et al. reported that the microstructure of E-PBF Ti-6Al-4V and thus the mechanical properties can be tailored with the combination of solutionizing and aging heat treatments [Galarraga et al., 2017]. For instance, if the application of this material requires high strength and no condition regarding ductility, then aging at 500°C for 5h is a good compromise. On the contrary, aging at 550°C for 8h is a better choice if a high ductility is wanted. The E-PBF process is able to produce components with a finer microstructure and a higher degree of homogeneity than with conventional process, an example is given with the nickel-base superalloy CMSX-4 [START_REF] Ramsperger | Solution Heat Treatment of the Single Crystal Nickel-Base Superalloy CMSX-4 Fabricated by Selective Electron Beam Melting[END_REF]. Thus, complete homogenization can be obtained with a shorter heat treatment than cast parts. Sames et al. proposed an in situ controlled heat treatment (ISHT) for Inconel 718 produced by E-PBF [START_REF] Sames | Feasibility of in situ controlled heat treatment (ISHT) of Inconel 718 during electron beam melting additive manufacturing[END_REF]. Indeed, the cool-down condition at the end of the building sequence could be modifying by heating the top surface with the electron beam. This heat treatment successfully increases the hardness, however, the tensile properties are not improved because of the formation of cracks and large grains. With a better control of the processing conditions, ISHT could reduce the number of part manufacturing stages.

Thermal history in E-PBF process

In situ heat treatment

The thermal history in E-PBF is very complex and specific. The first typical feature is the constant temperature for all layers ensured by the preheat. Building is done at a relatively high preheating temperature, around 700°C for Ti-6Al-4V, which acts as an in situ heat treatment. It is also worth noting that each layer has undergone a different annealing duration. For instance, the top layer has the shortest annealing time.

The second specific feature is related to the layer-by-layer building strategy which has a strong impact on the part thermal history. An example is presented in Figure 1.20, the temperature evolution of a fixed point is plotted versus time. When the beam melts on the n th -layer, the n-1 th is remelted, sometime n-2 th layer too. As in welding, several layers below are in the heat-affected zone. Below this zone, layers are approximately maintained at preheating temperature. Only the top layer is not re-melted neither re-heated, and thus, could exhibit a unique microstructure. This heat treatment could have an impact on the solidification conditions through the decrease of the thermal gradient as well as on the microstructure. For instance, a graded microstructure has been observed for Ni-based superalloy produced by E-PBF [START_REF] Ramsperger | Microstructure of the Nickel-Base Superalloy CMSX-4 Fabricated by Selective Electron Beam Melting[END_REF][START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF]. The γ gradient is shown in Figure 1.21, the precipitate size decreases from the bottom to the top of the specimen. The growth of the precipitates is explained by the high-temperature process, which is equivalent to an in situ heat treatment. The gradient is an illustration of the different annealing times between each layer. The top layer has the shortest annealing time, the precipitation growth is limited, and so the size of the precipitates is lower.

Microstructure control

The mechanical or physical properties of metallic components depend on the microstructure. In this section, the ability of E-PBF process to tailor the microstructure, and thus the properties of the parts, is detailed.

In most cases, E-PBF parts have a strongly oriented microstructure with columnar grains growing parallel to the build direction (BD), which is typical of directionally solidified materials. The two factors responsible for this columnar microstructure are the epitaxial growth, and the thermal gradient which is mostly parallel to the build direction. The epitaxial growth results from the layer-by-layer building strategy promoted by the remelting of several underneath layers during the processing of a layer.

The control of the processing parameters, particularly the beam power P , and the scanning speed v is a key point to control the melt pool geometry. Indeed, Gockel et al. has shown that the melt pool shape and size change by varying P and v [START_REF] Gockel | Understanding Ti-6Al-4V microstructure control in additive manufacturing via process maps[END_REF]. By comparing the melt pool shapes with the microstructure process map, it suggests that the melt pool geometry strongly influences the solidification microstructure. Thus equiaxed grains could be obtained by E-PBF for Ti-6Al-4V for a specific melt pool geometry. So by controlling the process parameters, the microstructure can be tuned through the melt pool dimensions control.

Adjusting the scanning pattern is also a strategy to generate new microstructures. The standard scanning strategy uses a line heat source, but a point heat source, called "spot-like strategy" normally applied for contouring, can be used. The objective is to modify the thermal gradient G and the solidification velocity R. For Inconel 718, samples with three different scanning strategies have been built: two using the spot strategy, and the last one using the line heat source. The line heat source leads to columnar grains whereas the spot-like heat source produces equiaxed and misoriented grains, see Figure 1.22 (a). To find those successful scanning parameters, authors relied on the solidification maps for Inconel 718, see Figure 1.22 (b), based on the pioneering work of Hunt. [START_REF] Hunt | Steady state columnar and equiaxed growth of dendrites and eutectic[END_REF]. G and R are calculated for each scanning strategy and plotted on the associated 1.5. Thermal history in E-PBF process [START_REF] Dehoff | Site specific control of crystallographic grain orientation through electron beam additive manufacturing[END_REF] solidification map with the columnar to equiaxed transition (CET). The calculations are consistent with the crystallographic orientation map. For instance, scanning strategy 1 is the only one to reach the equiaxed zone. Changing the scanning strategy to increase the solidification velocity, and decrease the thermal gradient to reach the equiaxed zone has proven to be effective in this case. The CET is governed by the undercooling, in particular by the constitutional supercooling in the melt pool. To obtain equiaxed grains, high undercooling is recommended to have a high probability of heterogeneous nucleation [START_REF] Liu | Insight into the mechanisms of columnar to equiaxed grain transition during metallic additive manufacturing[END_REF]. Liu also reports that the preheating temperature is a key parameter to tailor the microstructure. Rising the preheating temperature can reduce the thermal gradient and increase the solidification rate and so lead to a larger undercooling.

The columnar to equiaxed transition has also been observed by modifying a processing parameter, i.e. the line offset, for Inconel 718 [START_REF] Helmer | Grain structure evolution in Inconel 718 during selective electron beam melting[END_REF]. Columnar grains and equiaxed grains have been both produced by E-PBF, see Figure 1.23. For both samples, the surface energy is kept constant but the line offset is drastically reduced to generate equiaxed grains, from 150 down to 37.5 µm. Numerical simulations are run to calcul G and R. Once again, the transition from equiaxed to columnar grains is explained by the solidification map and the change of G and R thanks to the modification of the melt pool shape. Thanks to the numerical simulations, see Figure 1.23 (c-d), they noticed a thermal gradient direction change between the two melting conditions. The sample with columnar grains shows a thermal gradient mostly parallel to the build direction. On the contrary, for the sample exhibiting equiaxed grains, at each layer, the thermal gradient direction strongly changes, contributing to suppress the epitaxial growth responsible for [START_REF] Helmer | Grain structure evolution in Inconel 718 during selective electron beam melting[END_REF] the columnar grains.

An example of microstructure tailoring is given with Ni-based superalloys. A single crystal has been obtained with conditions of melting inducing deep melt pools and slow cooling rates, using high linear energy. Those conditions seem to allow the selection of the preferential growth direction for each layer on a single grain [START_REF] Chauvet | Producing Ni-base superalloys single crystal by selective electron beam melting[END_REF][START_REF] Ramsperger | Microstructure of the Nickel-Base Superalloy CMSX-4 Fabricated by Selective Electron Beam Melting[END_REF].

To conclude, it has been demonstrated that the E-PBF process allows the tailoring of specific microstructure through the control of the melt pool shape, and solidification conditions by changing the processing parameters (scanning speed, beam current, line offset, scanning strategy, preheat temperature,...). 

Thermal history in E-PBF process

Introduction

Copper is the first metal worked by human beings. The first name of copper is the metal of Cyprus because, in the Roman era, copper was mainly mined on the Mediterranean island. Copper objects, dating from 5000 years before JC, were found on the Iranian plateau [START_REF] De France | Cuivre -Société Chimique de France[END_REF]. On Earth, copper can be found in both native state or sulfide and carbonate. Sulfide ore represents more than 80 % of the global production, which was about roughly 20. 

Copper production

The copper production chain is detailed in Figure 2.1. At the beginning of the chain, there are two types of raw materials: ore deposit and scrap (recycled copper). Scrap represents a significant part of the production. It had been determined that two-thirds of the 550 million tons of copper produced since 1900 are still used [START_REF] Glöser | Dynamic Analysis of Global Copper Flows[END_REF]. Regarding ore deposit, there are two types of ores exploitations: sulfide or oxide ores. From oxide ore, such as malachite Cu 2 CO 3 (OH) 2 or cuprite Cu 2 O, 99.99 % copper cathodes are obtained by hydro-metallurgy. The majority of the production, more than 80%, comes from sulfide minerals, chalcopyrite CuF eS 2 and bornite Cu 5 F eS 4 for instance, by pyro-metallurgy. The main production sites are located in Chile (Chuquicamata) and the USA [START_REF] Delomel | Conducteurs métalliques -Présentation générale. Techniques de l'ingénieur[END_REF].

Sulfide ores are very poor in copper content, between 0.5 to 2 %. The first step is to concentrate these minerals between 25 and 40 % by a process called froth flotation. Then, Cu matte, which contains 40 to 60 % of Cu, is obtained by smelting. A converting, i.e. high-temperature heat treatment, refines it into Cu blister with a Cu content of 98 to 99.5 %. Finally, refining processes (fire or electrolytic) are used to get copper cathode, which reaches at least 99.90 % Cu. Semi-fabricated products, such as wire-rod, sheet or tube, are then obtained from copper cathode by melting, alloying, mold casting or semi-continuous/continuous casting [Copper Alliance, 2017].

Copper is used for numerous applications. For example, in the field of energy, copper is very often used to build the electrical conductor because of its high electrical conductivity, or heat exchanger because of its high thermal conductivity. The medical market is interested in copper for its antimicrobial property. It is biostatic, which means that bacteria can not develop on it. To further understand the copper assets, its main properties are described in the next section. 

Key properties

Several properties values are reported in Table 2.1 for copper and compared with Ti-6Al-4V, widely used with the E-PBF process but significantly different from copper on e.g. thermal conductivity or density aspects.

Atomic and electron structures

Copper is a chemical element with atomic number 29 and an atomic weight of 63.546 u. It is part of the 1B subgroup in the periodic table with silver and gold. Its atomic structure consists of 29 protons, 34-36 neutrons and surrounded by 29 electrons. The electronic structure is Ar3d 1 04s 1 . The high electrical conductivity and the reddish color is explained by the single outer shell 4s electron. The two states of ionization are Cu + (cuprous) and Cu 2+ (cupric).

Crystal structure

Copper has a face-centered cubic (FCC) structure at all temperatures below the melting point, see figure 2.2, with a lattice parameter of 0.36 nm. It belongs to the Fm3m space group. The copper lattice exhibits 12 possible slip systems <111> and <110>.

Electrical property

Copper is well known for its very high electrical conductivity. Among metals, only silver has a higher conductivity. In 1913, the International Electrotechnical Commission (IEC) had decided to choose as standard the annealed copper electrical conductivity at 20°C. 100 % IACS (International Annealed Copper Standard) is equivalent to a resistivity of 1.724 µΩ.cm or a conductivity of 58 MS/m [START_REF] Delomel | Conducteurs métalliques -Présentation générale. Techniques de l'ingénieur[END_REF].

Thermal properties

The melting point of copper is at 1084.88°C and the boiling point at 2567°C cient of linear thermal expansion is 16.5 µm/m.K at 20°C [START_REF] Davis | Copper and Copper Alloys[END_REF]. Copper is also a very efficient thermal conductor, it can extract or release quickly a great amount of heat. The thermal conductivity of pure copper at 20°C is 398 W/m.K. This high thermal conductivity could lead to process issues. For instance, for the welding processes, a pre-heating stage and an important energy input are required to balance the high conductivity.

Magnetic properties

The magnetic permeability µ, i.e. the ability of a material to support the formation of a magnetic field within itself, of copper is significantly low. The relative permeability, i.e. the ratio of the permeability of a specific medium to the permeability of free space µ 0 , is equal to 1 for copper. As a consequence, copper can be used for electrical motors because a low permeability limits energy losses in magnetic field [Copper Alliance, 2017[START_REF] Davis | Copper and Copper Alloys[END_REF].

Chemical properties

Copper and its alloys exhibit good corrosion resistance thanks to passivation. An oxide film is created from spontaneous oxidation in the air and protects the material from any further corrosion attacks. Some alloying elements can improve the resistance in an aqueous environment and extent it to a seawater environment. For example, pipes are made in bronze or brass. Another reason for this choice for channeling is the antimicrobial property which decontaminates pipes [Copper Alliance, 2017].

Introduction

Optical properties

Among the metallic elements, only copper, gold, and cesium have a natural color different from silver grey. The energy of a photon of blue or violet light is sufficient for an electron in the d-layer to absorb it and make a transition to the s-layer, which is only half occupied (Ar3d 1 04s 1 ). Thus, the light reflected from copper does not have blue or violet wavelengths and it appears reddish [START_REF] Razeghi | Fundamentals of solid state engineering[END_REF]. Color from reddish-pink to golden yellow or silverywhite can be obtained with copper alloys. For this reason, copper is used for decorative structures in automotive or in jewelry.

The reflectance of copper for wavelength of 1064 nm is about 99% which is a problem for process using laser (with this wavelength) [START_REF] Davis | Copper and Copper Alloys[END_REF]. The energy input brought by a laser source is mainly reflected and not absorbed by the material, which leads to high energy loss [START_REF] Davis | Copper and Copper Alloys[END_REF].

Mechanical properties

Copper is a soft metal with high ductility. Thus, shaping is easy with pure copper. For instance, rolling of sheet or extrusion of thin wire is easily done with copper. Regarding machining, pure copper is not a good choice because chips are continuous and ductile which damages the tools [START_REF] Arnaud | Propriétés du cuivre et de ses alliages[END_REF]. However, machinable copper alloys are obtained with lead addition [START_REF] Euralliage | Alliages de Cuivre[END_REF].

Properties of pure copper can be modified with alloying elements, copper alloys are briefly described in the next section.

Copper and its alloys

There are three main classes of pure copper as shown in Table 2.2 : Cu-ETP (Electrolytic Tough Pitch), Cu-DHP (High Residual Phosphorus) and Cu-OF (Oxygen Free). Chemical compositions of pure coppers are given in Appendix A. Cu-ETP is a very good electrical conductor. His weldability is limited because of its high sensitivity at high temperatures (above 400°C) to reductive atmosphere. This sensitivity caused by hydrogen embrittlement will be detailed in the next section, in paragraph 2.2.1.2. Cu-DHP is suitable for welding but its electrical conductivity is lower than ETP, because of the influence of Phosphorous, see paragraph 2.2.1.2. Cu-OF combines the advantages of the two previous classes: high electrical conductivity and good weldability.

To enhance mechanical properties or improve machining ability while preserving physical properties, copper alloys have been developed [Centre d'information du cuivre, 1992[START_REF] Arnaud | Propriétés du cuivre et de ses alliages[END_REF]. The main copper alloy families and their main properties are briefly described below. -Bronzes (Copper + Tin): Used for musical instruments or cast metal sculptures (e.g. "The Thinker" by Auguste Rodin [START_REF] Rodin | Le penseur, auguste rodin (1840 -1917[END_REF]) because of their high resistance to corrosion and friction, and good ability to molding.

-Copper-Nickel alloys (Copper + Nickel): Excellent alloys for cryogenic applications thanks to their good ductility and thermal conductivity at very low temperatures. They are also known for their high strength and toughness thanks to alloying elements via solid solution or precipitation hardening (Al, Ti, Mn, ...) [START_REF] Marenych | Strengthening mechanisms in nickel-copper alloys: A review[END_REF].

-Maillechorts (Copper + Nickel + Zinc): Its silver color and good resistance to tarnishing make this alloy an adequate choice for decorative use. It is also used for 2.2. Properties of copper and its alloys conductive spring thanks to its excellent elastic properties.

The objective of this PhD thesis is to build pure copper components by E-PBF with properties in line with Schneider Electric specifications (high electrical and thermal properties). Thus, in the next sections, the main properties of copper and copper alloys are summarized with a specific emphasis on pure copper.

Properties of copper and its alloys

To understand how the copper parts can be optimized by E-PBF process, the mechanisms governing electrical, thermal, and mechanical properties are presented in the next sections.

Electrical conductivity

Electrical conductivity represents the ability of electric current, i.e. a flow of electric charge, to pass through the material. Its inverse property is the electrical resistivity. In metal conductors, the charge carriers are conduction electrons, i.e. mobile electrons. As described in the introduction, the last shell of the electron structure of copper exhibits a single electron. This electron is easily given up to participate in the conduction of electricity.

The electrical conductivity depends on the temperature and it is usually given at 20 • C. If the temperature rises, the lattice vibration increases. The flow of electrons is then more disrupted and the electrical conductivity is reduced.

Defects such as vacancies and interstitial or substitutional atoms (0D defects), dislocations (1D defects), and grain boundaries (2D defects) have an impact on the electrical conductivity [START_REF] Delomel | Conducteurs métalliques -Présentation générale. Techniques de l'ingénieur[END_REF]. Those defects alter the periodic arrangement of atoms within the crystal structure which also disturbs the flow of electrons. They are described in the next paragraphs, and a value of the resistivity associated with each defect is given. Note that this value can slightly vary according to publications, and depending on the method.

Effect of vacancy

A vacancy is a point defect, it corresponds to a missing atom in the lattice. The calculated resistivity associated with one atomic percent of vacancies is 1.5 µΩ.cm for copper [START_REF] Overhauser | Resistivity of Interstitial Atoms and Vacancies in Copper[END_REF]. The density of vacancies varies with the thermal and the mechanical histories. For instance, during heat treatment, the number of vacancies increases. Then, if the material is subjected to a quench, which prevents diffusion mechanism, extra vacancies can be trapped. Around the vacancies, the lattice is distorted, which results in scattering the conduction electrons and at large scale decreasing the electrical conductivity.

Generally speaking, an annealing treatment allows diffusion and therefore can reduce the number of lattice defects like vacancies, dislocations, interstitial atoms, grain boundaries and consequently lead to an enhancement of the electrical conductivity.

Effect of composition

Chemical element that can be wished (alloying elements) or not (impurities) can also be considered as point defects in the lattice. Their impact on the electrical conductivity of pure copper depends on the element and its content. Figure 2.3 shows the influence of impurities on the Cu-OF's electrical conductivity. On one hand, for soluble elements in copper, atoms that are in solid solution disturb the crystal lattice and modify the electrical field. For instance, the soluble elements Fe, P, and Si are very harmful to the copper conductivity. Mostly, this detrimental effect is proportional to the difference in atomic size with copper. The greater the difference of atomic size or the higher the element concentration, the lower the electrical conductivity. On the other hand, the non-soluble elements in copper, such as Pb or Bi, precipitate as second phase particles that minimize their effect on the electrical conductivity. For this reason, those elements are often chosen to improve mechanical properties without substantially decreasing their electrical conductivity [START_REF] Chapman | High conductivity Copper for Electrical Engineering[END_REF][START_REF] Delomel | Conducteurs métalliques -Présentation générale. Techniques de l'ingénieur[END_REF].

Focus on the effect of oxygen

Oxygen is a soluble element in copper, so it highly contributes to reducing the conductivity of pure copper. However, oxygen can also have a positive impact on the electrical conductivity by oxidizing other elements effects like Fe, Sn, or P, see in Figure 2.4. Those elements are oxidized in the presence of oxygen leading to the formation of oxides that are non-soluble in copper solid solution and therefore less detrimental to the electrical conductivity.

Care must be taken, however, not to introduce too much oxygen. Indeed, if oxygen is left in solid solution after the formation of oxides, it will negatively affect the electrical conductivity.

Another reason to keep the oxygen content low is to avoid hydrogen embrittlement. H-embrittlement occurs for even low level of oxygen (e.g. Cu-ETP with 0.04% O), combined with a high temperature and a reductive atmosphere. Indeed, hydrogen has a high solubility in liquid copper. The hydrogen could react with cuprous oxide, Cu 2 O inclusions, and form steam as indicated by equation (2.1). In this case, insoluble gas pockets are formed and lead to porosity. The mechanical strength of the part is thus drastically Figure 2.3: Electrical conductivity versus concentration of impurity for Cu-OF [START_REF] Chapman | High conductivity Copper for Electrical Engineering[END_REF] Figure 2.4: Electrical conductivity versus concentration of impurity for Cu-ETP (higher oxygen content than Cu-OF, 0.04%) [START_REF] Chapman | High conductivity Copper for Electrical Engineering[END_REF]. CHAPTER 2. PURE COPPER: PROPERTIES AND PROCESSING BY ADDITIVE MANUFACTURING decreased [START_REF] Davis | Copper and Copper Alloys[END_REF].

2H + Cu 2 O ←→ 2Cu + H 2 O
(2.1)

Effect of dislocations

A dislocation is a linear defect (1D) in a crystal structure and is often described as an extra half-plane of atoms in the lattice. The specific resistivity of a dislocation in copper single crystal is 1.0 10 -13 µΩ.cm 3 [START_REF] Basinski | Resistivity of Deformed Crystals[END_REF]. The specific resistivity value was found to be independent of the dislocation density [START_REF] Rider | An experimental determination of the electrical resistivity of dislocations in copper[END_REF]. However, the increase of dislocation density decreases the macroscopic material conductivity.

For instance, dislocation density increases with the plastic deformation because of the work-hardening. Thus, pure copper can lose up to 3 % of electrical conductivity after cold working [Centre d'information du cuivre, 1992]. On the contrary, an annealing treatment leads to an increase of the electrical conductivity by reducing the dislocation density [START_REF] Delomel | Conducteurs métalliques -Présentation générale. Techniques de l'ingénieur[END_REF].

Effect of grain boundaries

Grain boundary, which is the interface between two grains, is a 2D defect in the crystal structure. The influence of grain boundaries on the electrical conductivity is proportional to the grain boundary area per unit volume in high purity copper.

The specific grain boundary resistivity has been calculated, at 4.2 °K, as (3.12 ± 0.09) 10 -6 µΩ.cm 2 . The resistivity of twin boundaries is estimated to be smaller than a grain boundary, approximately a tenth of the value [START_REF] Andrews | The effect of grain boundaries on the electrical resistivity of polycrystalline copper and aluminium[END_REF]. Note that a twin boundary is "a grain boundary whose lattice structures are mirror images of each other in the plane of the boundary" [START_REF] Parker | McGraw-Hill dictionary of scientific and technical terms[END_REF].

The density of grain boundaries can be directly linked to the grain size. If the grain size is large, the grain boundary density is low. Figure 2.5 shows the evolution of the electrical conductivity versus the grain size for Cu-OF. Interestingly, only sub-micron grains have an impact on electrical properties according to Takata et al. [START_REF] Takata | Ultrafine grained copper alloy sheets having both high strength and high electric conductivity[END_REF]. For instance, for a grain size of 0.015 µm, the electrical conductivity drops below 20 %IACS. Note that for a grain size between 1 and 10 µm, there is no effect on the electrical conductivity.

Thermal conductivity

In metallic materials, heat transport is carried out by the electrons and the phonons, see equation (2.2) that reveal both contributions to the overall thermal conductivity: 2.2. Properties of copper and its alloys 

λ = λ e -+ λ phonon (2.2)
with λ total the thermal conductivity, λ e -the contribution of electrons and λ phonon the contribution of phonons.

The Wiedemann-Franz law links λ the thermal conductivity and ρ the electrical resistivity see equation (2.3):

λρ = L.T (2.3)
with L = 2.4410 -8 W.Ω.K -2 , the Lorentz number, and T , the temperature. This law is effective at very low temperature and at temperature T > T Cu Debye = 315K. If electrical resistivity increases, the thermal conductivity decreases for a constant temperature. Therefore, thermal conductivity is mainly dependent on the same factors as electronic conductivity.

The effect of lattice defects described in the previous sections for electrical conductivity stands for the thermal conductivity as well. If copper is optimized for electrical conductivity, it implies that it is also optimized for thermal conductivity [START_REF] Delomel | Conducteurs métalliques -Présentation générale. Techniques de l'ingénieur[END_REF].

Mechanical properties

Copper is a soft and ductile metal. The mechanical properties of annealed and hardened Cu-ETP are shown in Table 2.3. First, the strengthening mechanisms for copper to improve the mechanical properties are highlighted. Then, the work-hardening, the Hall Petch law, and the impact of strengthening on the electrical conductivity are detailed. Plastic deformation is governed at room temperature by dislocation (generation, motion, and storage). If their motion is limited, it becomes harder to plastically deform the material. The goal of strengthening methods is to introduce obstacles to dislocation motion. For wrought copper alloys, the mechanisms to improve their strength are briefly summarized below [START_REF] Davis | Copper and Copper Alloys[END_REF]:

• Solid-solution hardening with zinc, nickel, manganese, aluminum, tin, and silicon. It consists of adding to copper alloying elements under the limit of solubility. Those elements are in solid solution and they hinder the dislocation motion.

• Work hardening. It consists of plastically deforming the materials to increase the dislocation density. Dislocations are obstacles to themselves (forest-hardening).

• Dispersion strengthening. It is based on the incoherence of particles inside the matrix. The incoherent particles are obstacles to dislocation and can not be sheared by them. Dislocations can only pass through the particles by climb which requires more energy. For instance, oxides are incoherent particles and can be used for dispersion strengthening.

• Precipitation hardening. It is the most efficient method to achieve a good compromise between mechanical and electrical properties. Alloying elements are added to copper. Thanks to an aging heat treatment, the elements are removed from the supersatured solid solution and intermetallic precipitates nucleate and grow. These intermetallic compounds are obstacles for dislocation increasing the strength. At the same time, the electrical conductivity also increases because precipitates induce fewer lattice distortions than soluble elements.

• Spinodal hardening. Spinodal hardening involves a spinodal decomposition with quenching and heat treatment. A decomposition of a mixture in two components without nucleation and growth mechanisms but with regular variation of the composition is called spinodal decomposition. The resultant microstructure is particularly fine and induces the improvement of the mechanical properties.

Most of these mechanisms required alloying element, thus it does not concern pure copper. Only two mechanisms remain: work hardening and grain boundary hardening. The next sections focus on these two mechanisms.

Work-hardening

Work hardening, also called strain hardening, is based on the interactions of dislocations with themselves to increase the strength of a material. The density of dislocations depends on the manufacturing process of the part and the post-treatment. For the E-PBF process, the parts are maintained at relatively high temperature with the preheating stage, consequently, the dislocation density is low and close to the density in annealed parts (dislocation density of an annealed copper 10 12 m -2 ). To increase this density, and so improve the material strength, a post-processing step is necessary. The thermo-mechanical processes, such as rolling or extrusion, are excluded because the manufactured parts are close to the final shape (near-net-shape process).

Work-hardening is not a suitable strengthening mechanism for pure copper processed by E-PBF.

Grain boundary hardening -Hall Petch Law

A grain boundary is an obstacle to dislocation motion. Decreasing the grain size, equivalent to increasing the grain boundary density, will rise the material strength. The Hall-Petch law describes this grain boundary strengthening of a polycrystalline metal by linking the yield strength σ y to the average grain size d, see equation (2.4). σ 0 and k 1 are constants, specific to each material and they are respectively the friction stress and the strengthening coefficient. The friction stress takes into account the solutes and particles' strength contributions but not the ones from dislocations. For pure copper, Hansen reported the following values: k 1 = 0.16 MPa.m 0.5 and σ 0 = 20M P a [START_REF] Hansen | Hall-petch relation and boundary strengthening[END_REF]. According to Hansen, this equation is valid for grain size between 10 and 150 µm, and between 8 and 39 µm for Miura et al.

σ y = σ 0 + k 1 . 1 √ d (2.4)
Miura et al. aslo reported values for k 1 and σ 0 [START_REF] Miura | Hall-Petch Relation and Twin Boundaries in Pure Copper and Cu-Al Alloys[END_REF]. If the twin boundaries are including k 1 = 0.12 MPa.m 0.5 and σ 0 = 4.8M P a, and if they are excluding k 1 = 0.13 MPa.m 0.5 and σ 0 = 7.9M P a. and σ 0 = 20 MPa ) [START_REF] Hansen | Hall-petch relation and boundary strengthening[END_REF] and Miura et al. (k = 0.13 MPa.m 0.5 and σ 0 = 7.9 MPa) [START_REF] Miura | Hall-Petch Relation and Twin Boundaries in Pure Copper and Cu-Al Alloys[END_REF].

The Hall-Petch law is plotted for both reported values in Figure2.6. A significant impact of the grain boundary strengthening is observed for grain size below 10µm.

Impact of strengthening mechanisms on electrical conductivity

As explained in 2.2.1, crystal defects like grain boundaries, second-phase particles, reinforcing phases, or dislocations are used as obstacles to dislocation motion but also as scattering centers for conduction electrons in metals. Usually, strengthening a conductive metal, which is very soft (typically Au, Ag, and Cu), causes a decrease in its electrical conductivity. When the electrical conductivity and mechanical resistance are desired for conducting materials a trade-off must be made. Figure 2.7 shows the evolution of the electrical conductivity as a function of the ultimate tensile strength. For instance, the solid-solution hardening mechanism is plotted with a continuous line. A 15 % Zn addition improves by roughly 135% the ultimate tensile strength, however, an electrical conductivity drop of 65% is observed. The chromium copper, 1 % Cr, strengthened by precipitation hardening, could be a good compromise with an 80 % IACS electrical conductivity and an ultimate tensile strength at 350 MPa. Thus, Figure 2.7 confirms that precipitation hardening is more suitable than solid-solution hardening to increase the ultimate tensile strength without a significant decrease in electrical conductivity.

A new lead concerns ultra-fined-grained copper. Takata et al. reported the evolution of the yield strength versus the grain size for submicron grains of Cu-OF, see in Figure 2.8 (a) [START_REF] Takata | Ultrafine grained copper alloy sheets having both high strength and high electric conductivity[END_REF]. In comparison with Figure 2.5, the grain size dependencies Figure 2.7: Electrical conductivity as a function of tensile strength for several annealed copper alloys strip [START_REF] Davis | Copper and Copper Alloys[END_REF] with different strengthening mechanisms of electrical conductivity and yield strength are significantly different. This difference enables the Cu-OF to have high strength without lowering the electrical conductivity, by grain refinement down to 200 nm. This ultrafine-grained copper is obtained by a specific process called Accumulative Roll Bonding (ARB), it is a severe plastic deformation process using rolling deformation.

Another solution might is reported by Lu et al. involving numerous coherent twin boundaries, "nano-scale twins" [START_REF] Lu | Ultrahigh strength and high electrical conductivity in copper[END_REF]. A pulsed electrodeposition technique is used to produced high-purity Cu samples with nano-scale twins. Twins act as obstacles for dislocation motion and have a lower electrical resistivity than grain boundary by an order of magnitude. Nano-twin Cu exhibits an electrical conductivity of 97 % IACS and reaches 1 GPa of ultimate tensile strength with a 14 % elongation, see in Figure 2.8 (b).

Weldability

Weldability, or joinability, is the ability of a material to be welded while maintaining good mechanical properties of the weld. The weld has to (i) be defect-free and free-deformation, (ii) exhibit a suitable geometry, and (iii) limited residual stresses.

Copper and its alloy have a relatively good weldability [START_REF] Society | Welding copper and copper alloys[END_REF]. Electron beam welding (EBW) is a welding process that uses the same energy source as E-PBF. Some issues studied in electron beam welding could apply in E-PBF.

Among high purity copper, only ETP copper is not recommended for electron beam welding. Indeed, the melting pool during EBW is unstable which causes spatter and Figure 2.8: (a) Yield strength versus grain size for Cu-OF [START_REF] Takata | Ultrafine grained copper alloy sheets having both high strength and high electric conductivity[END_REF]. (b) Tensile stress-strain response for nano-twin Cu, coarse-grained Cu and nanocrystalline Cu samples [START_REF] Lu | Ultrahigh strength and high electrical conductivity in copper[END_REF] uneven weld surface. The impurities, particularly oxygen, cause this instability and dissolved gases interact with the metal in the melt pool. It has been noticed that EBW and arc welding of copper are influenced by the same factors, arc welding factor are exposed in the next paragraphs [START_REF] Davis | Copper and Copper Alloys[END_REF].

Effect of oxygen

Oxygen in copper as free gas or cuprous oxide, Cu 2 O, can induce porosity in weld and decrease its mechanical properties. Oxides can be found as discrete particles inside the grains or as semi-continuous film at the grain boundaries.

Porosity comes from hydrogen embrittlement, see section 2.2.1.2 and equation (2.1). Hydrogen reduces oxides at grain boundaries to form steam pockets. Those pockets or porosity embrittle the metal and can lead to cracks if there is a mechanical driving force, such as thermal stresses.

To avoid embrittlement by intergranular precipitation because of oxides, the molten metal needs protection with for instance inactive gas or vacuum, which is the case for EBW.

Effect of thermal properties

Because of the high thermal conductivity of copper and high thermal expansion, high energy input and preheating are often necessary for welding to compensate for the rapid heat dissipation. Thanks to the preheating stage, the thermal gradient, and residual stresses are reduced.

Effect of Reflectivity

Copper has a high reflectivity for 10.6 µm wavelength of the CO 2 laser commonly used

Oxidation of Copper

for laser beam welding (LBW) [START_REF] Yao | Interface microstructure and mechanical properties of laser welding copper-steel dissimilar joint[END_REF], but also at 1064 nm wavelength (laser commonly used for L-PBF). Roughly 99 % of the incident energy is reflected by the copper substrate which limits the applications of LBW for copper. Because of this optical property, copper is even used as a mirror in CO 2 laser delivery system [START_REF] Davis | Copper and Copper Alloys[END_REF].

Porosity

The low boiling point of some alloying elements like zinc, cadmium, and phosphorous might be reached during welding. This can lead to element vaporization and causes the formation of pores [START_REF] Davis | Copper and Copper Alloys[END_REF].

Cracking sensitivity

In some materials, cracks are formed during welding because of metallurgical effects, like micro-segregation, and thermal stresses due to the processing conditions. There are two types of cracking mechanisms: [START_REF] Lippold | Welding Metallurgy and Weldability[END_REF] • Solid-state cracking: refers to cracks happening in the heat-affected zone (HAZ) or reheated weld metal in solid-state. Pure copper is usually not impacted by those mechanisms [START_REF] Lippold | Welding Metallurgy and Weldability[END_REF] • Hot cracking: refers to cracks happening in the presence of a liquid film during the welding (solidification cracking or liquation cracking). Copper alloys with wide liquidus-to-solidus ranges are susceptible to hot-cracking like copper-tin and coppernickel alloys [START_REF] Davis | Copper and Copper Alloys[END_REF]. It is induced by critical shrinkage stress which provokes interdendritic separation during solidification. With a narrow liquidus-to-solidus range (e.g. 1065 -1083°C for Cu-ETP with 0.04% O), high purity copper should not be impacted by hot cracking in the welding process.

Oxidation of Copper

In air and standard condition of temperature and pressure, a thin oxide film of Cu 

2Cu 2 O + O 2 4CuO (2.6)
Figure 2.9: Ellingham diagram [START_REF] Balart | Grain refinement of deoxidized copper[END_REF] Hydrogen can reduce both oxides with a sequential mechanism of cuprite reduction see equation (2.7) and (2.8)

2CuO s + H 2(g) ←→ Cu 2 O (s) + H 2 O (g) (2.7) Cu 2 O s + H 2(g) ←→ 3Cu (s) + H 2 O (g) (2.8)
The direct mechanism of cuprite reduction is presented in equation (2.9).

CuO + H 2 ←→ Cu + H2O (2.9)

Deoxidation of copper

Copper and copper alloys are very sensitive to oxidation, especially during melting. Oxygen can deteriorate the conductivity and the mechanical properties (hydrogen embrittlement), see section 2.2.1.2. The use of deoxidizers can be useful to limit the oxygen content. Lithium, sodium, beryllium, magnesium, boron, aluminum, carbon, silicon, and phosphorus have an affinity for oxygen in molten copper. Thus, they can be used as copper deoxidizers. Phosphorus is the most common addition element employed to deoxidize copper because of its low cost. However, phosphorus as a deoxidizer for high purity copper is not recommended. Indeed, phosphorus greatly decreases electrical conductivity, see section 2.2.1.2. In that case, boron and lithium are more suitable because of their smaller impact on electrical conductivity. The deoxidizing reaction with phosphorus is given by equation (2.10) [START_REF] Davis | Copper and Copper Alloys[END_REF].

2P + 4Cu + 7O → 2Cu 2 O.P 2 O 5 (2.10)
Another solution to prevent oxidation is to use organic substances, like benzoic acid (C 6 H 6 O 2 ), as a corrosion inhibitor. It is mainly used in powder metallurgy processes. Powder particles have a large surface area exposed to oxygen and moisture, during production and storage, which can lead to oxidation and corrosion. Effective protection is guaranteed by the formation of a film on the copper surface which is hydrophobic, see e.g. [START_REF] Pavlović | The effect of benzoic acid on the corrosion and stabilisation of electrodeposited copper powder[END_REF].

Heat treatment of copper

Heat treatments are sometimes required to achieve a given set of properties. They can influence mechanical properties but also physical and chemical properties by altering the microstructures. For high purity copper, two heat treatments could be interesting: annealing and stress relieving treatments. A thermo-mechanical treatment, Hot Isostatic Pressing (HIP), is also suitable for pure copper to decrease the porosity level. These three treatments are briefly presented in the next paragraphs.

Annealing

Annealing is a softening treatment where samples are maintained at relatively high temperature, typically over 400°C, for a given time. An example of the hardness evolution as a function of the annealing temperature is shown in Figure 2.10 (a). One can distinguish three steps in this Figure . The first is associated with recovery which slightly decreases the hardness. Thanks to the temperature rise, dislocations become mobile. Partial annihilation and rearrangement of them take place in the crystal structure to reduce the stored energy. The next step is the recrystallization, which is highlighted by a sharp drop of hardness. The nucleation and growth of new grains will occur along grain boundaries or in slip plane. A minimum of cold working is needed to induce recrystallization in those regions. Once the dislocation density is drastically reduced, grain growth occurs combined with a slow decrease of the hardness. Many parameters could impact the recrystallization Effect of the amount of the initial deformation on the annealing response [START_REF] Davis | Copper and Copper Alloys[END_REF] temperature like the heat treatment duration or the amount of initial cold-working, see an example in Figure 2.10 (b). The recrystallization occurs at lower temperature when increasing the initial density of stored energy by dislocations.

For Cu ETP, the annealing temperature range is typically 250 -650 °C depending on the initial work-hardening rate [START_REF] Davis | Copper and Copper Alloys[END_REF].

Stress reliefs

The objective of a stress-relieving heat treatment is to reduce or remove residual stresses induced during the various processing steps of a part. Those residual stresses can stimulate crack initiation and propagation. A temperature below the recrystallization range is enough to eliminate residual stresses without significant softening of the metal [START_REF] Reverchon | Traitements thermiques du cuivre et de ses alliages[END_REF]. For high purity copper, the temperature for such a treatment is around 180 °C for approximately one hour.

Hot Isostatic Pressing (HIP)

HIP is a common thermo-mechanical treatment used as post-treatment for E-PBF specimens to decrease porosity, see Section 1.4.2. For copper and its alloys, the recommended hipping temperature is between 800 and 950 • C with a hipping pressure of 100 MPa [START_REF] Atkinson | Fundamental aspects of hot isostatic pressing: An overview[END_REF]. Other HIP parameters are applied to copper parts made by binder jetting. Higher pressure is chosen to ensure a better pore closure. To limit grains growth promoted by high temperatures, time is reduced and a rapid cooling is applied. Some authors reported a successful increase of the density from 92 % to 99.7 % while preserving the mechanical properties [START_REF] Kumar | Effects of Hot Isostatic Pressing on Copper Parts Fabricated via Binder Jetting[END_REF].

Sintering of copper

Sintering of copper

This section focuses on the sintering of copper. The first step of sintering occurs during the pre-heating step of E-PBF process, see section 1.3.2. The pre-heating step aims at promoting the formation of necks between powder particles but without activating densification mechanisms.

Sintering principle

Sintering consists of metallurgically bonding powder particles to each other. In this study, only solid-phase sintering is explained. Solid-phase sintering consists of the consolidation and often the densification of a powder to form a part by applying heat without melting it.

The main driving force is the reduction of the surface energy which depends on the particle size. Several diffusion mechanisms play a role during powder sintering. Diffusion is caused by a gradient of chemical potential due to a difference in curvature between grain and neck surfaces. The various diffusion mechanisms are detailed below and illustrated in Figure 2.11:

• Non densifying mechanisms: distance between two particles remains the same.

-Surface diffusion (1) -Volume diffusion from the surface (2)

-Vapor phase diffusion (3)

• Densifying mechanisms: center of particles get closer and this involves a shrinkage.

-Grain boundary diffusion (4) -Volume diffusion from grain boundary (5) -Volume diffusion from grain volume [START_REF]7 Controlling the grain boundary morphology[END_REF] Solid-state sintering is usually described into three steps, see illustration in Figure 2.12. There are listed below :

• Formation of neck between particles: A slight densification may happen. Porosity is open and interconnected.

• Densification step: Diffusion from volume and grain boundary to pore become predominant, it might be combined with grain growth. Most pores become closed.

• Final stage: Closure of isolated pores. The relative density is close to 100 %. 

D = D 0 .e -Q R.T (2.11)
with D is the associated diffusion coefficient, D 0 is the jump frequency which is a material constant, Q is the activation energy depending on the type of diffusion considered (volume, surface or grain boundary), R is the gas constant and T the temperature. All the physical parameters and constants used for sintering equations are listed in Table 2.4 along with their notation and unit.

Case of copper

This section focuses on copper sintering and its parameters and specific features to understand the mechanisms at stake during the preheating stage of the E-PBF process. Figure 2.13 shows the evolution of the expansion of a copper powder sample during sintering, the specimen undergoes dimensional change. First, an expansion of the volume happens, followed by a shrinkage, indicating densification.

Expansion

The volume increase observed at the beginning of the sintering cycle is caused by the thermal expansion, see equation (2.5.2):

∆L = α.L.∆T (2.12)
with α the coefficient of linear thermal expansion, it is equal to 16,5 µm/m.K at 20°C for copper [START_REF] Davis | Copper and Copper Alloys[END_REF]. • the sintering temperature,

• the sintering time,

• the powder particle size,

• the green density of the compact (depends on the compacting pressure).

In a standard Arcam E-PBF process, the powder is not compacted. Thus, only the influence of the first three parameters are detailed.

For copper, the sintering temperature is usually chosen between 840 and 900 • C with a sintering time between 12 and 45 min [START_REF] Davis | Copper and Copper Alloys[END_REF]. To illustrate the influence of the three parameters previously listed, two plots are displayed in Figure 2.14. Figure 2.14 (a) shows that the rise of sintering temperature leads to an increase of the shrinkage and its rate. The temperature has more impact on sintering than time. The influence of the particle size distribution is illustrated in Figure 2.14 (b). The kinetic sintering of the fine powder particle is quicker than the coarse powder particles after 30 minutes and reach a higher final density, because of the higher surface energy of small particles.

Regarding the atmosphere of sintering, in E-PBF process, pre-sintering during the preheating step takes place under vacuum. The vacuum atmosphere does not influence [START_REF] Davis | Copper and Copper Alloys[END_REF] the diffusion kinetics but it can help to produce high final density after sintering that is usually limited by gas in the last pores [START_REF] German | Powder Metallurgy Science. Metal Powder Industries Federation[END_REF].

Neck growth

Figure 2.15: Two sphere model with D the particle diameter and X the neck diameter [START_REF] Burke | Recrystallization and Sintering in Ceramics[END_REF] A general kinetics equation of neck growth is obtained based on a two-sphere geometric model, an illustration of this model is presented in Figure 2.15, see equation 2.13 [START_REF] German | Powder Metallurgy Science. Metal Powder Industries Federation[END_REF]:

X D n = B.t D m (2.13)
with X/D is the neck ratio, X being the diameter of the neck, D the diameter of particle and B a term depending on the temperature, and the geometric and the materials variables. The value of those various parameters for the three main sintering mechanisms Table 2.5: Value of diffusion factor for copper [START_REF] German | Powder Metallurgy Science. Metal Powder Industries Federation[END_REF] Figure 2.16: Sintering mechanisms for pure copper spherical powder [START_REF] Ashby | A first report on sintering diagrams[END_REF] for copper is given in Table 2.5.

With this model, Ashby et al. established a sintering map for spherical powder of copper [START_REF] Ashby | A first report on sintering diagrams[END_REF]. This diagram for 88 µm copper sphere is shown in Figure 2.16. According to this study, three mechanisms can be involved during sintering of pure copper: two densifying mechanisms, namely grain boundary diffusion ( 4) and volume diffusion from grain volume (5), and a non-densifying mechanism, namely surface diffusion (1). This model allows the calculation of neck size with given sintering temperature and time. Figure 2.17 presents the ultimate tensile strength versus the electrical conductivity of copper and copper alloys processed by AM. In this section, an overview of the investigations reporting results on the processing and properties of copper fabricated by powder bed fusion is given.

Additive manufacturing of copper by powder bed fusion

Additive manufacturing of copper by powder bed fusion

Copper by L-PBF

Pure copper

Processing pure copper by L-PBF is challenging due to the very high reflectivity of copper with laser (λ = 1064 nm). Indeed absorptance of pure copper powder is about 0.26 [START_REF] Tolochko | Absorptance of powder materials suitable for laser sintering[END_REF]. The second challenge is due to the high thermal conductivity of copper which induces high thermal stresses in the built parts. Several strategies have been applied to overcome these limitations and to successfully process pure copper with this technology. The first strategy is to use a CO 2 laser source and to find solution to melt the copper powder such as using a fine laser beam [START_REF] Lykov | Selective Laser Melting of Copper[END_REF], an ultrashort laser pulses [START_REF] Kaden | Selective laser melting of copper using ultrashort laser pulses[END_REF], an high power fiber laser (>800W) [START_REF] Ikeshoji | Selective Laser Melting of Pure Copper[END_REF][START_REF] Colopi | Selective laser melting of pure Cu with a 1 kW single mode fiber laser[END_REF], or using a specific scanning strategy [START_REF] Colopi | Limits and solutions in processing pure Cu via selective laser melting using a high-power single-mode fiber laser[END_REF].

• Lykov et al. use a 200 W CO 2 laser source with a fine laser beam diameter, 35 µm, to maximize the power density. A 88 % relative density is reached with a relatively good surface finish [START_REF] Lykov | Selective Laser Melting of Copper[END_REF].

• Kaden et al. have demonstrated the interest in ultrashort laser pulses at 20 MHz repetitions rates and a center wavelength of 1030 nm to build copper thin-wall structures. The parts were porous, no quantitative data is given, however, an assumption is made that by using finer powder particles, the final relative density of parts could be improved [START_REF] Kaden | Selective laser melting of copper using ultrashort laser pulses[END_REF].

• Another strategy to deal with the reflectivity issue is the use of high-power laser, like 1 kW single-mode fiber laser. A 96.6 % density has been reached for copper components build with L-PBF with an 800W laser power [START_REF] Ikeshoji | Selective Laser Melting of Pure Copper[END_REF]. Colopi et al. reported similar results with a 97.8 % relative density obtained in the range of power between 600 and 1000W [START_REF] Colopi | Selective laser melting of pure Cu with a 1 kW single mode fiber laser[END_REF]. In a recent publication, they use a multi-pass strategy and they have demonstrated an improvement of the apparent density of the pure copper sample by reaching 99.1 % [START_REF] Colopi | Limits and solutions in processing pure Cu via selective laser melting using a high-power single-mode fiber laser[END_REF]. h exposition to laser back reflection on bulk copper substrate [Jadhav et al., 2019b] • With also a high power fiber laser, Jadhav et al. studied the influence of the process parameters on the texture evolution [Jadhav et al., 2019b]. A four-point measurement technique was used to measure the volume electrical conductivity. Copper specimens with a 98 % relative density, see an illustration in Figure 2.18 (a), and an electrical conductivity of 88 %IACS were obtained. The crystallographic texture of these samples shows a relatively random crystal orientation in the bulk, except at the top surface. This was accounted for the re-melting induced by processing the next layer which does not occur for the top layer. Note that, as a result of the high reflectivity of copper, the dielectric coating on the optical mirror was damaged by the high laser back reflection on the bulk copper substrate, see an image in Figure 2.18 (b) [Jadhav et al., 2019b].

Another strategy consists of using a laser with a different wavelength. At λ = 450 nm, the reflectivity of blue light is less than 60 % on copper. Masuno et al. developed a high power blue diode laser with a 450 nm wavelength with a large beam diameter, 200 µm [START_REF] Masuno | Metal powder bed fusion additive manufacturing with 100W blue diode laser[END_REF]. They succeed to produce a 3D objects but no information was given about the final density. Fraunhofer ILT [START_REF] Ilt | Green Light for New 3D Printing Process -Fraunhofer ILT[END_REF] and Trumpf [START_REF] Trumpf | World premiere at Formnext: green laser from TRUMPF prints copper and gold[END_REF] are currently working on a high power green solid-stade lasers.

The last strategy reported in the literature is to use coated powder particles to increase the laser absorption of copper powder. Copper parts have been produced by L-PBF with surface-oxidized copper powder. High purity copper powder is oxidized by heat treatment. A formation of a thin oxide layer of 100 nm, composed of Cu 2 O and CuO, enables the rise of optical absorption up to 58 % with CO 2 laser. 500 W of laser power is enough to produced parts. They exhibit an 89 %IACS electrical conductivity and an ultimate tensile strength of 270 MPa thanks to a uniform distribution of nanometric copper oxide [START_REF] Jadhav | Influence of Carbon Nanoparticle Addition (and Impurities) on Selective Laser Melting of Pure Copper[END_REF] precipitates [START_REF] Jadhav | Mechanical and electrical properties of selective laser-melted parts produced from surfaceoxidized copper powder[END_REF]. Copper powder can also be coated with an addition of carbon nanoparticles reinforcing [START_REF] Jadhav | Influence of Carbon Nanoparticle Addition (and Impurities) on Selective Laser Melting of Pure Copper[END_REF]. 98 % dense parts are obtained with laser power from 725 to 900 W, see micrograph in Figure 2.19 (a). A poor electrical conductivity is measured, 39 %IACS, because of the relatively high phosphorus content in the raw powder, (P = 0.17 wt%). Moreover, cracks parallel to the build direction, propagating along the grain boundaries are observed, see in Figure 2.19 (b). Carbon acts as de-oxidizer during the build. Indeed, carbon reacts with oxygen and evaporates as CO/CO 2 gas. A lower oxygen and carbon content is thus measured in the parts in comparison with the content measured in the raw powder.

To conclude, the properties of an annealed high purity copper are not yet fully achieved with L-PBF, however many solutions are intended to bypass the strong reflection of the standard L-PBF laser by the copper.

Copper alloys

Contrary to pure copper, several copper alloys were successfully processed with L-PBF because of the low thermal conductivity compared to pure copper, see examples taken from the literature below:

• Cu-Cr [START_REF] Uchida | Microstructures and electrical and mechanical properties of Cu-Cr alloys fabricated by selective laser melting[END_REF]] [Jadhav et al., 2019a[START_REF] Zhang | Microstructure and properties of high strength and high conductivity Cu-Cr alloy components fabricated by high power selective laser melting[END_REF] • Cu-Cr-Zr [START_REF] Popovich | Microstructure and mechanical properties of additive manufactured copper alloy[END_REF][START_REF] Buchmayr | Laser Powder Bed Fusion -Materials Issues and Optimized Processing Parameters for Tool steels, AlSiMg-and CuCrZr-Alloys[END_REF] • Cu-Sn [START_REF] Scudino | Additive manufacturing of Cu-10Sn bronze[END_REF]] [Ventura et al., 2017b] • Cu-Ni-Si [Ventura et al., 2017a] • Cu-Zn [START_REF] Yang | High-strength silicon brass manufactured by selective laser melting[END_REF]] [Zhang et al., 2019a] • Shape memory alloy Cu-Al-Ni-Mn [Gargarella et al., 2015] Figure 2.20: Comparison between Cu-10Sn processed by L-PBF and casting: (a) Room temperture stress-strain curves under tensile loading. SEM images of Cu-10Sn processed by (b) L-PBF and (c) casting. The (α + δ)-eutectoid is the bright phase, the α-dendrites the dark phase [START_REF] Scudino | Additive manufacturing of Cu-10Sn bronze[END_REF] For example, Scudino et al. have fabricated highly-dense Cu-10 Sn bronze parts with L-PBF by achieving 99.7 % of relative density [START_REF] Scudino | Additive manufacturing of Cu-10Sn bronze[END_REF]. L-PBF parts are compared with casting specimens, see in Figure 2.20 (a). Additive manufactured parts show better mechanical properties than casting parts. This strengthening could be explained by the refined microstructure of the L-PBF material thanks to the high cooling rate of this process. The two microstructures are presented in Figure 2.20 (b) and (c) [START_REF] Scudino | Additive manufacturing of Cu-10Sn bronze[END_REF] . Zhang et al. reported the fabrication of a Cu-0.5Cr (wt%) alloy component with a high laser power of 2kW [START_REF] Zhang | Microstructure and properties of high strength and high conductivity Cu-Cr alloy components fabricated by high power selective laser melting[END_REF]. They achieved a 99.98 % relative density for the as-built sample. To improve the mechanical and the electrical properties, an annealing treatment was carried out (480 °C for 4 hours). Thanks to this treatment, the Cr particles had precipitated from the Cu matrix and the supersaturated solid solution of Cr in Cu matrix was decomposed. Consequently, the electrical conductivity has raised from about 38 as-built sample, to about 98 %IACS, annealed sample. They successfully reached better properties than samples fabricated with conventional process (rolling with post heat treatment). For instance, the electrical conductivity of the L-PBF component was 98.31 %IACS against 78.6 %IACS for the rolled sample.

These two examples show the ability of L-PBF process to build dense components of copper alloys, and sometimes exceeding the properties of samples built with conventional processes thanks to the achievement of new microstructures.

Copper by E-PBF

Additive manufacturing of copper has been attempted using E-PBF in several labs with different compositions from pure copper to copper alloys. The main results are presented in the next sections.

Pure copper

Contrary to L-PBF, the E-PBF technology has no problem with copper reflectivity. The other advantage of the E-PBF system is that the building is done under high vacuum conditions which help to prevent oxidation of copper powders. Three research teams have reported results on copper processed by E-PBF system and succeeded to build dense copper components:

• University of Texas El Paso (USA) [START_REF] Ramirez | Novel precipitate-microstructural architecture developed in the fabrication of solid copper components by additive manufacturing using electron beam melting[END_REF]] [Frigola et al., 2014] • North Carolina State University (USA) [Frigola et al., 2014[START_REF] Ledford | Characteristics and processing of hydrogen-treated copper powders for eb-pbf additive manufacturing[END_REF][START_REF] Horn | Rethinking AM of Copper[END_REF] • Friedrich-Alexander-Universitat (FAU in Germany) [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF], [START_REF] Raab | Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam Melting[END_REF], [START_REF] Guschlbauer | Process development of 99.95% pure copper processed via selective electron beam melting and its mechanical and physical properties[END_REF], [START_REF] Guschlbauer | Effect of the oxygen content of pure copper powder on selective electron beam melting[END_REF] The powder composition and process parameters are summarized in Table 2.6 with the density, the surface electrical conductivity, and the E-PBF system used. Note that the electrical conductivity is always measured with the Eddy current method (surface measurement).

University of Texas El Paso and North Carolina State University

Copper components were built with the automatic mode at University of Texas El Paso and North Carolina State University [Frigola et al., 2014]. A 99.99 % pure copper was used as raw material for the argon atomization. They chose to work with the cheaper powder, even if there were some issues during powder spreading due to its non-spherical shape, a micrograph is shown in Figure 2.21 (a). The first build sample had delamination problem. Thus, three stainless steel plates were introduced under the Cu-OF start plate to improve thermal insulation. The tested parameters were speed function, start plate temperature, hatch spacing, and contours functions. The characterization results are given in Tables 2.6 and2 c). The first one presents columnar grains aligned with the build direction. The second one shows an equiaxed grain structure with coherent annealing twins. This structure was obtained by rising the building temperature.

Additive manufacturing of copper by powder bed fusion

Ref. Cu (%) O (ppm) T preheat (°C) (P;v) (W;m/s) Density (%)
Surf aceσ (%IACS) E-PBF system 1. [Frigola et al., 2014] 99.99 UTEP investigates electron beam melting with an atomized copper powder with 99.8 % Cu [START_REF] Ramirez | Novel precipitate-microstructural architecture developed in the fabrication of solid copper components by additive manufacturing using electron beam melting[END_REF]. The major alloying element is oxygen in the form of cuprite Cu 2 O. In the powder particles, cuprite segregates at the grain boundaries and has a cubic crystal structure. They form square or rectangular subsequently to etching. To build E-PBF components, an ARCAM EBM A2 machine was used with a copper start plate preheated at 550 °C. The microstructure is composed of columnar grains with a width of about (60 µm). Within grains, a cellular-like structure (elongated along the build direction, 1-3 µm in width) formed by cuprite precipitates were observed, see an example in Figure 2.22 (a) and (b). This microstructural architecture exhibits a hardness of HV 72 for initial powder and HV 88 for E-PBF samples. The process parameters of E-PBF could be optimized to control this microstructure to achieve better performance.

Friedrich-Alexander-Universitat (FAU) Four gas atomized powders with spherical shaped particles were evaluated. An Arcam AB A2 EBM unit is used in manual mode (automatic calculation is disabled, see section 1.3.3).

With powders 2 and 3, presented in Table 2.6, a processing window has been identified to build copper samples with a density of 99.5 %. They recommended applying a beam current of 15 mA and a scanning speed of 3000 mm/s with a 400°C preheating temperature [START_REF] Lodes | Process development and properties of copper components fabricated via SEBM[END_REF]. Figure 2.23 (a) shows the microstructure of a copper sample processed by E-PBF, chemical etching helps to reveal the melt pool boundaries. Elongated grains have grown parallel to the build direction and they are not interrupted with addition of new layers thanks to epitaxial growth. The electrical conductivity was measured with the Eddy current method and a 96.2 % IACS conductivity is found for dense samples. The maximum electrical conductivity for high purity copper is not reached, 100 %IACS, [START_REF] Ramirez | Novel precipitate-microstructural architecture developed in the fabrication of solid copper components by additive manufacturing using electron beam melting[END_REF] probably because of the phosphorus content (P=234 ppm) [START_REF] Raab | Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam Melting[END_REF].

Several issues inherent to copper have been raised. The pure copper powder shows a high tendency to form necks. At high energy, copper powder can stick to the melt surface during raking. As a result, this energy is now not high enough to ensure a proper melting. These samples exhibit similar defects to the low energy samples, like porosity and binding defects. However, there seems to have no critical issue with smoke events.

The third article published by FAU used a powder with lower impurity contents [START_REF] Guschlbauer | Process development of 99.95% pure copper processed via selective electron beam melting and its mechanical and physical properties[END_REF]. This new powder required a new design of experiments to find melting parameters leading to dense components. The powder contained fewer impurities but happens to be more sensitive to oxidation. A possible oxide film around powder particles could hinder sintering. For this reason, the preheating temperature was rise to 530°C (about 400°C in the previous FAU studies, see values in Table 2.6). The linear energy E l required to build dense components, at least a 99.95 % density, was found to be higher than for the two previous powders [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF][START_REF] Raab | Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam Melting[END_REF], with lower beam current and scanning speed. Four defects are observed in E-PBF samples: lack of fusion, channel-like cavities, cracks, and gas pores from the raw powder. The conclusions of this article were the following:

• The microstructure of the E-PBF samples appears to be influenced by the process parameters thanks to a change in melt pool shape. Columnar grain structure and near equiaxed grains could be obtained but this has to be confirmed by more detailed MANUFACTURING investigations using Electron BackScattered Diffraction (EBSD) analysis.

• The surface electrical conductivity measured reaches the minimum required for pure copper, 100 % IACS.

• The mechanical properties were evaluated with tensile tests performed for three different orientations, 0, 45, and 90 °with respect to the build direction. The results are provided in Table 2.7. Early failures were reported for some of the 90 °tensile specimens. They are likely caused by cracks observed in the samples and revealed by fractography investigations. A micro-probe measurement showed that oxides are not necessarily concentrated at grain boundaries or near the cracks but rather finely distributed in the matrix.

In this most recent publication, the influence of oxygen content on pure copper processed by E-PBF was studied [START_REF] Guschlbauer | Effect of the oxygen content of pure copper powder on selective electron beam melting[END_REF]. A new powder, number 4, is used, with very low oxygen content, see Table 2.6. Two different E-PBF systems were used. An Arcam A2 EBM machine was used with powder 3 and an Arcam Q10 EBM machine with powder 4. One of the differences between the two devices is the helium pressure during the build. It is adjusted to 7.10 -3 mbar for the Q10 and 2.10 -3 mbar for the A2. As a consequence, the oxygen content of the E-PBF parts varies, from 235 ppm with the Q10 machine to 545 ppm with the A2 system. The samples built with powder 4 in the Q10 machine showed no vertical cracks. However, cracks were detected in samples built with powder 3 in both E-PBF systems. An inverse pole figure with orientation map along z-direction (z = BD) of a sample produced with powder 3 is presented in Figure 2.23 (b). It indicates a predominantly <001> and <101> oriented crystal structure along build direction. Tensile tests are built in the three orientations, the results are given in Table 2.7.

The authors concluded that the oxygen level of the powder is responsible for the formation of cracks during the process. A low amount of oxygen has to be promoted to avoid cracks formation in the samples (about 200 ppm).

The processing window for pure copper by E-PBF according to the literature is shown in Figure 2.24. The optimum parameters to build copper is very dependent on the powder composition, indeed, there are no common parameter sets between all the publications using different powders. However, a relatively high density is always reached for copper produced by E-PBF which is promising for the study. Moreover, the powder bed temperature varies from 380 to 530 °C. This relatively wide range of temperature can be advantageous to study the influence of the preheating temperature on the microstructure of the manufactured parts.

To conclude, each copper powder needs a parameters optimization to found the process parameter window to build dense copper by E-PBF process. The bulk properties of copper are reached for the surface electrical conductivity and the mechanical properties. Moreover, an influence of process parameters on the microstructure has been reported by [Frigola et al., 2014] about the process temperature, and by [START_REF] Guschlbauer | Process development of 99.95% pure copper processed via selective electron beam melting and its mechanical and physical properties[END_REF] about the energy input to achieve an almost equiaxed-grains microstructure.

Copper alloys

Copper-Chrome FAU also tried to build a copper-chrome Cu-25Cr powder mixture using E-PBF. This alloy is a particle-reinforced copper matrix composite used for electrical contact vacuum interrupters. Thermal and electrical conductivities are provided by copper and chromium improves the strength and the electrical arc erosion resistance during current breaking operation. The goal is to control the microstructure of this alloy to achieve a fine and uniform distribution of Cr particles that provide superior performance in switching than large and segregated Cr phases. Powder particles of Cu and Cr had an irregular shape. E-PBF samples were successfully built with a beam speed of 2000 mm/s and a linear energy of 0.3 J/mm. The resulting microstructure showed that liquid phase separation and spinodal decomposition happened. Indeed, fine-Cr-rich spheroid were found in the Cu matrix, see examples in Figure 2.25 (a) and (b) [START_REF] Momeni | Selective electron beam melting of a copper-chrome powder mixture[END_REF]. Ongoing work is now to link the processing parameters with the microstructure and properties.

ODS-Cu

FAU also reported results on an oxide dispersion strengthened copper alloy (ODS-Cu) [START_REF] Pobel | Selective Electron Beam Melting of Oxide Dispersion Strengthened Copper[END_REF]. This chemo-mechanically alloyed powder contained 5 vol% of Al 2 O 3 MANUFACTURING Figure 2.24: Processing windows for copper by E-PBF. Beam power versus the product of hatching space, layer thickness and velocity [START_REF] Horn | Rethinking AM of Copper[END_REF]. The blue area approximately represents the good melting conditions. [START_REF] Momeni | Selective electron beam melting of a copper-chrome powder mixture[END_REF]. (c) Optical micrograph of ODS-Cu processed via E-PBF, dark zones are alumina phase [START_REF] Pobel | Selective Electron Beam Melting of Oxide Dispersion Strengthened Copper[END_REF] (2.1 % of O in the powder) and had irregularly shaped particles. For this powder, the stability of the E-PBF process was proven to be relatively bad with heavy degassing and spatting. In addition, higher energy input was necessary to properly consolidate the powder bed, process temperature is around 650 • C. This rise in energy was attributed to the oxide layer around particles which inhibits or slows down sintering. Sample microstructure shows heavy demixing, indeed pure Al 2 O 3 and Cu phases are formed, an illustration is given in Figure 2.25 (c). The oxide dispersion strengthening effect is not favored by the heavy demixing [START_REF] Pobel | Selective Electron Beam Melting of Oxide Dispersion Strengthened Copper[END_REF].

Conclusion

Regarding pure copper, L-PBF has to deal with two majors limits, the high reflectivity of laser and the high thermal conductivity of copper. The properties of copper parts built by L-PBF do not reach the properties of standard annealed high purity copper. For E-PBF, it has been demonstrated that this technology is able to process dense copper part with good mechanical properties in each build orientation thanks to Guschlbauer et al. [START_REF] Guschlbauer | Effect of the oxygen content of pure copper powder on selective electron beam melting[END_REF]. However, there is still a lack of characterization. The microstructure has not been fully studied, for instance, only one EBSD orientation map has been published. The electrical conductivity has been measured on the surface and not in the whole volume. Moreover, the link between the process parameters, the microstructure, and the final properties of the parts have not been clearly understood. 

Characterization

In this chapter, the powder is first fully characterized from chemical composition to powder morphology. Then, a preliminary study is carried out using dilatometry experiments to provide insights into the early stages of powder consolidation and identify the preheating temperature T preheat range for the E-PBF process. The latter needs to be controlled to ensure a stable E-PBF process without smoke events while avoiding densifying mechanisms because it would make powder removal and powder recycling very difficult. The neck growth and the evolution of the electrical conductivity as a function of T preheat are evaluated. Finally, the samples produced by dilatometry are compared (i) with the copper powder cake extracted from a build and (ii) Ti-6Al-4V dilatometer samples from similar dilatometry experiments.

Only the new powder is studied. The powder which has been heated during a build sequence but not melted to build a part and which has gone through the bead blasting is called "recycled powder" and will be characterized in chapter 7.

Characterization

Context

As emphasized in section 1.2, powder features can deeply affect the E-PBF process. For instance, a poor flowability would prevent the spreading of a homogeneous powder layer and may cause process instabilities. As a result, prior to the building samples, the powder is thoroughly characterized: the chemical composition, morphology, flowability, microstructure and internal porosity.

Experimental procedures

Chemical Analysis Chemical analysis is subcontracted to AFARAK Elektrowerk Weisweiler GmbH. The methods used to quantify elements are respectively inert gas fusion for H and O, photometric for Cl and Inductively coupled plasma optical emission spectrometry (ICP-OES) for other elements.

Particle size distribution and powder particle morphology

The particle size distribution is assessed using two methods:

• Laser diffraction analysis: the dimension of a particle is measured thanks to the diffraction pattern of a laser beam passing through it. This method was applied with a Malvern Mastersize 2000 device by the powder supplier and the results provided in the powder certificate of compliance.

• Morpho-granulometry: a Marlvern Morphologi G3S device is used. This device takes an image of every single powder particle spread onto a surface (2D projection). From these projections, the particle size distribution is obtained, but more interestingly the information about the powder morphology such as the circularity can be inferred.

The circularity is defined as the ratio between the perimeter of the equivalent disk (same area as the particle), the aspect ratio, and the perimeter of the particle. Thus, the circularity ratio varies between 0 (infinite line) and 1 (perfect circle).

Complementary information regarding the powder morphology was provided by SEM observations of powder particles dropped off on carbon tape (FEG Zeiss Gemini SEM500).

Apparent density and flowability

Apparent density and flowability are evaluated with the LPW Powder Flow kit. This kit can be used to determine apparent density, angle of repose, Hall flow and Carney flow. For apparent density, measurements are made along the lines of the standard ASTM B212 (Standard test method for the apparent density of free-flowing metal powders using the Hall flowmeter Funnel). A density cup, with a 25 cm 3 volume, is filled in with fresh powder thanks to the funnel. Powder mass is then weighted and the apparent density is calculated with equation (3.1).

AD H = M V (3.1)
where M is the mass of powder in the density cup (g), V is the volume of the density cup (25cm 3 ) and AD H is the apparent density (g/cm 3 ).

The flowability, or flow rate, is measured according to the standard ASTM B213 (Standard Test methods for the flow rate of metal powders using the Hall flowmeter funnel). The funnel is filled with 50 g of powder. Time for the powder to empty the funnel is recorded with a timer. The static start to flow method is used. 4 measurements are performed, the average time is the Hall flow rate to the nearest second.

Microstructure and porosity by image analysis

To observe the microstructure, powder particles are dispersed and mounted in a resin. The sample is then prepared for optical microscopy: grinding down to 2400 using SiC abrasive papers, polishing with 3 and 1 µm using diamond suspensions, and finishing with a solution consisting of 100 mL H 2 O, 100 ml ethanol and 19 g of iron (III) nitride to reveal the microstructure. The micrographs are taken with an Olympus DSX 510 opto-numerical microscope.

Several micrographs are analyzed with Fiji software to estimate the porosity contained inside the powder grains. For each image, the methodology applied to isolate pores is summarized in Figure 3.1. It consists of converting the optical micrographs into an 8-bit Then, holes are filled (Figure 3.1 (c), and image subtraction is applied to isolate pores (Figure 3.1 (d)). Finally, a watershed filter is employed to separate the powder particles from each other and measure the total surface of material, see example in Figure 3.1 (e). The error is estimated by computing the standard deviation over the 17 micrographs.

X-Ray Diffraction (XRD)

Although this work is investigating high purity copper, an XRD analysis was performed to possibly detect the presence of unexpected phases. XRD is based on the Bragg's law see equation 3.2:

n.λ = 2.d.sin(θ) (3.2)
with λ the wavelength of electromagnetic radiation, θ the diffraction angle, d the lattice spacing between diffracting planes and n an integer. Each phase has its own "fingerprint" on the diffraction pattern.

The analysis is done with a PANalytical X'Pert Pro MPD diffractometer (Bragg-Brentatno geometry), at copper wavelength (K α Cu), with a X'Celerator-type linear detector. A front optical BBHD © is used to have a monochromatic beam and to avoid the

K β wavelength.
The measurement was performed on copper powder with a 0.0667°step from 20 to 100°at a scanning speed of 1.09°/min. 3D characterization of powder particles is done by X-ray computed tomography. This technique uses emission of X-rays, one part is absorbed by the sample and the other part passes through it, (transmitted X-rays). The transmitted X-rays collected by a detector generate 2D projections of the sample. Thanks to the rotation of the sample, a 3D reconstruction of the sample is done based on the 2D projections.

X-ray computed tomography

A glass capillary, with a 250 µm diameter and a 2 mm length, is filled with powder and then glued on a ceramic holder for the 3D characterization by X-Ray computed microtomography. An Easytom-XL lab tomograph (RX-solutions © ) is used with an Xray source Hamamatsu L10711 transmission tube with a LaB6 filament with tungsten target (1 µm thickness). The detector is a flat panel Varex 2520, with a pixel resolution of 1920 x 1536. The acquisition and reconstruction parameters are summarized in Table 3.1. The X-Act software is used to reconstruct the stacks via filtering the back-projection and a beam hardening correction.

The reconstructed volumes are analyzed with Fiji © software. 3D images are filtered with a 3D median filter with a radius of 1 voxel. An automatic threshold is applied to isolate the pores from the powder particles. To separate particles from each other, the pores are first filled with "3D Fill pores" algorithm, and then a "3D Watershed Split" procedure is applied. The "Analysis 3D" plugin is finally employed to determine the size distribution of pores and particles, as well as their sphericity [START_REF] Boulos | Investigating performance variations of an optimized GPU-ported granulometry algorithm[END_REF]. To assess the uncertainty of the porosity level, two conservative thresholds are manually chosen. The aim is to obtain lower and upper bounds of the porosity around the value estimated by the automatic threshold. An XRD analysis is presented in Figure 3.2. The intensity of the diffraction peaks is plotted as a function of the 2θ angle. In this case, the analysis reveals the presence of two phases in the powder: fcc-Cu, predominant as expected, and more interestingly Cu 2 O (traces). Note that with the presence of cuprous oxide, there is a risk of hydrogen embrittlement. As mentioned in chapter 2, in paragraph "Focus on the effect on oxygen" 2.2.1.2, the combination of a high level of oxygen and a high temperature in a reductive atmosphere could lead to the formation of pores which can severally impact the mechanical properties. With the E-PBF process, the risk is low because of the vacuum environment.

Characterization

Experimental results

Characterizations

The particle size distribution, measured by laser diffraction, is relatively standard for the E-PBF process: between 40 and 120 µm, with a D 50 at 71 µm. It means that 50 % (in weight) of the powder particles have diameters lower than 71 µm. The apparent density does not meet the Arcam criterion: 45.5 % in comparison with the 50 % minimum recommended by Arcam, for any nature of powder. The SEM-SE image, in Figure 3.3 (a), shows that powder particles are spherical with numerous agglomerates and satellites. The presence of agglomerates and satellites prevents a compact arrangement which limits the apparent density. Concerning flowability, the Arcam recommendations are met, with 17 s for 50 g (target: below 25 s), which seems to be consistent with the spherical shape and the particle size distribution. Indeed, relatively large particles usually favor good flowability, contrary to finer particles for which cohesive forces are much higher [START_REF] Meier | Critical influences of particle size and adhesion on the powder layer uniformity in metal additive manufacturing[END_REF]].

An average circularity of 0.7 for the powder particles is measured based on the morpho-granulometer measurements. This is a relatively low value for gas atomized powder. Typical examples of particle projections from the morphogranulo-meter are presented in Figure 3.4. Individually, each particle is spherical, but the agglomerates and the satellites are taken into account and lead to a decrease of the circularity. Thus, the particle size distribution measured by the morpho-granulometer is shifted towards larger sizes with a D v 50 = 94 µm in comparison to the measurements made by laser diffraction (D v 50 = 71 µm).

The internal porosity of the powder measured by image analysis reaches 1.6 %. Figure 3.3 (b) shows a cross-section micrograph of a powder particle with a fine dendritic microstructure and an internal pore. The pore shape is spherical which suggests that it is a gas bubble entrapped during the atomization process when the metal drops solidify. Better control of the gas atomization process or another atomization process could be a solution to consider to lower the porosity in the powder if this turns out to be an issue for the final performances of the build parts. X-ray tomography is performed to have more information and to avoid possible arti- 

Characterization

facts caused by a 2D characterization of the porosity. 1086 powder particles are reconstructed, with an average diameter of 72 µm, a 3D reconstruction is presented in Figure 3. 5 (a). 261 pores are detected, see Figure 3.5 (b), and the porosity is calculated to be around 2.58 ± 0.03 %. In comparison 370 pores where found in 9500 particles (1.58 ± 0.05 % porosity) with image analysis. Statistically, there are likely not enough particles to consider the porosity level found by X-ray tomography reliable. However, this method provides information about the pore morphology, dimensions and sphericity. The sphericity of the pores is evaluated to be about 0.85. This is consistent with our preliminary observations: the pores are rather spherical and they are likely caused by gas bubbles entrapped within powder particles during the atomization process.

The size distribution of the pores in the powder particles is presented in Figure 3.6 (a). 80% of the diameters of the pores are smaller than 10 µm. Moreover, the diameters of the pores do not exceed 76 µm, with an average at 7.6 ± 11.2 µm.

Figure 3.6 (b) presents the frequency distribution of particle versus the particle diameter for two populations: all particles and particles with pores. The particle size distribution for all particles shows a high density of small particles, between 10 and 30 µm. This shift towards fine particles is due to the image analysis treatment call watershed. It was necessary to use this plugin to separate particles because they are in contact with each other in the glass capillary. As a consequence, in the 3D analysis by XCT, the satellites are considered as particles. For comparative purposes, according to the laser diffraction granulometry, 50 % of the powder particles, in weight, have diameters larger than 71 µm. In this analysis (image analysis), the satellites are considered as separated from the coarser particles.

Pores seem to preferentially affect the coarser particles, i.e. larger than 30 µm. According to our partner which provided the powder, the process is optimized for fine particles, below 40 µm, which could explain the high porosity level in the coarse particles.

Conclusion

The high purity copper powder meets most of the Arcam recommendations, except for the apparent density. The raking system in the E-PBF machine should perform well to spread a homogeneous powder layer. The low apparent density is explained by the powder morphology, i.e. the presence of satellites and agglomerates. The numerous internal pores due to the atomization process require particular attention since they can still be there, at least partially, in the components built by E-PBF. This will be monitored in chapter 4 when the build parts will be characterized.

Preheating temperature and consolidation of the powder bed

Context

During the E-PBF process, the powder bed is pre-heated at a temperature T preheat with a defocused beam at each layer before selectively melting the parts. The aim of the preheat is to create necks between particles that will form a powder cake surrounding the melted parts. It is a critical stage in the E-PBF process for three main reasons. Firstly, necks increase the electrical conductivity of the powder bed and consequently the ability to release electrons to limit smoke sensitivity. Secondly, necks improve the mechanical strength of the powder bed. With these two elements combined, the risk of smoke is limited. Moreover, the increased mechanical strength of the powder bed means that fewer supports can be used and the parts can be stacked one on top of the other in the build volume. Thirdly, the thermal conductivity of the powder bed is also increased, which limits the thermal gradient during the building and thus the residual stresses.

The neck formation is a result of a sintering phenomenon called consolidation. The consolidation depends on many parameters, see section 2.5, such as the density, the melting temperature or the atomic volume. These parameters depend on the studied material, thus each material has its neck growth kinetic and so its T preheat for the E-PBF process. For instance, the preheating temperature for the Ti-6Al-4V is 730°C [START_REF] Tammas-Williams | XCT analysis of the influence of melt strategies on defect population in Ti-6al-4v components manufactured by Selective Electron Beam Melting[END_REF], whereas it is 1050°C for Ni-based superalloy. [Chauvet et al., 2018a].

To identify the appropriate T preheat , Arcam recommends an empirical trial and error approach by testing several temperatures directly in the E-PBF machine. It consists of preheating several powder layers at a given T preheat , and then qualitatively characterized the consolidated powder cake. Several T preheat are tested to obtain a powder cake sufficiently consolidated to have a mechanical bonding between powder particles, but not excessively to be able to separate powder particles from each other during the blasting operation.

However, this approach suffers from several drawbacks: (i) time-consuming process, (ii) it requires a substantial amount of powder, (iii) it does not allow to get insights into the underlying physical mechanisms involved in this powder bed consolidation step. To save powder and to have better temperature control, a dilatometry experiment is done to explore a wide temperature range [START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF]. The powder is submitted to thermal conditions representative of what is occurring in the powder bed during a build. The powder is maintained at a constant temperature during a given time, at least one hour, under vacuum. Based on this experiment, the appropriate consolidation 3.2. Preheating temperature and consolidation of the powder bed temperature range of the powder is identified and the upper value is thought to be the maximum acceptable (T preheat ). Above this temperature, the powder bed will be blasted with difficulty and the powder cannot be properly recycled (impossible to break the necks). The minimum T preheat is approximately given by the lower limit of the consolidation temperature range identified based on the previous experiment. However, the smoke sensitivity at this temperature has to be checked because the timescale is different. Indeed, the powder layer only spends a few seconds at T preheat before selective melting with a focused beam. For this reason,it is required to validate the smoke sensitivity at the minimum T preheat in the E-PBF machine. A vertical dilatometer SETSYS 1750 CS Evo Setaram © is used for the studying consolidation. 2 g of fresh powder is poured (uncompressed) in an 8 mm-diameter alumina crucible, and covered with an alumina plate. In the dilatometer, a sensor is in contact with the alumina plate (force of 5 g to ensure the contact) and measures the variation of the sample height during the test, see an illustration in Figure 3.7 (a). Primary and secondary vacuum units are used to obtain a secondary vacuum at 2.10 -3 mbar in the chamber where is located the sample. Note that it is the same vacuum level as the one measured in the building chamber during the E-PBF process. A thermal cycle is applied and the temperature is controlled with a thermocouple located under the sample. For each thermal cycle investigated, a blank run is performed to measure the dilatation of the alumina plate and crucible. This dilatation is then subtracted from the signal recorded during the experiments by the Calisto Acquisition software. The thermal dilation of CHAPTER 3. POWDER CHARACTERIZATION copper is also subtracted, see equation (3.3):

Methods

Dilatometry

∆L corrected = ∆L -α Cu ∆T (3.3)
with ∆L the change in length, ∆T the temperature change and α the thermal expansion coefficient (1.5.10 -5 k -1 ) [START_REF] Davis | Copper and Copper Alloys[END_REF]. We assume that the shrinkage is isotropic. For each sample, the shrinkage, i.e the variation of the sample dimensions over the isothermal annealing, is calculated with equation (3.4):

∆L ∆L 0 = ∆L ∆L 0 i - ∆L ∆L 0 f (3.4)
with L 0 the initial length, ∆L ∆L 0 i and ∆L ∆L 0 f the linear shrinkage respectively at the beginning and at the end of the isothermal annealing.

The applied temperature cycle is illustrated in Figure 3.7 (b). The heating rate is set to 20 °C/min to match with the heating rate of the start plate at the beginning of the building sequence during E-PBF (measured for a Cu-ETP start plate). For the first experiment, the temperature is held for 1 hour, which is equivalent to 1 -2 cm of built material, with typical process parameters. The experiment duration is reasonable to evaluate temperatures from 400 to 1000°C. To evaluate consolidation for a longer build, another temperature cycle will be applied with an 8 hours treatment duration at the consolidation temperature.

Smoke sensitivity

The smoke sensitivity is evaluated during a typical building sequence consisting of nine cubes. The start plate is heated at the chosen T preheat and the preheating parameters are adjusted to stabilize the T preheat during the build. Slowly, the T preheat is decreased by reducing the preheating beam current. The build is then observed through the machine windows to detect possible smoke events.

Surface electrical conductivity -Eddy current method

The electrical conductivity of the samples produced during the dilatometry experiment, is measured using the Eddy current method. An alternative magnetic field, with a frequency f is applied with a probe on the sample to create Eddy current, see a picture of the probe in Figure 3.8 (a). The induced electrical current is perpendicular to the axis of the probe, as shown schematically in Figure 3.8 (b). This method is relatively straightforward and quick to perform on small samples. However, the penetration depth δ f (in mm) is low

δ f = 503 √ C.f (3.5)
with C the electrical conductivity in MS/m and f the frequency in Hz. For a high conductive sample, C= 58 MS/m (copper sample), and f = 480 kHz, the standard penetration depth is 95 µm. On the opposite, for a low conductive sample, C = 2.4 MS/m (titanium sample), the standard penetration depth is 500 µm. In both cases, only a reduced portion of the sample volume is taken into account in this measurement. Thus, it is considered as a surface measurement. A minimum thickness, or saturation thickness d s , is required to have no effect of an increase in thickness on the electrical conductivity measurement. According to ASTM E 1004-84, this saturation thickness can be calculated with equation (3.6):

d s = 2.6δ f (3.6)
If the lowest electrical conductivity measured is 2.4 MS/m, then d s is equal to 1.2 mm. The dilatometer sample height is typically about 10 mm, which guarantees no influence of the thickness on the measurement.

The employed device is a Fisherscope MMS PC2 Sigmascope equipped with a 3 mm diameter probe. Electrical conductivity is measured on the top surface five times, after surface polishing down to 1200 with SiC paper. The average is taken, and the error is estimated by computing the standard deviation.

Neck size A 0.5 mm thick disk is cut with a saw from each dilatometer sample. Disks are broken under bending, the fracture surface is mounted on a stub with silver paste and observe in SEM using the secondary electron contrast. The broken necks can be detected thanks to 

Results

During a sintering process, the first stage is consolidation, i.e. neck formation between particles. The following phenomenon is densification, pores reduce leading to less and less spherical and discernible particles. During preheating of E-PBF process, this last stage needs to be avoided to facilitate the finishing step, i.e. the powder removal, and to be able to recycle the powder. Densification goes along with a shrinkage phenomenon because of the reduction of the porosity. Consequently, monitoring the shrinkage at a given temperature allows the minimum temperature for densification to start to be identified (when shrinkage > 0.5%).

Shrinkage of a free-powder sample is followed at several temperatures to determine the temperature range for consolidation under conditions representative of the E-PBF process, using dilatometry. The determined temperature range is then tested in the E-PBF machine to ensure the ability of the consolidated powder layer to prevent smokes. Finally, the electrical conductivity of every sample produced during the dilatometry experiment is characterized and compared with a piece of consolidated powder bed extracted from the E-PBF subsequently to a build and made of copper. It is also compared with Ti-6Al-4V samples from dilatometry experiments. 

Identification of the consolidation temperature range using dilatometry

Each dilatometer experiment is conducted, an example of the resulting shrinkage curve is plotted in Figure 3.10. As mentioned in the method section, the measured displacement of the sensor is corrected for the dilatation of the crucible and the alumina pellet: blank subtraction done by the software, the shrinkage curve obtained is plotted in blue dashed lines. The thermal expansion of copper is also subtracted using equation (3.3), the final shrinkage curve is obtained and plotted in blue line in Figure 3.10. From the last curve, the shrinkage is measured during the temperature stage, in this case, the shrinkage is measured at about 1.5 % for this 900°C sample. Each isotherm is tested three times and an average shrinkage value is calculated and plotted in Figure 3.11.

In Figure 3.11, the linear shrinkage is plotted versus the temperature, each dot represents a test run at a given temperature. Two distinct regimes can be observed for the 1-hour experiment. Between 400 and 600°C, no significant shrinkage is measured (below 0.5 %). The 400°C sample is very crumbly, however, the samples subjected to 500, 550 and 600°C samples exhibit a mechanical resistance which suggests the formation of necks without any evolution of density, typically the regime associated to consolidation. From 700°C, the linear shrinkage starts to be significant, up to 3 %, which reveals the beginning of the densification stage and the activation of the densifying mechanisms. To confirm these observations, samples are observed in the SEM. In Figure 3.12, examples of a broken neck from (a) 500°C and (b) 1000°C samples are shown. In the sample annealed at 500°C, the necks are small and can hardly be found. The increase in temperature leads to the growth of necks. Indeed, the necks are larger in the sample annealed at 1000°C. Based on those observations, the evolution of neck size as a function of the temperature is plotted in Figure 3.12 (c). The results are then compared with the two-sphere model [START_REF] German | Powder Metallurgy Science. Metal Powder Industries Federation[END_REF]. This model approximates the neck size ratio at the initial stage sintering, with isothermal neck growth, according to equation (3.7):

X D n = B.t D m (3.7)
with X is the neck size, D the particle diameter (D 50 = 71 µm), t the isothermal sintering time and B, n, m depending on the mechanism of mass transport as defined in chapter 2 2.5.3. This model can provide interesting insights because it considers two spheres touching, which is relevant to a free powder bed (as a reminder no load is applied on the dilatometer samples). In addition, this study is focused on a high-purity material with powder particles exhibiting a spherical morphology.

No neck has been found in the sample annealed at 400°C, which is coherent with the low mechanical resistance. For the other samples, the neck diameter increases with the temperature, from 5 to 20 µm. The experimental results are close to the model when assuming that the predominant mechanism is the surface diffusion in the temperature range 500 -1000°C. Note that surface diffusion is a non-densifying mechanism, see section 2.5.1. The volume diffusion is not predominant, even at high temperature (900 -1000 °C), contrary to what can be observed during pellet sintering, thanks to the higher green density [START_REF] Ashby | A first report on sintering diagrams[END_REF].

According to these results, consolidation takes place between 500 and 600°C for a 1hour annealing with neck size varying between 5 and 7 µm. From 700 and up to 1000°C, densification occurs, the neck diameter varies from 8 at 700°C to 20 µm at 1000°C. As mentioned at the beginning of this section, the builds generally last more than one hour. Thus, a second set of dilatometry experiment is carried out to investigate a possible effect at longer build durations. The experiment is only performed within the consolidation range, between 500 and 600°C, with an 8 hours stage. The results are presented in Figure 3.11, in orange. Even after 8 hours, the shrinkage does not appear to be significant and the densification step is not reached yet. The neck size evolution as a function of the temperature for both 1 h and 8 h annealing is given in Figure 3.13. The increase of the annealing time leads to increasing the average neck diameter for the three temperatures tested during 8h. Indeed, between 500 and 600°C for an 8-hour holding time, the neck size varies between 8 and 10 µm, against 5 to 7 µm for a 1h stage. This result is consistent with the two-sphere model, reported in equation (3.7). Indeed, the diffusion time is higher so the necks have more time to grow.

The dilatometer samples have been blasted in the PRS to qualitatively assess the ability of necks to break during this step. For the 1h samples, it starts to be difficult to remove powder particles for preheating temperature above 800 °C. The critical temperature is 600°C for the 8h samples. Thus, when the average neck diameter is higher than 10 µm, the blasting of the powder cake becomes more difficult. Note that the larger the neck size, the more the morphology of the powder particle will be impacted after blasting.

The increase in preheating time has an impact on the growth of the necks, and the temperature of 600°C which was acceptable for 1 hour is no longer acceptable for 8 hours. The necks have become too large and this will make the blasting of the powder cake and the recycling of the powder particles difficult.

To conclude, if T preheat during the build is maintained at 550 °C, small necks will be created between powder particles without activating densifying mechanisms. The powder cake formed could thus be easily sandblasted and the powder particles easily recycled.

Smoke sensitivity

A test needs to be performed in an E-PBF machine to assess that the minimum T preheat determined in the previous section is suitable to prevent smokes. For a T preheat = 550°C, no smoke is observed. To identified the minimum temperature for the smoke sensitivity, the test has been pursued while decreasing the preheating temperature. First smoke events have been noticed at approximately 420°C meaning that this temperature is not high enough to lead to a sufficient consolidation of the powder bed making the electrical discharge not efficient enough.

To conclude, the minimum required temperature to avoid smoke is about roughly 450°C. 

Influence of neck size on the electrical conductivity

One of the aims of the preheating stage is to create necks between powder particles to improve the electrical conductivity of the powder bed. Thanks to the dilatometer experiment, the electrical conductivity of samples with different neck sizes can be measured with the Eddy current method to get a first estimation of the electrical conductivity improvement.

The linear shrinkage is plotted as a function of the temperature with the surface electrical conductivity in Figure 3.14. The surface electrical conductivity seems to follow the same evolution as the shrinkage with the increase of temperature. When the temperature increases above 600°C, shrinkage increases, and the porosity decreases due to neck growth. The combination of these two phenomena leads to the increase of the electrical conductivity.

The electrical conductivity is then plotted as a function of the neck size in Figure 3.14. The experimental results are compared with the Reimann-Webber model. This model estimates the electrical conductivity of a cubic structure of equal overlapped spheres, see the equation (3.8) [START_REF] Gusarov | Model of thermal conductivity in powder beds[END_REF]:

σ e = σ s 1 x + 1 π ln 2 x -1 (3.8)
with λ e the effective conductivity, λ s the bulk conductivity, x = X/D the normalized neck size, X the neck size and D the particle diameter. The particle size has not been measured for each neck found, it is rather approximated by the D v 50 = 71 µm.

The neck growth leads to an increase of the electrical conductivity as predicted by the model, the experimental values are close to the calculated one. The electrical conductivity of a free powder bed is found to be too low to be measured with the Eddy current method. The measurement range of the device being between 0.5 and 108 %IACS, the electrical conductivity of a free powder bed is below 0.5 %IACS. An average neck size of 6 µm leads to a 5 ±1 %IACS electrical conductivity. In this experiment, the maximum electrical conductivity reached is 24 %IACS for a 20 µm neck size. This experience confirms that the powder cake formed during the preheating stage is more conductive than a free powder layer thanks to the formation of neck between particles. Even if those are relatively small, it seems to be enough to release electrons. Regarding the differences between the two experimental results, after 8h the neck size and the electrical conductivity are higher than after 1h, indeed the necks are larger for the 8h samples.

Conclusion.

According to the dilatometry results, the T preheat range is from 450 to 550°C to avoid smoke and to ensure a suitable powder recycling. At 550°C, the neck size is about 6 µm and the electrical conductivity is roughly about 5 %IACS for a 1h preheating time, and respectively 9 µm and 10 %IACS for an 8h preheating time.

Discussion

Based on the dilatometry study, the consolidation range is identified and the evolution of the electrical conductivity with the neck size has been measured. These results have now to be compared with an E-PBF powder cake from a build to assess the relevancy of the dilatometry approach to simulate the phenomena involved in the preheating step in the E-PBF process. Dilatometry experiments were also performed with Ti-6Al-4V powder by an internship in the lab, and the results are compared with the copper results. These two materials exhibit contrasted physical properties in terms of electrical conductivity and density, which is why the comparison is interesting. The goal is to have a better understanding of the mechanisms operating during the preheating step to avoid smoke.

Comparison with a copper powder cake sample

Two powder cakes from a copper build are collected to measure the neck size and electrical conductivity and compare them with the dilatometer experiment. A hollow cylinder is built with a 0.5 mm thick wall and a diameter of 1 cm to encapsulate a powder cake sample, see a schematic illustration in Figure 3.15. The top of the sample is then removed with a wire-saw. The electrical conductivity is measured with the eddy current method. A thin disk is then cut from the sample and broke to measure the neck size. Table 3.3: Comparison of the average neck diameter and electrical conductivity between consolidated powder obtained by E-PBF and by dilatometer at the same T preheat = 550°C. In both cases, the heated time is about 1 h.

The results are summarized in Table 3.3. The powder cake is characterized by an average neck diameter of about 9 ± 2 µm and electrical conductivity of about 4 ± 0.3 %IACS. The necks of the powder cake are larger compared with the sample obtained by dilatometry at the same preheated temperature. The larger necks in the powder cake can be explained by the heterogeneous heat treatment applied on the powder cake inside the cylinder. Indeed, because of the melting of the wall, the edges of the consolidated powder sample are probably subjected to a higher temperature than in the center. Regarding the surface electrical conductivity, measured at the center of the samples, the values are similar between the two samples. Note that the electrical conductivity of the consolidated powder sample with a 9 µm neck diameter is estimated at about 8 %IACS with the linear regression presented in Figure 3.14 (b). Once again, the difference between the estimated and measured values of the electrical conductivity might come from the overestimated neck size caused by the heterogeneous heat treatment. To get rid of this possible edge effect, the solution could be to build a hollow cylinder with a larger diameter (2-3 cm) with a wall thickness of 0.5 mm.

To conclude, the dilatometer experiments succeed to estimate the surface electrical conductivity of the powder cake for a given T preheat . This confirms the relevancy of this experiment which explains the choice of the preheating temperature while allowing a CHAPTER 3. POWDER CHARACTERIZATION better understanding of the phenomena involved.

Comparison with Ti-6Al-4V

To better understand the preheating conditions required for material processed in the E-PBF system, the same dilatometer experiment is performed with Ti-6Al-4V powder. These two materials are significantly different in terms of electrical conductivity and density. Those two properties are the parameters used to estimate the smoke sensitivity index proposed by Mahale [START_REF] Mahale | Electron Beam Melting of Advanced Materials and Structures[END_REF]. It is defined as the ratio between the bulk density and the electrical resistivity. This can be quite easily understood. Indeed, as the density refers to the weight of the particles (gravity) while the electrical conductivity refers to the ability to transfer electrons through the powder bed to avoid charge accumulation and smoke events. The higher this ratio (i.e. high density and/or high conductivity) for a given material, the easier to build using E-PBF. For instance, Titanium is known to be highly sensitive to smoke, reaching a smoking index of 10 because of its poor electrical conductivity and relatively light density. On the contrary, Copper shows a high smoking index, about 530. This high ratio, synonymous with low sensitivity to smoke, is consistent with the results presented in the previous section. For comparison purposes, the smoke criterion for aluminum is 105 [START_REF] Mahale | Electron Beam Melting of Advanced Materials and Structures[END_REF].

In the case of Ti-6Al-4V, the preheating step is crucial to ensure a stable process. The standard value of T preheat for this material is 730°C. The dilatometer experiment was conducted by Julien Jung during his internship in SIMaP laboratory in 2014. The neck size was measured by image analysis (optical micrographs of cross section of consolidated samples). According to the dilatometer experiment, necks with an average diameter of 22 µm are formed during the consolidation of the powder particles at 730°C. In the literature, Leung et al. reported a similar value: about 18µm for Ti-6Al-4V preheated in the E-PBF system and measured on X-Ray scans [START_REF] Leung | Effect of preheating on the thermal, microstructural and mechanical properties of selective electron beam melted Ti-6Al-4V components[END_REF].

Besides, a sample of a Ti-6Al-4V powder cake has been extracted from an E-PBF build, with recycled powder, to measure the surface electrical conductivity with the eddy current method. Unfortunately, it cannot be measured as the value is outside the measuring range of the device (0.5 -108 %IACS). The electrical conductivity is thus considered below 0.5 %IACS. The results are compared with those of copper in Table 3.4.

To ensure the process stability for Ti-6Al-4V produced by E-PBF, necks with an average size of 22 µm are needed, and it results in a very low electrical conductivity, below 0.5 %IACS. In the case of copper, according to the linear regression of the results in Figure 3.14 (b), the same electrical conductivity will be achieved with an average neck diameter of 3 µm. At the preheating temperature of copper (550 °C), the average neck diameter of the dilatometer sample is measured at about 6 µm with an electrical Table 3.4: Comparison of the neck diameter and the electrical conductivity between copper and Ti-6Al-4V consolidated powder particles obtained by dilatomer experiment.

conductivity of 5 %IACS. The electrical conductivity of the copper consolidated powder is considerably higher than the Ti-6Al-4V one. Thus for copper, the neck size is driven by the mechanical resistance of the powder cake necessary to avoid smokes.

To conclude, when using copper with the E-PBF process, the preheating step is necessary to avoid smoke event by strengthening the cohesion between the powder particles thanks to the formation of necks of relatively small size (about 6 µm) while being sufficient to ensure sufficient electrical conductivity (about 5%IACS). For Ti-6Al-4V, necks are also formed but larger necks are required to allow sufficient charge evacuation. Due to the low conductivity of Ti-6Al-4V, large necks are observed (about 22 µm) to ensure a sufficient electrical conductivity.

A comparison between copper and Ti-6Al-4V powder cakes (with new powder) could be an interesting approach to complete the understanding of preheating mechanisms to avoid smokes. Moreover, to assess the mechanical strength of the consolidated samples, compression test could be conducted.

Conclusions of Chapter 3

The raw material of the E-PBF process (powders) has been fully characterized in this chapter: chemical composition, particle size distribution, and powder morphology. This study validated the use of this powder for E-PBF since it met most of the criteria recommended by Arcam (PSD between 45 and 100 µm, good flowability and apparent density, i.e. about 50%) to ensure a stable process. The Cu-ETP powder particles are spherical with relatively numerous internal pores (about 1.5% due to the atomization process). This requires particular attention since they can still be there, at least partially, in the parts built by E-PBF.

Sintering experiments have been carried out in a dilatometer to identify the temperature ranges of the consolidation (neck formation) and densification (neck growth and pores removal) stages. Based on this experiment, the preheating stage of the E-PBF process can be reproduced and further studied. Complementary experiments conducted in the E-PBF machine are required to evaluate the smoke sensitivity. The resulting T preheat range is between 450 and 550°C to avoid smoke events and to ensure a suitable powder recycling. The neck formed have an average size between 5 and 10 µm with a surface electrical conductivity measured at about 5 to 10 %IACS.

After comparison of these results with an E-PBF powder cake extracted from a build, the relevancy of the dilatometry approach to simulate the phenomena involved in the preheating step in the E-PBF process is confirmed. Finally, the dilatometer experiment has been conducted with Ti-6Al-4V. In the case of Ti-6Al-4V, low electrical conductivity is measured despite the large necks formed (about 20 µm). It appears that in the case of copper and its excellent electrical conductivity, the neck size is mainly driven by the increase of the mechanical strength to avoid smoke events. One of the specificities of copper by E-PBF is that it is very insensitive to smoke and that small necks formed during preheating are sufficient to avoid smokes event.

4.1. Objective

Objective

A few studies have reported successful attempts to produce dense pure copper components by E-PBF, see section 2.6.2 and Figure 2.24: [START_REF] Ramirez | Novel precipitate-microstructural architecture developed in the fabrication of solid copper components by additive manufacturing using electron beam melting[END_REF], [Frigola et al., 2014], [Frigola et al., 2014[START_REF] Ledford | Characteristics and processing of hydrogen-treated copper powders for eb-pbf additive manufacturing[END_REF], [START_REF] Horn | Rethinking AM of Copper[END_REF], [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF], [START_REF] Raab | Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam Melting[END_REF], [START_REF] Guschlbauer | Process development of 99.95% pure copper processed via selective electron beam melting and its mechanical and physical properties[END_REF], [START_REF] Guschlbauer | Effect of the oxygen content of pure copper powder on selective electron beam melting[END_REF] A relative density greater than 99.5 % and an electrical conductivity reaching up to 100 %IACS measured with the Eddy current method (surface measurement) have been reported in the literature. However, the effect of the processing parameters on the microstructures and the relationships between the microstructure and the mechanical and functional properties have only been partially addressed. For instance, there is a lack of microstructural characterization, only one single EBSD analysis is available in the literature, see [START_REF] Guschlbauer | Effect of the oxygen content of pure copper powder on selective electron beam melting[END_REF].

The objective of this chapter is to investigate the processability of pure copper by E-PBF in a miniaturized chamber designed and developed in the framework of this PhD thesis and presented in this chapter. Once the processing window being identified, the defects, microstructures, hardness and surface electrical conductivity will be studied to evaluate the influence of melting conditions on these properties within the processing window.

Throughout this chapter, only fresh powder is used to build the various samples to avoid any possible effect of powder contamination during recycling operations. Indeed, powder can be contaminated during recycling and that might further affect its composition, in particular for interstitial elements such as oxygen or hydrogen. Besides, powder particle morphology can also be modified during recycling and these changes might also impact powder deposition and can therefore affect the whole process. The impact of recycling on the powder characteristics will be briefly studied in the Conclusion and future work chapter.

Experimental procedures

Miniaturized building chamber (SIMaP design)

Objectives Arcam A1 EBM system requires an important quantity of powder to start a build. For instance, approximately 30 kg of Ti-6Al-4V powder is necessary. For copper, with a density twice as high, 60 kg will be needed. To develop processing parameters for new materials, this set-up is powder-consuming. To address this issue, a miniaturized building chamber has been designed at SIMaP with the help of the technical staff.

Description

In Figure 4.1, the miniaturized EBM chamber (b) is compared with the standard Arcam EBM chamber (a). To reduce the need for powder, the size of the start plate has been reduced from 150 x 150 mm 2 (for the standard building chamber) to 70 x 70 mm 2 . The powder bed surface has also been reduced by using walls to reduce the width (from about 35 down to 18 cm). Because of the height of the walls, the heat shield had to be shortened. This could limit the effectiveness of the heat shield because the environment is more exposed to the heat dissipation of the building area. The raking system had to be re-designed to be compatible with this reduced surface. The rake is shorter than the standard one, 15 cm of combs instead of 29 cm.

The powder hoopers were re-design with smaller dimensions than the standard ones, from 11 down to 3 L. They are fixed on the building platform. To ensure the powder supply for the raking system, a tilted plan is in the hooper, with a 40°angle with the building platform. Like in the standard Arcam chamber, the opening of the hooper is adjustable according to the flowability of the powder.

Powder sensors are deactivated which means that there is no monitoring of the powder amount deposited at each layer during the build. This could lead to non-constant powder layer height and so non-constant melting conditions.

Impact of the miniaturized start plate on the E-PBF process A preliminary study has been realized with Ti-6Al-4V to calibrate this new chamber by Guillaume Croset. Decreasing the size of the construction plate has no significant impact on the melting parameters of the powder. However, it has a strong impact on the preheating stage. Indeed, the preheating surface (i.e. the surface of the start plate) being smaller, the scanning length is also reduced and thus the time to return to the adjacent line is shorter than for the standard start plate size which can cause smoke phenomenon. To avoid it the preheating parameters of Ti-6Al-4V have been optimized.

Processing conditions: Design of experiments

A design of experiments is conducted to identify the processing window allowing to produce dense samples by E-PBF. First, the two first-order melting parameters are varied, namely, the beam power P and the scanning speed v. The melting strategy employed is described in Figure 4.2 (a). A focused beam (constant focus offset set at 3 mA1 ) is used to melt the powder bed with a snake-like strategy, adjacent molten tracks being spaced by 0.1 mm (line offset l of f set ). The layer thickness2 is set to 50 µm, and the scanning direction rotates by 90 °every layer (hatch depth h d = 50µm). The automatic mode of the software that controls the beam parameters is disabled, this mode is detailed in Chapter 1, section 1.3.3.1. The optimized parameters suggested by Lodes et al. for pure copper have been included in this design of experiment, [v = 3000mm/s ; P = 900W ; T preheat = 400°C ] [ [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF]. Then, as an attempt to widen the processing window, the preheating temperature T preheat and the line offset are also varied. All the sets of parameters tested are given in Appendix B.

The start plate used in the miniaturized building chamber is made of Cu-ETP with the following dimensions: 70 x 70 x 10 mm 3 . For each build, nine cubes are built with an edge length of 10 mm, see Figure 4.2 (b). They are built on cylindrical supports to limit the influence of the start plate on the heat dissipation and to make easier parts removal from the start plate.

According to the results presented in the previous chapter, the preheating temperature T preheat needs to range between 450 and 600 °C. Note that various T preheat have been reported in the literature from 400 to 600°C, [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF]] [Guschlbauer et al., 2018[START_REF] Horn | Rethinking AM of Copper[END_REF]] [Frigola et al., 2014[START_REF] Raab | Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam Melting[END_REF]. However, this choice was never discussed. In this study, the T preheat is varied within the identified range and its effect on the processing window is studied. The monitoring of the preheating temperature through the average current is detailed in Appendix C.

Materials characterization

Optical microscopy and Density

The samples are removed from the start plate with a saw and then cut into two parts along the build direction. To observe the melt pool boundaries in the topmost layer, they are cut perpendicularly to the last scanning direction. Samples are then prepared for optical microscopy: grinding from 800 down to 2400 using SiC abrasive papers, and polishing with 3 and 1 µm diamond suspensions. Due to the high ductility of copper, porosity in the sample can be filled during polishing, an example is given in Figure 4.3 (a). A final polishing step is carried out with a solution consisting of 100 mL H 2 O, 100 ml ethanol and 19 g of iron (III) nitride. This chemical treatment helps to clear out the pores as well as to reveal the grain boundaries, see an example in Figure 4.3 (b). Optical micrographs are taken with an Olympus DSX 510 opto-numerical microscope. To estimate the porosity in a sample using image analysis, a threshold is applied to the optical micrograph, previously converted in 8-bit, using the Fiji software (see the methodology presented in Chapter 3 section 3.1.2). However, it is sometimes complicated to discriminate the grain boundaries from the pores in the etched samples. Thus, samples are carefully polished once again using 3 and 1 µm diamond suspensions to remove the etching effects without filling the pores, a micrograph of a porous sample, after this final step, is shown in Figure 4.3 (c). An optical image of the whole sample, 10 x 10 mm 2 , is taken and thresholded to obtain an estimation of the porosity. To evaluate the uncertainties of the measurement, two additional thresholds are manually chosen, a minimum and a maximum around the value sets by the automatic threshold.

Chemical etching is sometimes required to reveal the melt pool boundaries. In such cases, the sample is immersed for 20 s in a solution consisting of 100 ml H 2 O, 20 mL hydrochloric acid, and 5 g of iron (III) chloride. The uppermost layer is observed in a plane perpendicular to the last scanning direction, see Figure 4.4 (a). It is the only layer that has not been remelted due to the addition of an overhead layer. Consequently, the melt pool depth can be reliably measured. For each specimen, 15 measurements are performed, an example is presented in Figure 4.4 (b).

Note that the edges of the samples are not considered in this study because, in these specific regions, thermal gradients are different because of the boundary conditions (close to the powder cake).

Chemical Analysis

Chemical analysis is subcontracted to AFARAK Elektrowerk Weisweiler GmbH. The methods used to quantify elements are respectively inert gas fusion for H and O, and Inductively coupled plasma optical emission spectrometry (ICP-OES) for other elements (Cu, P and Ti).

X-Ray diffraction

X-Ray diffraction analysis is performed with a PANalytical X'Pert Pro MPD diffractometer (Bragg-Brentatno geometry), at copper wavelength (K α Cu) with a X'Celerator-type linear detector. A front optical BBHD © is used to have a monochromatic beam and to avoid the K β wavelength.

The measurement has been performed in the center of a cuboid sample polished down to 1 µm with a 0.0167°step from 10 to 95°at a scanning rate of 0.65°/min. 

Experimental procedures

Cylinders are extracted from the center of the cubes built by E-PBF using Electrical Discharge Machining (EDM) with a 0.5 mm diameter and the revolution axis of the cylinder parallel to the build direction. A Easytom-XL lab tomograph (RX-solutions © ) is used with an X-ray source Hamamatsu L10711 transmission tube with a LaB6 filament with a tungsten target (1 µm thickness). The detector is a flat panel Varex 2520, with a pixel resolution of 1920 x 1536. The acquisition and reconstruction parameters are summarized in Table 4.1 for the two resolutions used, high resolution (HR) and low resolution (LR). The X-Act software is used to reconstruct the stacks via filtering the back-projection and a beam hardening correction.

The reconstructed volumes are further analyzed with Fiji © . 3D images are filtered with a 3D median filter with a radius of 1 voxel. An automatic threshold is applied to discriminate the pores from the bulk material. The "Analysis 3D" plugin is finally applied to determine the size distribution of pores, as well as their sphericity [START_REF] Boulos | Investigating performance variations of an optimized GPU-ported granulometry algorithm[END_REF]. Objects with a volume size below 8 voxels are not taken into account. To assess the uncertainty of the porosity level, two conservative thresholds are manually chosen. The aim is to obtain lower and upper bounds of the porosity around the value estimated by the automatic threshold, to apply the same method previously described.

SEM/EBSD

For Scanning Electron Microscopy (SEM) images and analyses, a high-quality surface finish is required. Electrolytic polishing is suited to obtain this surface finish. Samples are mechanically polished down to 1 µm with a diamond suspension, and then electropolished in a 65% phosphoric acid solution. The electropolishing conditions are 5V and 2 mA for 120 seconds with a stainless steel cathode [START_REF] Shadkam | A study on the coupled effects of solute and grain size on the work hardening of fine-grained FCC alloys[END_REF].

SEM images are acquired with a SEM-FEG ZEISS GEMINI 500 with an operating voltage of 15 kV. For EBSD analysis, a step size varying from 2 to 5 µm is used. The primary and secondary dendrite arm spacing (PDAS and SDAS) are measured based on SEM images using the linear intercept method.

Electron Backscatter Diffraction (EBSD) maps are treated with the OIM Analysis software. A "Clean up" procedure is first applied to each map using a "CI standardization" combined with a " Grain dilation" operation. The grain widths are measured with the intercept method on a 1 x 0.5 mm 2 EBSD map with lines plotted perpendicularly to the build direction. To represent the crystallographic orientation data collected with EBSD inverse pole figure (IPF) maps are plotted. For instance, the IPF-z map represents the orientation of the grains with the z-axis of the sample normal to the plane of observation. If the microstructure exhibits a strong crystallographic texture, the map shows a dominant color. For instance, if the dominant color is red in the IPF-z map, it means that the [001] direction of the grains is parallel to the z-axis of the sample, i.e. the build direction. To fully identify the crystallographic orientation of grains, two IPF maps are needed, IPF-z and IPF-x for instance.

Mechanical characterization: Hardness

Microhardness measurements are performed using a Wilson Tukon 1212 Vickers Tester. To perform the hardness measurements, the samples are mounted and ground down to 1200 with SiC abrasive papers. A preliminary experiment with several loads from 50 gf to 1 kgf, and a 10 s dwell time, is performed on copper samples produced by E-PBF. 8 measurements are carried out at each load.

Then, a load of 500 gf is selected and 18 measurements (3 lines of 6 measurements) along the build direction are performed. The error is estimated by computing the standard deviation over the 18 measurements for each sample.

Surface electrical conductivity measurement: Eddy current method

The physical principle of this method has been detailed in Chapter 3, section 3.2.2. The employed device is a Fisherscope MMS PC2 Sigmascope equipped with a 3 mm diameter probe, the frequency is set to 480 kHz. To measure the electrical conductivity of a cuboid sample, the probe is applied five times on a polished surface of the sample. The error is then estimated by computing the standard deviation. Note that this method provides a measurement of the electrical conductivity of a small volume underneath the probe. According to the calculation in section 3.2.2, for a high conductive sample, C= 58 MS/m (copper sample), the standard penetration depth is about 95 µm.

Experimental results

The processability of pure copper is first evaluated with a design of experiments (DoE) consisting of building cuboids with different melting parameters. Second, the defects generated during the E-PBF process are thoroughly characterized. The microstructure and crystallographic texture are then studied to understand the influence of the processing parameters. Finally, the mechanical and electrical properties of the cubes are measured and compared with the properties of the annealed Cu-ETP. 

Processing window to achieve dense copper samples

The processing window of E-PBF for pure copper is identified with a design of experiments and presented in this section. A simple classification method employed to quickly identify dense samples is suggested. Then, the influence of several processing parameters is studied. In total, four builds of nine cubes have been produced to explore the processing window. All the tested parameters are summarized in Appendix B.

Samples classification

A picture of the top view of nine cuboids built by E-PBF is presented in Figure 4.5. The melting parameters of each part are kept constant during a build. As a result, the top layer should be representative of the melting conditions of the previous layers and it remains the only one not remelted. Thus, a rough classification of the different cubes is proposed. This classification allows the samples to be described as:

• "Porous" when its top surface shows open pores and its bulk density is lower than 99 % (measured by image analysis). Indeed, above 1% porosity, the electrical properties are strongly impacted.

• "Overmelted" when the top surface of the sample is highly distorted, i.e. the height variation of the top surface of the sample is larger than two layers (about 100 µm).

• "Good" when the top surface is flat and its density higher than 99%.

"Porous" is used to describe samples with numerous pores observed on the top surface. For instance, on the top right cube in Figure 4.5, the top layer exhibits open pores. Other pores have probably been formed in the previous layers. Micrographs will confirm this assumption in the next section. Consequently, the cubes with a sort of "orange peel" (formed by the numerous pores) at the surface are categorized as "Porous". Among them, the cubes having pores uniformly distributed over the surface, hypothetically the least dense, are called "Porous -Low Density". The other ones with only few pores on the surface are qualified as "Porous -Channel".

The second type of sample is called "Overmelted", it describes the cubes with a deformed top surface. Such a surface defect is due to an excess of energy input. This defect is unfavorable for the process stability. Indeed, if the surface is highly deformed, the rake can hit the part or the deposited layer can be too thick, which will lead to process instabilities or interruption as mentioned in Chapter 1, section 1.4.1. Thus, if the height variation of the top surface of the sample is greater than two layers, it will be classified as "overmelted".

Finally, "Good" samples correspond to parts showing a smooth and flat top surface. Those categories are detailed with the help of additional characterizations in the following sections.

To confirm quantitatively the suggested classification of the cubes based on the sole observation of the top surface, optical micrographs are taken and the density is measured by image analysis. Four examples are shown in Figure 4.6. The "porous -low density" sample, in Figure 4.6 (a), has a low density, about 83 ±0.7%, because of the numerous defects randomly distributed and qualified as lack-of-fusion defects. The density of the "porous -channel" sample, see Figure 4.6 (b), is higher than the previous sample, about 96 ± 0.1%, (higher energy input). However, elongated pores are still observed, they are called channel-like defects. The "good" sample, shown in Figure 4.6 (c), exhibits a high density: 99.95 ±0.02 %. Only a few spherical pores are observed. The porosity will impact the electrical conductivity, thus a critical value of porosity needs to be defined to discriminate a "porous" sample from a "good" sample. According to the empirical models of Grootenhuis et al. [START_REF] Grootenhuis | Thermal and electrical conductivity of porous metals made by powder metallurgy methods[END_REF] and Aivazov et al. [START_REF] Aivazov | Influence of porosity on the conductivity of hotpressed titanium-nitride specimens[END_REF], to obtain an electrical conductivity of at least 99%IACS, the porosity has to be below 1% . The samples with a density lower than 99% will be thus classified as "porous".

Then, the density of the "overmelted" sample, see Figure 4.6 (d), is also relatively high, about 99.3 ±0.02 %. However, defects called lack-of-adhesion elongated and perpendicular In the next section, this classification is used to identify the processing window producing dense copper samples by E-PBF, i.e. the "good" samples. Several builds are produced to test eighteen sets of parameters [v; P ], with a constant line offset of 0.1 mm and a constant preheating temperature T preheat = 550°C. The results are presented in Figure 4.7 (a) along with an example of a top surface for each class of samples in (b). The processing map is plotted with beam power and scanning speed. Fourteen sets of parameters have led to "good" samples, i.e successful melting conditions to achieve dense samples (density > 99%). These sets of parameters define the processing window. Two other types of samples are obtained: "Porous -Channel", and "Overmelted".

Experimental results

In the literature, the energy input is often characterized by the linear or surface energy, see equations in Chapter 1 1.3.3.2. In this case, only the linear energy is considered because the line offset is kept constant. According to the results shown in Figure 4.7, the samples with line energies above 0.7 J/mm are all "overmelted" meaning that the energy input is too high and causes surface deformation. The minimal line energy required

Experimental results

to melt a "good" sample is 0.4 J/mm. This criterion is not enough to ensure good melting conditions, indeed some "porous" samples have line energies higher than 0.4 J/mm. Consequently, a necessary but not sufficient condition for producing dense samples is to apply line energy between 0.4 and 0.7 J/mm. The suggested set of parameters from Lodes et al., [v = 3000 mm/s ; P = 900 W], results in a "Porous -Channel" sample. Note that the authors used a T preheat = 400 °C to obtain a dense sample with this set of parameters, whereas here the preheating temperature was higher, i.e. at 550 °C. The preheating temperature is not the only parameter to vary between the two studies, for instance the powder (chemical composition and morphology) and the E-PBF machine (miniaturized chamber in this study) are different. It is therefore complicated to precisely identify the reason to account for the difference in melting conditions between this study and the one of Lodes et al. [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF]. The influence of the preheating temperature is further studied in the next section.

Influence of the preheating temperature T preheat

According to chapter 3, the preheating temperature range should be between 450 and 550°C for the copper powder used in this study. To investigate the influence of the T preheat on the processing window, a new design of experiments is conducted at a low preheating temperature, T preheat = 470 °C. Note that the preheating temperature was not found to have an effect on the electrical conductivity of the powder bed in the temperature range 500 -600°C. Indeed, in Chapter 3, the electrical conductivities of consolidated copper powder samples are relatively constant, about 5 %IACS, between 500 and 600°C. The 400°C sample was too crumbly to perform the electrical conductivity measurement, see results in section 3.2.2.

The results are presented in Figure 4.8. The processing window defined by the beam power and scanning speed is plotted for the 20 sets of parameters tested in (a), and examples of top surface for each type of sample obtained are shown in (b). A new processing window is defined for this new T preheat with seven sets of parameters which have led to "good" samples. The four kinds of samples are obtained in this design of experiments (DoE): "Porous -Low Density", "Porous -Channel", "Good", and "Overmelted".

Here, the results suggest that at T preheat = 470°C, producing dense samples requires line energies between 0.45 and 0.6 J/mm. Based on Figure 4.8, one should also note that high beam power does not seem to lead to good processing conditions. It is rather recommended to keep beam power lower than 1500 W when T preheat = 470°C.

The set of parameters suggested by Lodes et al. generate porous specimen, identified as a "Porous -Low Density". With the decrease of the T preheat , the density of the sample produced with this set of parameters is lowered. Moreover, because of the decrease of the T preheat , the processing window has been modified. Some of the sets of parameters that led to dense samples, when T preheat = 550°C, do no longer lead to dense samples when preheating is done at 470°C. For instance, the set of parameters [v = 3000 mm/s ; P = 1800 W ] leads to good melting conditions at T preheat = 550°C, and to porous samples at

T preheat = 470°C.
Based on these results, the preheating temperature (i.e. the average current) influences the melting conditions of the E-PBF process. Indeed, for this copper powder, an 80 °Cdecrease of the preheating temperature requires higher energy input to compensate for the drop in T preheat . A similar observation has been reported by [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF]. In their case, the preheating temperature was maintained at 400± 10°C. They noticed that this small temperature deviation could impact the minimum line energy required to properly melt the powder layer.

On the contrary, some sets of parameters are relatively stables over this temperature range. For example, the set of parameters [v = 2000 mm/s ; P = 1200 W ] leads to dense samples from 470 to 550 °C.

To conclude, a given set of processing parameters can lead to dense samples over a wide range of preheating temperatures. To achieve stable processing conditions, such sets of parameters have to be promoted to ensure proper melting even in case of local fluctuations of the building temperature.

Experimental results

Influence of the line offset l of f set

A third parameter is reported in the literature to have a significant influence on the melting conditions in the E-PBF process, see chapter 1 1.5.2: it is the line offset, i.e. the distance between two adjacent molten tracks [START_REF] Helmer | Grain structure evolution in Inconel 718 during selective electron beam melting[END_REF][START_REF] Lu | Scan strategy in electron beam selective melting[END_REF].

Three additional line offsets are tested: 0.05, 0.025 and 0.01 mm with two additional builds fabricated at T preheat about 550°C. The set of parameters are listed in Appendix B. To take into account the line offset in the energy calculation, the surface energy is needed. At T preheat = 550°C, the good melting conditions have been obtained with line energies between 0.4 and 0.7 J/mm, see section 4.3.1.2, which is equivalent to 4 and 7 J/mm 2 (line offset = 0.1 mm). To identify other sets of parameters leading to good melting conditions with different line offsets, one strategy is to keep the surface energy while decreasing the line offset, at about 5 J/mm 2 . This strategy has failed to produce dense samples since only porous samples were obtained. Among the two DoEs, one set of parameters has led to a "good" sample : [v = 4000 mm/s ; P = 1200 W; l of f set = 0.025 mm], with a T preheat = 580 °C. Decreasing the line offset does not seem to enlarge significantly the processing window. Further experiments will be carried out to explore new sets of parameters and eventually take advantage of a change in line offset to influence the microstructure, see Chapter 6, section 6.4.2.2.

Effect of the processing parameters on the melt pool depth

In the E-PBF process, the melt pool depth is often characterized as it can be a great marker of the melting conditions. For instance, a necessary condition to ensure the production of dense samples with this process is to have a melt pool deeper than the layer thickness. Indeed, it is necessary to ensure the melting of the deposited powder layer and the correct adhesion with the previous one.

Melt pool depth versus P and v

To assess the influence of the melting parameters, P and v, on the melt pool shape, the line offset and the preheating temperature have to be kept constant. Thus, the melt pool depths of the cubes of the first DoE are measured and plotted as a function of the line energy in Figure 4.9. The melt pool depth increases linearly with the increase of the line energy (line energy = beam power/scanning speed). The "overmelted" sample with the highest linear energy (1.8 J/mm) exhibits a melt pool depth of about 150µm, i.e. two underneath layers are remelted. Note that the melt pool depths of the "Porous -Low density" samples can not be measured. Indeed, the melt pool boundaries are not revealed by chemical etching because of the numerous pores. 

Experimental results

A melt pool depth exceeding the layer thickness is a necessary but not sufficient condition to ensure good melting conditions. Another key index for the melting conditions is the melt pool width, to ensure proper cohesion between adjacent molten tracks. However, it cannot be easily measured on those samples. The overlapping of the molten pools is important which prevents such a measurement. Only the last molten track of a layer is not partially remelted but it has special melting conditions. Indeed, it is located at the edge of the sample where the thermal gradient is influenced by the proximity with the powder cake. Note that, if the preheating temperature decreases, the decrease of the melt pool depth can be balanced by an increase of the line energy.

Melt pool depth versus preheating temperature

For a given set of parameters, namely [v = 3000 mm/s ; P = 1200 W ; l of f set = 0.1 mm], the melt pool depth at different preheating temperatures were measured and are given in Figure 4.10. The deepest melt pool is obtained with the highest preheating temperature. However, the melt pool depths of the 470 and 550 °C samples are surprisingly similar.

Another set of parameters, [v = 4000 mm/s ; P = 1500 W ; l of f set = 0.1 mm], has been studied at two preheating temperatures, i.e at 550 and 580 °C, respectively. The melt pool depths are respectively 61 ± 4 µm and 137 ± 18. The melt pool is here twice deeper with the highest preheating temperature.

To conclude on this aspect, selecting the same processing parameters but at a lower preheating temperature can induce a decrease of the melt pool depth and cause process instabilities and/or the formation of pores. It can explain why the preheating temperature influences the melting conditions and why the set of parameters have to be selected to produce dense samples over a wide range of preheating temperatures.

To summarize, in Figure 4.11, the results are added to the plot suggested by Horn et al. describing the processing window for copper by E-PBF, only the sets of parameters from the literature leading to dense samples are displayed [START_REF] Horn | Rethinking AM of Copper[END_REF]. The processing window is plotted with the beam power and the criterion being the product of the line offset, layer thickness and scanning speed. The interest of this abscissa is to show all the sets of parameters, including those with a variation of line offset. Two processing windows have been successfully identified for two different preheating temperatures (470 and 550°C). Moreover, other conditions leading to dense samples have been identified. A total of 12 sets of parameters are functional in a wide range of preheating temperatures from 450 to 580 °C. Note that this processing window is obtained using the standard scanning strategy (snake-like pattern) shown in Figure 4.2 (a). New scanning strategies Figure 4.11: Processing windows for copper by E-PBF from this chapter with a 50 µm layer thickness, compared with results from the literature [START_REF] Tung | -situ Electron Imaging for the Electron Beam Melting Process[END_REF][START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF]] [Guschlbauer et al., 2018[START_REF] Horn | Rethinking AM of Copper[END_REF]] [Frigola et al., 2014[START_REF] Raab | Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam Melting[END_REF]. The beam power is plotted versus the product of line offset, layer thickness and scanning speed.
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will be investigated in Chapter 6.

The sets of parameters spread out on a diagonal in Figure 4.11, close to the one reported in the literature. However, using a set of parameters belonging to this diagonal is not enough to ensure good melting conditions. Indeed, the accurate processing window for pure copper by E-PBF likely depends on the machine employed and the powder used (composition and morphology). Six different types of defects have been observed in the E-PBF samples, they are summarized in Figure 4.12. The "good" samples contain only two types of defects: (i) spherical pores and (ii) micro-shrinkage pores. Note that these two defects are present in all the E-PBF cubes. The "porous" samples exhibit two others kind of defects: (iii) lack-of-fusion defects ("porous -low density"), and (iv) channel-like pores ("porous -channel"). Finally, the surface of the "overmelted" samples are deformed. This surface defect, named (v) distorted surface, can induce another type of internal defect, called (vi) lack-of-adhesion.

Defects

To further quantify and qualify these defects, optical or SEM micrographs are taken and X-ray tomography scans are performed on E-PBF samples. Each kind of defect is characterized and described in the subsequent sections.

Characterization of pores using X-Ray tomography

To select the voxel size of X-ray tomography adapted to the E-PBF samples, two scans of a sample containing defects, namely a "porous" sample, have been acquired with two resolutions: (i) low resolution (LR) with a voxel size of 0.67 µm 3 , and (ii) high resolution (HR) with a voxel size of 0.35 µm 3 . The volume of the HR scan is included in the volume of the LR scan. Note that, the smaller the voxel size, the higher the image spatial resolution. The difference between the two scans, in terms of acquisition parameters and porosity measurement, are summarized in Table 4.2. The HR scan acquisition time is longer, and the volume analyzed is smaller than the LR scan while the number of pores detected is four times higher than in the LR volume. Indeed, the image spatial resolution is too low in the LR scan to detect the smallest pores. The minimal volume detected in the LR scan is 3 µm 3 , against 0.1 µm 3 in the HR scan, see Table 4.3.

To properly compare the results of the two scans, the same volume has to be studied. Only the volume scanned with both resolutions is thus studied, i.e. the volume of the HR scan. The two scans are presented in Figure 4.13 and Table 4.3. The number of pores detected in the HR scan is higher than in the LR scan. This is mainly due to the smallest pores which cannot be observed in the LR scan. Enlarged views of a large and a small pores are shown in Figure 4.13 (b) and (c) respectively. The volume of the large pore, shown in (b), turns out to be slightly larger in the LR scan than in the HR scan: 10640 versus 10170 µm 3 , respectively (4% difference). Regarding small pores, see example in Figure 4.13 (c), it is the opposite: the volume of the small pore is larger in the HR scan than in the LR scan: 30 versus 7 µm 3 , respectively. To summarize, in the LR scan the smallest pores are underestimated (but they represent a very low volume fraction) whereas the large pores are slightly overestimated, which leads to an overestimated overall porosity. Even though the porosity is slightly overestimated, the LR is chosen to characterize the E-PBF samples to maximize the analyzed volume. Note that specific care has been taken to select samples for tomography analysis representative of the bulk (EDM machining in the core of the cubes). However, this remains a statistical sampling and the analyzed volume may be not perfectly representative. 
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Spherical pores

The spherical pores are defects observed in all the E-PBF samples. As mentioned in Chapter 1, section 1.4.1 "Internal defects", this defect is qualified as a "gas pore" and is well-know in E-PBF parts, see e.g. [START_REF] Tammas-Williams | XCT analysis of the influence of melt strategies on defect population in Ti-6al-4v components manufactured by Selective Electron Beam Melting[END_REF][START_REF] Iebba | Influence of Powder Characteristics on Formation of Porosity in Additive Manufacturing of Ti-6al-4v Components[END_REF]. Examples of such kinds of defects in a "good" sample are presented in Figure 4.14 with an optical micrograph (a) and a 3D reconstruction (b). In the 3D image, only spherical pores are detected, the porosity is measured to be about 0.04 ±0.02 vol%. Those spherical pores are randomly distributed in the sample, and exhibit a sphericity of about 0.9. Those spherical pores are thought to stem from the porosity contained in the initial powder particles, as shown in Figure 3.5. Gas is entrapped during the solidification of the powder particles during the atomization process.

To validate this assumption, the same characterization has been performed on the powder particles. The pores size distributions are reported in Figure 4.15, the results for the powder particles were already presented in section 3.1.3. The distributions are relatively similar, the majority of pores being smaller than 10 µm. It should be noted that the coarser pores present in the powder particles are no longer observed in the E-PBF sample. Convection in the melt pool can be complex (Marangoni effect, recoil pressure), however, these observations are in line with the Archimedes' principle. Indeed, the upward buoyant force is higher for the larger pores.

Those observations are consistent with the hypothesis that these pores are inherited Figure 4.15: Pore diameter distributions determined based on 3D reconstructed images from X-ray tomography in a "good" sample and in the initial powder particles. Both distributions are relatively close with an average pore diameter of 6 (5 µm standard deviation) in the good sample, versus 8 (12 µm standard deviation) in the initial powder particles (268 pores detected, the standard deviation is higher than the average value because of the presence of large pores).

Porosity

Image analysis (%) X-Ray tomography (%) Powder particles 1.58 ± 0.05 2.58 ± 0.03 "Good" E-PBF sample 0.05 ± 0.02 0.04 ± 0.02 Table 4.4: Porosity measured by two methods, image analysis and X-ray tomography, in two samples: powder particles and "Good" sample. The results for the powder particles were shown in Chapter 3, 3.1.3, and are reported here for comparison.

from the pores contained in the initial powder particles. To assess the impact of the melting during the E-PBF process on the gas pores, the porosity of the powder particles is compared with the porosity of the "good" sample in Table 4.4. Only spherical pores are considered. The analyzed volumes by X-Ray tomography are rather small, the image analysis results are also reminded. Regardless of the method used to evaluate the porosity, there are fewer spherical pores in the sample fabricated by the E-PBF than in the powder particles. In other words, it means that numerous gas pores are likely to escape from the molten metal during the E-PBF process: ∆= -1.5 % of porosity based on the image analysis measurement and ∆= -2.5 % based on the X-Ray tomography scans with ∆ = ξ powder -ξ P art , ξ being the porosity. These two methodologies converge and show that between 97 and 98% of the gas pores initially contained in the powder particles have disappeared during the E-PBF process, and that 2 to 3% remain.

This observation has also been made for Ni-based superalloys produced by E-PBF where at least 20% of the initial gas porosity contained in the powder particles which has disappeared while melting the powder bed (0.1% over 0.5% porosity in the powder particles) [Chauvet et al., 2018a]. This is much lower than for copper (about 97% reduction). This difference seems significant Thus, the ability of a gas pore to escape from the molten metal needs to be discussed. The latter depends on many factors such as the viscosity of the molten metal, the solidification time, and the dimension of the melt pool. This observation is consistent with the viscosity. Indeed, according to Figure 4.16, pure [START_REF] Guo | Alloy thermal physical property prediction coupled computational thermodynamics with back diffusion consideration[END_REF] and pure Copper [START_REF] Cavalier | The physical chemistry of metallic solutions and intermetallic compounds[END_REF][START_REF] Kehr | A new high-temperature oscillating cup viscometer[END_REF][START_REF] Brillo | Viscosity measurement of liquid ternary cu-ni-fe alloys by an oscillating cup viscometer and comparison with models[END_REF]. copper is less viscous than a Ni-based alloy (IN718), so it is easier for a gas bubble to escape from the molten metal of copper than for IN718. However, such a small difference in viscosity does not seem to be the only explanation. If the gas bubble stays longer in
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the melt pool, i.e. higher solidification time, it will have more chances to escape (if one considers a constant viscosity and distance to escape). Note, however, that the solidification time cannot be easily measured. Regarding the dimension of the melt pool, the melt pool depths are relatively similar, about 70 µm for copper and 80 µm for a nickel-based superalloy [START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF]. Unfortunately, there is no information about the width of the melt pools. Consequently, it is not possible to conclude about the influence of the melt pool shape on the ability of the gas bubble to escape between the two materials.

Note that this is not keyhole porosity. This kind of spherical porosity is often observed for parts produced by L-PBF process [START_REF] Le | On the study of keyhole-mode melting in selective laser melting process[END_REF][START_REF] Cunningham | Keyhole threshold and morphology in laser melting revealed by ultrahigh-speed x-ray imaging[END_REF], but also in welds processed by EBW [START_REF] Huang | A three-dimensional model of coupling dynamics of keyhole and weld pool during electron beam welding[END_REF]. The keyhole mode is obtained for high energy densities (high power and low scanning speed) and it leads to the formation of deep and narrow melt pools due to the penetration of vapor depression. The melt pools observed in the copper parts processed by E-PBF have always a hemispherical shape.

To conclude, spherical pores are identified as gas bubbles. They are formed in the powder particles during the atomization process. During the melting of the powder particles by the electron beam, a majority of these bubbles escape from the melt pool. The remaining ones are the spherical pores observed in parts built by E-PBF. 4.17 (a) illustrates the micro-shrinkage pores, the second kind of defect present in all samples. These defects are rounded-shape pores aligned along the dendrites growth direction parallel to the build direction in this case. They are much smaller than the gas pores, typically less than 1 µm in diameter and they result from the coalescence of the dendrite secondary arms during the last stage of solidification. Figure 4.17 (b) schematically illustrates the mechanism leading to their formation. During solidification, the growth of the dendrite secondary arms traps molten metal. At the end of the solidification, pores are formed because of the volume contraction induced by the liquid to solid transformation (density: ρ Cu liq = 8.0 g/cm 3 at melting temperature and ρ Cu sol = 8.9 g/cm 3 near room temperature [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF]).

Micro-shrinkage

Note that, such defects are not observed in the 3D reconstruction because the resolution is not high enough (LR with voxel size: 0.67 µm) to reliably capture them.

To summarize, two rounded-shape defects are observed in all samples, gas pores, which come from the porosity contained in some of the powder particles, and micro-shrinkages that form during the last stage of solidification. These are the only two defects present in the "good" samples. It should be noted that these two pore populations differ by their size, between 5 and 45 µm for the gas pores and less than 1 µm for the micro-shrinkages. Lack-of-fusion defects are observed when the energy input is not sufficient to properly melt the powder layer. Indeed, the lack of energy induces two issues responsible for

Lack-of-fusion defects
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the formation of this defect. (i) The melt pool might be not deep enough to ensure the cohesion with the underneath layer, then pores or un-melted particles are located in between layers (lack-of-adhesion defect). (ii) The melt pool is not wide enough, and lack-of-fusion defects appear in between adjacent molten tracks.

An example of such defects in a "Porous -Low density" sample is shown in Figure 4.18 (a), the beam partially melts powder particles, and voids are left in between. These defects strongly impact the final density of the part, and they are observed in the less dense samples (density around 85 %). A 3D reconstruction of a porous sample with lack-of-fusion defects is shown in Figure 4.18 (b). The channel-like pores are observed when the energy input is enough to melt the powder layer and ensure the cohesion between the layers, but not high enough to heal a defect that eventually formed in the previous layer. Indeed, the deposited powder layer can be locally heterogeneous and can induce a defect in the melted layer. If the energy input is too low, the defect is not healed during the melting of the next layers because of the capillary force. Indeed, the liquid copper does not fill the void by gravity but goes laterally [START_REF] Bauereiß | Defect generation and propagation mechanism during additive manufacturing by selective beam melting[END_REF], see in Chapter 1, section "Internal defects" 1.4.1. An example of this defect in a "Porous -Channel" sample is shown in Figure 4.19 (a), the defect is growing along the build direction. The lack-of-energy input is emphasized by the observation of unmelted powder particles in the channel-like pore. A 3D reconstruction of a "Porous -Channel" sample is exhibited in Figure 4.19 (b). A channel pore is observed surrounded by spherical pores. Only a part of the channel-like pore is observed, and this defect propagates over at least twenty-six layers.

Channel-like pores

As mentioned in section entitled 4.3.1.3 "Influence of the preheating temperature", the preheating temperature influences the melting conditions during a build. Indeed, two cubes were built with the same set of parameters but at different preheating temperatures, one of them was dense, classified as a "Good" sample, the other one was defined as "Porous -Channel". The drop in preheating temperature makes the melting conditions out of the processing window leading to unhealed defects and consequently channel-like pores. The uneven top surface is observed when an excessive energy input is applied during the melting step. Surface tension and vapor pressure of the material induce a molten metal displacement behind the beam, as mentioned in Chapter 1, section 1.4.1. Consequently, the surface of the part is deformed, see an example in Figure 4.20 (a). This defect is typical of an "Overmelted" sample. This defect worsens with the addition of new layers and might prevent the raking system to spread a homogeneous powder layer and cause process instabilities or interruptions of the build. Thus, an "overmelted" part can lead to unsuccessful builds.

Uneven top surface and Lack-of-adhesion defect

In addition to this problem of process instability, if the top surface becomes strongly uneven then internal defects can be generated as shown in Figure 4.20 (b). These defects are qualified as lack-of-adhesion because they result from the poor cohesion between successive layers. To understand the formation of such defect, a schematic is given in Figure 4.20 (c), the deposited powder layer becomes thicker than the standard one due to the uneven surface. Then, the energy input becomes insufficient to properly melt
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the thicker powder layers, and the cohesion between two successive layers is not ensured leaving a lack-of-adhesion defect. In the case of cube samples processed in this study, the center of the part is curved (concave shape) and then a thicker layer is deposited. This is why the lack-of-adhesion defects were always found to be located in the center of the cube.

To conclude, excessive energy input induces a surface defect (uneven top surface). If this defect is too pronounced it causes an internal defect (lack-of-adhesion defect). These two defects are only observed in "overmelted" samples.

Microstructure and texture

The microstructure for each type of E-PBF part ("Porous", "Good" and "Overmelted") is described in this section based on EBSD measurements.

"Porous" sample

The sample produced with the set of parameters [4500 mm/s ; 600 W], and built at 470 °C with a line offset of 0.1 mm, is chosen as an example for the "porous" category. To rationalize the microstructure of the E-PBF sample, the microstructure of the raw material, i.e. the powder particles, is necessary. It can be observed in the porous sample. Indeed, it contains unmelted powder particles because of the relatively low energy input, an example is pointed out in Figure 4.21 (d) and circled in yellow in Figures 4.21 (a) and (b). The microstructure of the powder particle is composed of equiaxed grains with no dominant crystallographic texture.

The microstructure of the porous sample is heterogeneous in terms of grain structure. The first zone, denoted (1) in Figure 4.22 (a) and (b), is the first layer melted above a defect. Small equiaxed grains are observed, they are initially present in the powder particles. Then, an epitaxial growth occurs with the construction of the upper layers leading to the formation of columnar grains. The grains are elongated along the same direction as the thermal gradient. The growth of these columnar grains is quickly interrupted by a new defect (pore). Moreover, the numerous pores might locally affect the thermal gradient because the heat dissipation is not driven by the molten parts (dense parts). This prevents the development of a crystallographic texture, as illustrated in the poles figures shown in Figure 4.21 (c).

The melt pool of the "porous" samples with lack-of-fusion defects, like this one, is complicated to measure because of the numerous pores. However, the melt pool depth (1) small equiaxed grains and (2) small elongated grains.

Experimental results

is likely to be smaller than a layer thickness, 50 µm. The melt pool depths are only measured on the porous samples with channel-like defects, they typically range between 60 and 90 µm (layer thickness of 50 µm).

"Good" sample

The cuboid built with the set of parameters [3000 mm/s ; 1200 W] at 530 °C with a line offset of 0.1 mm, is chosen as an example for the "good" type. The microstructure consists of <001> orientated columnar grains elongated along the build direction. The <001> fiber texture of the z-axis is consistent with the primary growth direction of FCC-crystals because it is the axis with the fewest atoms that grows the fastest [START_REF] Andreau | Texture control of 316L parts by modulation of the melt pool morphology in selective laser melting[END_REF]. Moreover, the x-axis of the columnar grains is also parallel to the <001> direction, see Figure 4.23 (b). Consequently, the reference sample has a <001> cube-texture, with approximately the three axes aligned along the <001> directions.

Results

The bottom of the sample is less textured because it is influenced by the equiaxed microstructure of the un-melted powder particles underneath (located between the supports), see Figure 4.23 (c). The strong texture develops after about 20 layers. According to these maps, the microstructure is homogeneous in the whole sample. The grain dimensions are homogeneous along the build direction or in the width, with an average width of about 50 µm, also called transverse columnar grain size, and an average length of about 250 µm.

Finally, EBSD-IPF maps of the "good" sample in the scanning plane, i.e. the (xy) plane, are presented in Figure 4.24 (a-b). As expected, grains with an average diameter of about 50 µm are observed with a strong <100> cube texture along the build direction. Note that numerous color variations can be observed in many grains, indicating the presence of slight misorientations within the grains.

Discussion

To understand this microstructure, an optical micrograph of top layers is shown in Figure 4.25, the grain and melt pool boundaries have been revealed by chemical etching. The columnar grains grow through several deposited layers. Moreover, the melt pool depth, for this set of parameters, is about 70 µm ± 8, which means that when one layer is melted, almost half of the previous layer is remelted. This promotes the epitaxial crystal growth leading to grain growth through several layers.

The melt pool shape is studied to rationalize the strong <001> cube texture. Indeed, during solidification, the maximal thermal gradient is perpendicular to the solidification front, i.e. the melt pool boundary, as well as the cells/dendrites growth direction. It is well illustrated in Figure 4.25 by the shape of the grain boundaries in the topmost layer. They are tilted in the direction of the thermal gradient at the edge of the melt pool. It is not observed in the underneath layers because it has been remelted when the next layer was melted. During solidification of FCC metals, the grains with their <001> growth direction parallel to the maximal thermal gradient direction grow easily. In this case, the molten pools are relatively flat, i.e. the depth to width ratio is less than 1. This molten bead shape combined with the heat dissipation through the part itself results in a thermal gradient mostly parallel to the build direction. Therefore, grains grow with their <100> direction aligned with the build direction which explains the strong texture along the build direction. The strong <001> textures of the x and y-axes result from a stretched and flat melt pool which leads to a uniform thermal gradient despite the change of the scanning direction at each layer. Such a melt pool shape has been reported in the literature [START_REF] Al-Bermani | The origin of microstructural diversity, texture, and mechanical properties in electron beam melted ti-6al-4v[END_REF]] [Zhao et al., 2019], and is illustrated in Figure 4.26. The melt pool is elongated in the direction perpendicular to the scanning tracks. This results from the fact that the liquid metal does not have enough time to fully solidify before the electron beam melts adjacent lines for these melting conditions. The melt pool shape has been confirmed with Finite Element (FE) thermal simulations. The detailed explanations will be given in Chapter 6 along with the thermal simulation results.

The epitaxial growth is characteristic of the E-PBF process, and the columnar grains highly textured are common in fcc-materials processed by this process [START_REF] Helmer | Grain structure evolution in Inconel 718 during selective electron beam melting[END_REF]] [Chauvet et al., 2018a]. Often, the epitaxial growth is accompanied by a competitive grain growth which favors one direction of growth and this leads to a microstructural gradient. For instance, for two Ni-based super-alloys, two epitaxial growth regimes were observed [START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF]. For the first alloy, an intense competitive grain growth was observed which led to preferential growth of grains with their <100> direction aligned with the building direction. Thus, the transverse columnar grain size was increasing with the building height. In the second alloy (Inconel 625), no competitive grain growth was observed, the columnar grain size was constant in the building height. Two elements can be responsible for this difference: the melt pool depth and the difference between the preheating temperature and the liquidus temperature. The sample with the microstruc- Table 4.5: Comparison between three materials processed by E-PBF and their melt pool depth, T preheat and T preheat to T liquidus ratio.

tural gradient exhibits a deeper melt pool (above 300 µm) coupled with a high preheating temperature compared to the liquidus temperature (about 80%) than the sample with a constant microstructure (melt pool depth of about 80µm and the T preheat represents 70% of the liquidus temperature), see the values summarized in Table 4.5.

As shown in Figure 4.23, no microstructural gradient is observed in Cu-ETP produced by E-PBF. It suggests that the melt pools are not deep enough and the T preheat to T liquidus ratio is too low to promote competitive grain growth. Indeed, the solidification conditions can be too fast, the grains with the preferential orientation have not time to grow sufficiently to inhibit the growth of other grains. Note that even for the deepest melt pools, about 150 µm, measured in Cu-ETP samples fabricated by E-PBF, no microstructural gradient was observed. The very high thermal conductivity of Cu-ETP is not favorable to obtain large and deep melt pools that would promote competitive grain growth.

To summarize, the <001> orientated columnar grains result from the combination of flat melt pools (thermal gradient direction mainly aligned with the build direction) and partial remelting of the previous layers.

Estimation of the Cooling rate

A SEM micrograph of a "good" sample is shown in Figure 4.27. As described in the previous section 4.3.2, microshrinkage pores are located in between the secondary arms of the dendrites. Note here that they are close to cells because secondary arms are not well developed. The secondary dendrite arm spacing (SDAS) can be estimated and is measured to be about 0.3 µm and the primary dendrite arm spacing (PDAS) about 0.8 µm. Flemings had reported the link between the cooling rate CR and the secondary dendrite arm spacing SDAS, see equation (4.1) [Flemings et al., 1991]: They estimated a cooling rate between 10 3 and 10 5 K/s.

SDAS = a.CR -b (4.
No values for a and b have been found in the literature regarding high-purity copper, but some have been found for copper alloys, Cu -8.5 % Pb, with a = 66.9 and b = 0.324 (for cooling rate between 0.15 and 158 K/s) [START_REF] Martyushev | Parameters of the dendritic structure of copper alloys[END_REF]. With these values, the cooling rate of the copper produced by E-PBF is estimated between 10 6 and 10 7 K/s. This value is several orders of magnitude higher than what has been measured on stainless steels. However, the cooling rate of copper processed by E-PBF might be higher than for stainless steels because of the higher thermal conductivity (about 400 for copper against about 20 W/(m.K) for stainless steels [START_REF] Goodfellow | Stainless Steel AlSi 410 -Material information[END_REF]).

Oxygen content

The results of the XRD analysis conducted on a "good" sample are shown in Figures 4.28 (a) (b) and compared with the as-received copper powder. In Figure 4.28 (a), the typical peaks for copper are clearly identified for both samples. In Figure 4.28 (b), the peak of cuprite (Cu 2 O) is observed for the powder sample but not for the E-PBF sample. Besides, chemical analysis has been performed on the "good" sample, the results are summarized in Table 4.6. After the E-PBF process and post-processing (powder removal and machining), the oxygen content has slightly risen from 110 to 115 ppm (LECO analysis). Thanks to the vacuum environment during the E-PBF process, the oxygen contamination is very low. The samples fabricated by E-PBF still meet the requirements of Cu-ETP.

The cuprite is not detected in the XRD analysis of the E-PBF sample. This likely 4) Table 4.6: Chemical composition of a "good" Cu sample produced by E-PBF and the initial copper powder. For the oxygen content in the E-PBF sample, two methods of analysis are used: (1) LECO oxygen analyzer, (2) Reducing melting infrared absorption,

Element

(3) Egma 620W, Co. Horiba., (4) total other elements (excluding O and Ag) : 0.03.

results from the difference of specific surface between the powder particles and bulk specimen. Consequently, the probability to detect oxides is lower for the E-PBF sample than for powder particles.

The oxygen content is critical for high purity copper as explained in Chapter 1, section 2.2.1.2. Indeed, the increase of the oxygen level in Cu-ETP can be detrimental to the electrical conductivity (acts as point defects in the lattice) and mechanical properties (because of hydrogen embrittlement). A study has been reported by Guschlbauer et al. where two different powder batches having different oxygen contents (0.02 and 0.05% O measured on tensile samples) were used to build parts by E-PBF [START_REF] Guschlbauer | Effect of the oxygen content of pure copper powder on selective electron beam melting[END_REF]. They found that the powder with the highest oxygen content was more sensitive to crack. There are two types of overmelted samples, with and without lack-of-adhesion defects. If the top surface is significantly deformed, lack-of-adhesion defects can appear in the sample, as described in the section 4.3.2.6. An optical micrograph of an "overmelted" sample is presented in Figure 4.29 (a), the lack-of-adhesion defect is pointed out by white arrows. The microstructure is composed of columnar grains elongated along the build direction. The growth of these grains is interrupted by the 4.3. Experimental results lack-of-adhesion defect. To confirm these observations, an EBSD analysis is conducted and the IPF maps are presented in Figure 4.29 (b). The EBSD analysis has been performed in a region of interest containing a lack-of-fusion defect, pointed out by a white arrow. This defect breaks the epitaxial growth of columnar grains. Indeed, smaller grains are observed above the defect, they nucleate from the melted powder particles at the bottom of the layer. Epitaxial growth starts again until a new defect appears. When the surface is only slightly deformed, there is no lack-of-adhesion defect. An example is presented in Figure 4.30 (a), the optical micrograph shows no lack-of-adhesion between layers and large columnar grains. EBSD maps of the sample are presented in Figure 4.30 (b). Both the z and x-axes are aligned along the <001> directions. Since there is no defect, the grains grow epitaxially and the microstructure is composed of elongated grains along the build direction. According to the EBSD maps and the pole figures, see Figure 4.30 (c), a strong <100> cube texture, similar to what was observed for the "good" condition, is revealed. The grains are longer and wider, with an average width of about 150 µm and an average length of about 1 mm. In comparison, a "good" sample shows an average width of about 50 µm and an average length of about 250 µm.

"Overmelted" samples

To conclude, regarding the "overmelted" samples, the microstructure is similar to the ones observed in the "good" specimens with columnar grains growing along the build direction and a strong cube texture. It results from epitaxial growth, which is disrupted in case of lack-of-adhesion defects. Note that a grain size difference is also detected. The influence of the process parameters on the microstructure is discussed in the next section.

Effect of the processing parameters on the microstructure

To evaluate the influence of the melting conditions on the microstructure, three EBSD maps of samples built with three different sets of parameters, are shown in Figure 4.31.

The three samples have a similar microstructure, with elongated columnar grains with their major axis parallel to the build direction. However, the grain dimensions significantly change between the samples. For instance, the "overmelted" sample shown in (c) has grains more than three times longer and wider than the "good" sample presented in (a). As a consequence, changing the processing parameters can have an effect on the grain structure, in particular on the grain size. The line energy of the (a) and (c) samples are close, 0.4 and 0.42 J/mm, whereas the sample shown in (b) has the highest, 0.6 J/mm. In the literature, Zhao et al. reported a correlation between the line energy and the grain width for Co-Cr-Mo alloy processed by E-PBF [START_REF] Zhao | Comprehensive study on mechanisms for grain morphology evolution and texture development in powder bed fusion with electron beam of co-cr-mo alloy[END_REF]. According to their study, high line energies lead to larger melt pools which promote competitive grain growth and thus large grains. In the case of the three samples presented in Figure 4.31, there is no correlation between the line energy and the grain width.

Regarding the surface energy, respectively 4, 6 and 8.4 J/mm 2 , the results suggest a correlation between the surface energy and the grain width: an increase of the surface energy leads to an increase of the grain dimensions. To confirm this assumption, more specimens should be built at the same preheating temperature while varying the surface energy.

For Ti-6Al-4V alloy, Narra et al. also reported an influence of the melt pool size on the grain size [START_REF] Narra | Location specific solidification microstructure control in electron beam melting of Ti-6al-4v[END_REF]. They noticed a correlation between the melt pool width and the grain width. Similarly to Zhao et al, a wide melt pool leads to the growth of larger grains [START_REF] Zhao | Comprehensive study on mechanisms for grain morphology evolution and texture development in powder bed fusion with electron beam of co-cr-mo alloy[END_REF]. Indeed, the growth is controlled by the cooling rate which depends on the melt pool size, the growth of large grains is favored by a slow cooling rate. Note that the melt pool width has been measured with a single bead test on a start plate.

Unfortunately, the melt pool width can not be measured on the cubes built by E-PBF, CHAPTER 4. PROCESSING WINDOW OF PURE COPPER BY E-PBF only the melt pool depth can be assessed. The grain width has been compared with the melt pool depth for 5 samples, including the 3 previous ones. No significant correlation is observed between the two features. For instance, a 45 µm grain width is obtained for both 70 and 110 µm melt pool depths.

Experimental results

To conclude, the processing parameters influence the grain size. Indeed, the grain dimensions have tripled, from an average width of 50 to 150 µm, and an average length from 150 to 1000 µm, by increasing the surface energy. There is no clear correlation between the melt pool size and the grain dimensions, however, a trend is detected, further tests need to be carried out to conclude on this correlation.

Effect of the processing parameters on hardness and electrical conductivity

The hardness and the surface electrical conductivity of the copper cubes produced by E-PBF are measured for the three types "Porous", "Good" and "Overmelted", the results are summarized in Table 4.7. . An indentation size effect is observed, indeed the hardness decreases with the increase of the load, except for the highest load [START_REF] Poole | Micro-hardness of annealed and work-hardened copper polycrystals[END_REF].

Effect of the processing parameters on the hardness

To avoid the indentation size effect, it is recommended to chose a load to obtain an indent diagonal size three times larger than the grain size. According to Figure 4.32, with a 500 gf load, this criterion is met for a 50 µm grain width, and the hardness value is approximately stable. Thus, a 500 gf load is chosen to measure the hardness of all the E-PBF samples. Besides, the hardness of the "Porous -Low density" cannot be measured properly because of the high porosity level.

Particular attention has been paid to the last layer. Indeed, it is the only layer that was not re-melted during the building. In E-PBF copper samples, the hardness of the last layer is not significantly different from the one measured within the underlying regions. The last layer is kept at intermediate temperature (above 250°C for several dozen minutes) during cooling once the build is completed. This annealing time is enough to reach the same hardness as the rest of the part which has been submitted to a longer in-situ annealing heat treatment.

Regarding the micro-hardness results presented in Table 4.7, copper samples fabricated by E-PBF exhibit a hardness of about 50 HV. Grain width range from about 45 to 150 µm. According to chapter 2, section 2.2.3.3, grain boundary strengthening is not significant for grain size in the range 30 -100 µm. This is consistent with our results where no influence of the grain size on the hardness is observed. Finally, no significant influence of the processing parameters is noticed on the hardness.

The hardness of copper built by E-PBF (about 50 HV) is slightly higher than the annealed Cu-ETP, about 45 HV. Note that the Cu-ETP sample has an average grain size of about 30 µm. This difference is not explained by the grain size effect (not consistent with the results), it could be explained by a difference in dislocation density. This will be studied in the next Chapter, section 5.3.3.

Effect of the processing parameters on the surface electrical conductivity

According to Table 4.7, the "Porous -Low Density" sample has a low electrical conductivity because of the numerous defects. The "Porous -Channel" sample reaches 97 % IACS thanks to its high density (about 96 %) despite a few channel-like defects.

The minimum electrical conductivity for an annealed Cu-ETP component, 100 % IACS, is reached for all the "good" samples produced by E-PBF, except for one. For the latter one, the standard deviation is very high and the average is below 100 % IACS. These values can be explained by a small defect located underneath the surface where the measurements have been performed. Indeed, the Eddy current method has a very v (mm/s) P(W) low penetration depth, typically about 100 µm for conductive materials. Consequently, only a small volume is considered to evaluate the electrical conductivity, which is why the measurement depends on the region of interest. This is the major limitation of this method. It is a quick way to have an approximated value, however, it is not representative of the whole volume. Therefore, the volume electrical conductivity will be assessed on specific specimens in the next Chapter.

l of f set (mm) E l (J/mm) E s (J/
To complete the results shown in Table 4.7, the surface electrical conductivity is plotted as a function of the density in Figure 4.33. The electrical conductivity roughly increases with the relative density. It is consistent with empirical models predicting the thermal conductivity as a function of the porosity [START_REF] Grootenhuis | Thermal and electrical conductivity of porous metals made by powder metallurgy methods[END_REF][START_REF] Aivazov | Influence of porosity on the conductivity of hotpressed titanium-nitride specimens[END_REF]. These models can be applied for the electrical conductivity because at room temperature the relative thermal conductivity and the relative electrical conductivity are equal (Wiedmann-Franz law). For instance, according to Grootenhuis et al., the relative conductivity σ * (corresponding to σ expressed in %IACS) follows the empirical law σ * = 1 -2.1ξ, with ξ the porosity [START_REF] Grootenhuis | Thermal and electrical conductivity of porous metals made by powder metallurgy methods[END_REF]. Aivazov et al. expressed this law following this equation : σ * = (1 -ξ)/(1 + 11.ξ 2 ) [START_REF] Aivazov | Influence of porosity on the conductivity of hotpressed titanium-nitride specimens[END_REF][START_REF] Koh | Prediction of thermal conductivity and electrical resistivity of porous metallic materials[END_REF]. These two laws have been plotted along with several results from this study in Figure 4.33. Probably because of the high sensitivity of the Eddy current method, the electrical conductivity is lower (typically 10 to 20 %) than the one predicted by the two laws.

Within the processing window of copper by E-PBF, those preliminary characterizations (hardness and surface electrical conductivity) suggest that the standard values of Figure 4.33: Electrical conductivity as a function of the density. The results obtained for Cu-ETP samples produced by E-PBF are compared with two empirical models from [START_REF] Grootenhuis | Thermal and electrical conductivity of porous metals made by powder metallurgy methods[END_REF] and [START_REF] Aivazov | Influence of porosity on the conductivity of hotpressed titanium-nitride specimens[END_REF].

Cu-ETP in the annealed condition are reached. There seems to be no variation of these properties within the identified processing window, likewise, no significant difference of microstructure has been noticed, except for the grain size but only slight differences. However, it is consistent with the literature as mentioned in Chapter 1, section 2.2.3.4, indeed according to Lu et al., a significant change in the mechanical and physical properties starts to be noticed for grain size below 10µm [START_REF] Lu | Ultrahigh strength and high electrical conductivity in copper[END_REF].

The link between the microstructure and the mechanical/physical properties will be further studied in the next Chapter.

Conclusions of Chapter 4

In this chapter, the main objective has been achieved. The E-PBF processing window has been identified for the production of dense Cu-ETP parts. To specify this processing window, the melting conditions of copper by E-PBF have been classified into 3 categories: "Porous", "Good" and "Overmelted". For each of these categories, the density, defects, microstructure, hardness, and surface electrical conductivity have been characterized.

The processing window, defined by the "Good" sets of parameters [v ; P ; l of f f set ;

T preheat ], allows the production of dense copper samples with a 100 % IACS surface electrical conductivity and a hardness of about 50 HV. The density obtained is about 99.95% and only spherical defects are present: gas pores formed in the powder particles during the atomization process and micro-shrinkage formed during the last stages of solidification. The microstructure of the dense samples consists of columnar grains elongated along the build direction with a strong <001> cube crystallographic texture. This anisotropic microstructure results from the combination of "flat" melt pools (thermal gradient direction mainly aligned with the build direction) and partial remelting of the previous layers.

The effect of the processing parameters on the microstructure obtained in dense samples was investigated. In the range of studied parameters, the columnar grain dimensions can be increased, from an average width of 50 to 150 µm, and an average length from 150 to 1000 µm by increasing the energy input.

In the next Chapter, the volume electrical conductivity and the tensile response of copper produced by E-PBF will be studied. To conduct this study, the following set of parameters, considered as optimized, will be used: [v = 3000 mm/s ; P = 1200 W ; l of f set = 0.1 mm ; T preheat = 550°C].

Objectives

Objectives

As mentioned in Chapter 4, several studies have reported successful attempts to produce dense pure copper components by E-PBF, [START_REF] Ramirez | Novel precipitate-microstructural architecture developed in the fabrication of solid copper components by additive manufacturing using electron beam melting[END_REF], [Frigola et al., 2014], [Frigola et al., 2014[START_REF] Ledford | Characteristics and processing of hydrogen-treated copper powders for eb-pbf additive manufacturing[END_REF], [START_REF] Horn | Rethinking AM of Copper[END_REF], [START_REF] Lodes | Process development for the manufacturing of 99.94% pure copper via selective electron beam melting[END_REF], [START_REF] Raab | Thermal and Electrical Conductivity of 99.9% Pure Copper Processed via Selective Electron Beam Melting[END_REF], [START_REF] Guschlbauer | Process development of 99.95% pure copper processed via selective electron beam melting and its mechanical and physical properties[END_REF], [START_REF] Guschlbauer | Effect of the oxygen content of pure copper powder on selective electron beam melting[END_REF] However, the relationships between the microstructure and the mechanical and functional properties have only been partially addressed. Very few data have been published regarding the tensile response of pure copper parts built by E-PBF. One of the published articles, see [START_REF] Guschlbauer | Process development of 99.95% pure copper processed via selective electron beam melting and its mechanical and physical properties[END_REF], shows surprising results with drastically contrasted tensile responses depending on the build orientation (tensile specimens built with their loading axis perpendicular to the build direction turn out to be brittle). Moreover, the data available in the literature regarding the electrical conductivity were measured using the Eddy current method which suffers from a major issue: it only reflects the conductivity of a small volume of material underneath the probe. Thus, there is a need to assess the electrical conductivity using a method that actually provides a volumetric measurement, much more representative to reflect the behavior of an electrical component. Though such pieces of information are crucial if one aims at demonstrating the ability of E-PBF to reliably produce dense components with optimized properties.

The objective of this chapter is to assess both mechanical (tensile behavior) and functional (electrical conductivity) properties, by characterizing specific specimens built in three orientations with respect to the build direction with an optimized set of processing parameters identified in Chapter 4. The properties of the copper built by E-PBF will be compared with the properties of an ETP-Cu produced with more conventional processing routes (wrought product).

Experimental procedures

Processing conditions: Fabrication of rod samples with optimized parameters

Rod samples with a height of 55 mm are built using a set of parameters selected based on the design of experiments to produce dense samples. These samples are used to characterize the mechanical and electrical properties. Three different orientations, 0, 45, and 90 °with respect to the build direction are fabricated, see an illustration in Figure 5.1 (a). The rod samples are built on supports on a copper start plate with a given set of parameters [v = 3000 mm/s ; P = 1200 W ; T preheat = 550°C] and the same scanning COPPER PRODUCED BY E-PBF The same materials characterization procedures presented in the previous chapter are used in this chapter.

Mechanical characterization

Hardness

Microhardness measurements are performed using a Wilson Tukon 1212 Vickers Tester. To perform the hardness measurements, the samples are mounted and ground down to 1200 with SiC abrasive papers. A load of 500 gf is used and 18 measurements (3 lines of 6 measurements) along the build direction are performed. The error is estimated by computing the standard deviation over the 18 measurements for each sample. 

Tensile tests

The tensile tests are performed at room temperature using a DY35 testing machine with a 5 kN load cell, and a displacement rate of 1 mm/min. The set-up is shown in Figure 5.2 (a). Digital Image Correlation (DIC) is used to measure the strain throughout the test. A camera with a 100 mm lens and GOM Correlate Software are used. The facet size is set to 20 pixels and the distance between two facets is set to 16 pixels. The specimens are machined by Electrical Discharge Machining (EDM) from the rod samples, the chosen geometry is shown in Figure 5.2 (b).

The DIC technique consists of recording the tensile test with two cameras. The samples are painted 1 hour before conducting the test. First, the samples are painted in white with a spray painting. Then, a fine black random speckle pattern is created with an IWATA airbrush. This pattern allows the image correlation algorithm to track the position of several surface points discriminated by their pixel intensity. The algorithm is able to measure the local displacement of each point by comparing two successive images. It allows the local strain to be calculated to produce strain maps. Besides local extensometers can be defined in various directions to measure the length changes between two points.

At least three specimens for each orientation are deformed under tension up to fracture. The fracture surfaces are then observed under secondary electron contrast in the SEM.

The anisotropy ratio

The anisotropy ratio, R, is usually employed to measure the plastic anisotropy of rolled metal sheets. Here, it is determined based on uniaxial tensile tests and defined as the COPPER PRODUCED BY E-PBF ratio of true plastic width strain, ε p w , to true plastic thickness strain,ε p t , for three different loading directions (i= 0, 45 and 90°), see equation ( 5.1) [START_REF] Ivanov | Advances in Design, Simulation and Manufacturing II[END_REF].

R i = ε p w ε p t (5.1)
The DIC method allows the width and length strains to be determined but not the thickness strain. Assuming no volume changes during plastic deformation, R can be expressed using equation ( 5.2)

R i = - ln( w w 0 ) ln( L.w L 0 .w 0 ) = - ε p w ε p L + ε p w (5.2)
with L 0 and w 0 the initial specimen length and width, and L and w the instantaneous length and width during the tensile test. Thus, the anistropy ratio R can be estimated throughout the test.

Electrical conductivity measurements

Surface measurement: Eddy current method

The physical principle of this method has been detailed in Chapter 3, section 3.2.2. The employed device is a Fisherscope MMS PC2 Sigmascope equipped with a 3 mm diameter probe, the frequency is set to 480 kHz. To measure the electrical conductivity of a cuboid sample, the probe is applied five times on a polished surface of the sample. The error is then estimated by computing the standard deviation. Note that this method provides a measurement of the electrical conductivity of a small volume underneath the probe.

According to the calculation in section 3.2.2, for a high conductive sample, C= 58 MS/m (copper sample), the standard penetration depth is about 95 µm.

Bulk measurement: Four probes method

The electrical conductivity of the whole volume of the sample is measured with the four probes method. The set-up is illustrated in Figure 5.3 (a) . A continuous current I is applied to the sample of section S, between two probes and the voltage V is measured between two other probes separated by a distance L, see Figure 5.3 (b). The electrical conductivity σ el is then deduced from equation ( 5.3): 5.3)

σ el = I.L V.S ( 
The specimens are machined from the rod samples by EDM, with the following Capaµm System. Note that the electrical conductivity calculation is very sensitive to the section measurement. The precision of the electronic sensor is about 0.0005 mm which leads to about 0.2% measurement uncertainty regarding the electrical conductivity.

Heat treatments

Heat treatments are carried out on copper samples processed by E-PBF. The samples are heat-treated under air in a Nabertherm furnace. The samples are then quenched in water.

The hardness is measured before and after heat treatment. Then, they are polished and observed with optical microscopy and SEM combined with EBSD analysis. Two thermal cycles are tested post E-PBF processing: (i) 600°C for 15 minutes and (ii) 900°C for 1h. These temperatures have been identified after preliminary study on a cold-worked Cu-ETP R250 strip. On specimens cut from these Cu-ETP strips, annealing treatments of 15 min have been carried out with temperatures varying from 150 to 1000°C to obtain a calibration curve, see Figure 5.4. After hardness measurements and optical observations, 600°C is identified as the end of the recovery stage and at 900°C the grain growth can be clearly observed for the strip samples.

The same heat treatments are also performed on a cold-worked Cu-ETP strip for comparison. Three tensile specimens are then machined (in the plane and parallel to the rolling direction) from both the cold-worked strips and the one annealed during 15 min at 900°C and they were subjected to a tensile test up to fracture. COPPER PRODUCED BY E-PBF 

Experimental results

The processing window has been identified in the previous Chapter. This new section aims at deeper characterizing the bulk properties of dense parts built by E-PBF, throughout more representative standard tests. The processing parameters are kept constant, [v = 3000 mm/s ; P = 1200 W ; l of f set = 0.1 mm]. Rod samples are built with three different build orientations (0, 45, and 90°with respect to the build direction).

First, the microstructure is characterized to assess the homogeneity of the samples and to determine its microstructural characteristics: grain size and crystallographic texture. Then, the volume electrical conductivity and the mechanical behavior are assessed with respectively both the Eddy current and 4 probes method, and tensile tests. In this section, the results of copper produced by E-PBF are compared with the results of wrought workhardened Cu-ETP samples annealed at 900°C during 15 min as mentioned in section 5.2.4.

Microstructure

The microstructure of the rod samples has been characterized to evaluate its homogeneity along with the building height (60 mm for the 0°specimens versus 10 mm for the cubes) and the possible effect of the build orientation.

Optical micrograph of a 0°sample is shown in Figure 5.5 (a). The microstructure is homogeneous along with the height of the sample. Enlarged views of the bottom and top of the sample are displayed respectively in Figure 5.5 (b) and (c). Both micrographs show columnar grains elongated along the build direction with relatively similar grain width, approximately 50 µm. Thus, the microstructure is independent of the building height.

EBSD IPF maps of the three build orientations are presented in . The microstructures of the three samples are similar and consist of columnar grains elongated along the build direction. The IPF-maps indicates that grains have grown with their <100> direction aligned with the build direction, as already seen on the cube specimens in the previous chapter. The <100> cube texture is still strongly observed with a high crystallographic texture intensity, about 20, see the pole figures in . Note that the <100> cube texture is not directly observed in the IPF-A2 map because the observation plane is not parallel to one of the scanning direction, x or y. Indeed, the 90°-sample were positioned diagonally (at 45°) on the start plate, as mentioned in the experimental procedures, see section 5.2.1 and Figure 5.1. The IPF-A2 map is normal to an axis rotated by 45°with respect to the scanning direction (x or y). Therefore, the IPF-A2 is mainly green because the grains are observed in a diagonal section with respect to the scanning pattern.

The schematic grain orientation for the three types of samples is presented in Figure 5.6 (g). The 90°sample is rotated by 45°around the build direction, thus, the grains too, which explains its greenish IPF-map.

Regarding the transverse columnar grain size, they are measured to be about 46, 41, and 40 µm for the 0, 45, and 90°-samples respectively. The value for the 45 and 90°-samples have been corrected by a factor √ 2 because of the 45°rotation, to properly evaluate the transverse columnar size.

For comparison, the microstructure of the annealed wrought Cu-ETP is presented in Figure 5.7. The average grain size is measured at 30 µm (twin boundaries included). The microstructure results from plastic deformation and annealing treatment, twin boundaries (resulting from cold-work treatment) are observed.

To conclude, the growth of the columnar grains along the build direction with an average grain width of 50µm and a strong <100> cube texture in the building reference frame is not influenced by the building height either by the build direction. However, a difference in texture in the xy plane is observed.

Electrical conductivity

The results of the volumetric electrical conductivity measurement are summarized in Table 5.1. The three kinds of samples reach at least 99%IACS. Two orientations, 45 and 90°, meet the standard requirement of the annealed Cu-ETP, i.e 100% IACS.

In chapter 2, it has been explained that the electrical conductivity is very sensitive to any kind of defects located in the material: impurities, dislocations, pores, etc. The high electrical conductivity measured on the copper samples produced by E-PBF indi-COPPER PRODUCED BY E-PBF cates that the metallurgical state is compliant and at least comparable to an annealed pure copper. Moreover, the results reveal no influence of the build orientation on the electrical conductivity. Thus, the electrical conductivity is not impacted by the anisotropic microstructure. For instance, the current flow passes through the samples crossing the crystallographic texture in three different ways without being influenced. Moreover, the number of grain boundaries crossed by the current flow varies depending on the build orientation. This number is the lowest for the 0°samples because the columnar grains are elongated along the direction of the current flow. On the opposite, the 90°samples the current flow is perpendicular to the columnar grain main direction. Similarly to the mechanical properties, the electrical conductivity is not impacted by the grain boundary resistivity if the grain size is larger than 10 µm, as mentioned in Chapter 2 section 2.2.3.4 [START_REF] Lu | Ultrahigh strength and high electrical conductivity in copper[END_REF]. The minimal grain size seen by the current flow is found for the 90°s ample, i.e. columnar grain width about 50µm. This grain size is not low enough to influence the electrical conductivity.

The 0°sample electrical conductivity is slightly lower than the standard value, 99%. This raises the suspicion that defects (probably channel-like defects) were unfortunately formed during the fabrication of the 0°rod samples for the electrical measurements. Note that a second build has been conducted to produce 0°rod samples for the tensile specimens. As expected, the surface measurement is above 100 %IACS for the three orientations showing that the defects located in the bulk of the 0°sample are not influencing the surface measurement.

Mechanical behavior

To assess the mechanical properties, the hardness of the rod samples is first measured to study the influence of the building height and the build orientation. Then, the tensile test results are detailed and the fracture surfaces are analyzed to identify the fracture mechanisms.

Figure 5.8: Vickers hardness profile along the build direction of a 0°-sample and a 90°sample. The hardness is not influenced by the building height, the average hardness is calculated at 50 HV0.5 (red dotted line) with a 1.4 HV standard deviation, not displayed for the sake of clarity.

Effect of building height and orientation on the hardness

Influence of the building height

To assess the influence of the building height on the hardness, a hardness profile along the build direction of both 0 and 90°samples is plotted in Figure 5.8. Note that, there is no evolution of the grain size with the sample height, see Figure 5.5.

There is no influence of the height of the sample on the hardness value. This sample has been built at a preheating temperature of about 550°C. The bottom of the sample has been annealed at this temperature for about 4.5 hours with an additional 2 hours cooling step, whereas the top of the sample has only undergone the cooling stage. According to the literature, see in chapter 2 2.4, the annealing temperature range for Cu-ETP is typically 250-650°C [START_REF] Davis | Copper and Copper Alloys[END_REF]. During this cooling step, the top of the sample is maintained 40 minutes above 250°C. Consequently, the preheating of the powder cake at 550°C during the building combined with a slow cooling down to room temperature is sufficient to anneal the whole parts. This is why a constant hardness of about 50 HV is measured.

Influence of the build orientation

The hardness measured for each build orientation is given in Table 5.2. There is no significant difference regarding the hardness between the different build orientations. This is consistent with the similar microstructures observed in the different samples as shown COPPER PRODUCED BY E-PBF

Sample

0°45°90°Annealed Cu-ETP Hardness HV0.5 (xz plan) 51 ±1 50 ± 3 51 ±2 46 ±1 (1) Table 5.2: Vickers hardness values of rod samples for each build orientation, the measures are performed in the plan (xz) with z along the build direction. These values are compared with the hardness of an annealed sample of Cu-ETP (sample of wrought cold-worked Cu-ETP annealed 15 min at 900°C).

(1) between 35 and 65 HV for annealed Cu-ETP according to EN 13601.

in Figure 5.5.

The hardness values of the copper rods produced by E-PBF are then compared with the hardness of an annealed copper sample in Table 5.2. The rod samples are slightly harder than a standard annealed copper. Note that the grain size of the annealed Cu-ETP sample is 30µm, which is lower than the grain size of the rod samples. However, as explained in chapter 2, section 2.2.3.3, grain boundary hardening is not significant for grain sizes above 10µm. Consequently, this difference in hardness cannot be explained by grain boundary strengthening. It could rather result from a difference in dislocation density, this point will be discussed in the next section.

To summarize, the hardness of copper produced by E-PBF is not significantly influenced by the sample height nor the build orientation and it is close to a standard annealed copper.

Tensile response

The mechanical properties in the three orientations are determined with tensile tests performed on flat specimens. Based on the DIC method, images taken at the beginning and the end of the tensile test are shown in Figure 5.9 (a) and (b). In this example, a slight necking is observed at the end of the test.

The true stress σ true and ε true true strain are calculated with the following equations (5.4) and (5.5):

σ true = σ eng (1 + ε eng )
(5.4)

ε true = ln(1 + ε eng ) = ln L L 0 (5.5)
with σ eng the engineering stress and ε eng the engineering strain. The engineering tensile curves are shown in Appendix E. When the specimen starts to neck, equation (5.4) is no longer valid. The volume of the sample is assumed to be constant during plastic deformation and the deformation to be uniform until necking starts. The aim of using the true stress and strain values is to take into account the actual cross-sectional area, which evolves with the load. A representative strain distribution map post-necking is presented in Figure 5.10 for each orientation. For the three orientations, the strain is mainly homogeneous outside the necking zone. The other information given by this figure is that the localization occurs only once and leads to the fracture of the specimen. Figure 5.11 summarizes the results of the tensile tests for the three orientations with (a) the true stress plotted versus the true strain, (b) the mechanical properties extracted from the tensile tests, (c) the work hardening rate (dσ/dε) versus the true stress, and (d) the anisotropy ratio as a function of the true strain. To measure the deformation, a global extensometer has been defined in the DIC software. Good reproducibility of the tests should be emphasized. These results show differences in tensile response between the three build orientations. Note that the same characterizations have been made on cold-worked, 600 and 900°C Cu-ETP and the results are presented in Appendix D. In this study, the results of copper produced by E-PBF are compared only with the 900°C annealed Cu-ETP.

The results summarized in Figure 5.11 (b) show that there is no significant difference regarding both the yield strength and elongation at fracture between the three build orientations, and they are relatively similar to the values for the annealed Cu-ETP rolled material. However, the ultimate tensile strength (UTS) is affected by the build orientation, indeed the 0°-samples exhibit a significantly lower UTS than the 45 and 90°-samples and the annealed Cu-ETP samples. Indeed, the UTS of the 0°-orientation is roughly about 70 % of the minimum value required for annealed Cu-ETP (200 MPa as per EN 13601).

The work-hardening and the anisotropy ratio also differ depending on the build orientation. Regarding the work-hardening, the strain hardening exponent is estimated with the Hollomon's equation (5.6) [START_REF] Hollomon | Tensile deformation[END_REF] :

σ true = Kε n true (5.6)
with σ true the true stress, ε true the true strain, K the strength coefficient and n the strain hardening exponent. Note that the strain hardening exponent is estimated during the plastic deformation and before the necking.

In copper processed by E-PBF, the strain hardening exponent is respectively estimated to 0.42, 0.54, and 0.57 for the 0, 45, and 90 °samples. Table 5.3 gives the standard values of the strain hardening coefficient and the stacking-fault energy (SFE) for three pure metals (Copper, Nickel and Aluminum). The strain hardening exponent measured the E-PBF samples are close to the standard value of annealed copper. Note that copper has a high strain hardening coefficient, 0.54 [START_REF] Callister | Fundamentals of materials science and engineering: an integrated approach[END_REF]] compared to (5) [Hertzberg et al., 2020] (6) [START_REF] Murr | Interfacial phenomena in metals and alloys[END_REF] COPPER PRODUCED BY E-PBF aluminum for instance, and it is considered as a low SFE material. These two properties are linked. Indeed, the mobility of dislocations is influenced by the SFE. In a low SFE material, the annihilation of dislocations is prevented by the high degree of dislocation dissociation [START_REF] Hegedűs | Microstructure of low stacking fault energy silver processed by different routes of severe plastic deformation[END_REF]. Thus, the dynamic recovery is delayed, which leads to an increase in work-hardening.

Regarding the work-hardening rate, see Figure 5.11 (c), the three samples built with different orientations have different behaviors. The 0 °specimens exhibit a two-stages work-hardening. In the first stage, the work hardening rate suddenly drops (σ < 75 MPa). Then, during stage two, the rate uniformly decreases. For the 45 °specimens (except for one), three stages are observed. Similar to the 0 °samples, the first stage consists of a sharp drop in the work-hardening rate. Then, a plateau appears where the work-hardening rate smoothly declines. In the last stage, the work-hardening rate decreases with approximately the same slope as the 0°samples. For the 90 °specimens, the work-hardening curve also exhibits three stages. The first and last stages are similar to the 45 °specimens. In stage two, a rise of the work hardening rate with the increase of the true stress is observed.

For the annealed Cu-ETP samples, the work-hardening rate decreases in two steps, similar to the 0 °-samples. It first decreases sharply, then it declines uniformly at a lower rate. The regime change occurs at a higher rate than for the rod samples produced by E-PBF. Similar two-stages work-hardening behavior is reported in the literature for annealed copper, by Sinclair et al. for instance [START_REF] Sinclair | A model for the grain size dependent work hardening of copper[END_REF].

According to Tian et al., the plateau region observed for the work-hardening rate of the 45 and 90°samples could be explained by the stacking faults [START_REF] Tian | Significant contribution of stacking faults to the strain hardening behavior of cu-15% al alloy with different grain sizes[END_REF]. They appear after yielding and they prevent the dislocations glides on slip planes crossing the stacking fault plane leading to increase the strain hardening.

Finally, the anisotropy ratio of the 0°-specimens is slowly decreasing, from 2 to 1, with the increase of strain whereas this ratio strongly depends on the true strain for the 45 and 90 °-samples. At low strains, the anisotropy ratio is very high, above 4, and decreases to less than 2. Once again, the 0°-samples have a behavior relatively similar to that of standard annealed copper. A slow decrease is observed for the anisotropy ratio of the annealed Cu-ETP, from 0.9 to 0.5. One should note that there are significant variations between the three samples of each orientation. On the contrary, the anisotropy ratio evolutions with the strain are reproducible for the annealed copper.

The behaviors during the tensile test depend on the build orientation. Two features will be discussed in the next section: the yield strength and the work-hardening behavior. The constants values are taken from two publications: Hansen (k = 0.16 MPa.m 0.5 and σ 0 = 20 MPa ) [START_REF] Hansen | Hall-petch relation and boundary strengthening[END_REF] and Miura et al. (k = 0.13 MPa.m 0.5 and σ 0 = 7.9 MPa) [START_REF] Miura | Hall-Petch Relation and Twin Boundaries in Pure Copper and Cu-Al Alloys[END_REF]. The results of Cu-ETP produced by E-PBF and annealed Cu-ETP are also plotted.

The yield strengths measured for the three build orientations are similar: 66, 67, and 60 MPa for respectively the 0, 45, and 90°orientation. Here, these very similar yield strengths are discussed in the light of the different strengthening mechanisms. The raw material is a high purity metal, as a result, solid-solution or precipitation strengthening mechanisms do not operate.

Grain boundaries are obstacles to dislocation motion. The grain-boundary strengthening of a polycrystalline metal is described by the Hall-Petch law. Figure 5.12 shows the evolution of the yield strength of annealed pure copper as a function of the average grain size according to the Hall-Petch law, its equation is indicated in Figure 5.12. Two sets of data from the literature are used to plot these curves [START_REF] Miura | Hall-Petch Relation and Twin Boundaries in Pure Copper and Cu-Al Alloys[END_REF][START_REF] Hansen | Hall-petch relation and boundary strengthening[END_REF]. Note that the equation has been identified for grain size between 8 and 39 µm for Miura et al., and between 10 and 150 µm for Hansen.

Regarding the copper rod samples produced by E-PBF, the grain sizes of the three types of specimens are very close. The microstructure consists of columnar grains with an average width of roughly 50 µm and an average length of 250 µm regardless of the build orientations. This demonstrates that the grain boundary strengthening does not differ between the samples with different build orientations.

The yield strength of the annealed Cu-ETP is measured at 67 MPa with a grain size of about 30µm. This grain size is not small enough to substantially affect the yield strength. COPPER PRODUCED BY E-PBF Indeed, according to the literature presented in chapter 2, the effect of grain size on the yield strength starts to be significant for grain size below 10 µm, [START_REF] Lu | Ultrahigh strength and high electrical conductivity in copper[END_REF]. Note that, based on the previous results for Cu fabricated by E-PBF, it seems not possible to achieve such small grain sizes and so to observe grain-boundary strengthening with copper processed by E-PBF.

The yield strength measured for Cu-ETP (annealed and produced by E-PBF) are higher than the one predicted by the Hall-Petch law (between 25 and 45 MPa for the two sets of data). It means that other factors might play a role. Indeed, the models are suited for copper with higher purity, for instance, Hansen et al. reported results for 99.97% Cu.

The difference in oxygen level might be the reason for this difference. The oxygen present in the form of oxide might slightly strengthen the material.

Dislocation density

During additive manufacturing process, the produced parts might undergo thermal stresses, because of the typically high thermal gradients combined with the remelting of underneath layers, which can induce residual stresses and thus dislocations. For instance, an average dislocation density of 10 16 m -2 has been measured on copper parts produced by L-PBF [START_REF] Wang | The origin of high-density dislocations in additively manufactured metals[END_REF]. This high dislocation density could also be detrimental to electrical conductivity as mentioned in Chapter 2, section 2.2.1.3. Note that the typical value of dislocation density for annealed copper is about 10 13 m -2 , with an average grain size of 35 µm, according to Miyajima et al. [START_REF] Miyajima | Dislocation density of pure copper processed by accumulative roll bonding and equal-channel angular pressing[END_REF].

One of the specificities of the E-PBF process, compared to the L-PBF process, is the preheating step which maintains the parts at relatively high temperature during the building sequence typically between 450 and 600°C for Cu-ETP. As explained in chapter 1, section 1.5.1, the preheating step acts as an in situ annealing treatment, which can lower the dislocation density in the as-built part. Note that the annealing time depends on the position of the layer considered. For instance, the top layer has the shortest annealing time. The annealing time of a given part also depends on its height. A method to qualitatively assess the difference in dislocation density between the three orientations is to measure the hardness. As seen in the previous section, the heterogeneous heattreatment has no impact on the homogeneity of the hardness of the samples regardless of the build orientation. The hardness value is slightly higher, about 52 ± 3 HV0.5, than the value for annealed wrought Cu-ETP, measured at 46 ±1 HV0.5. This difference between E-PBF samples and annealed wrought Cu-ETP hardnesses cannot be explained by grain boundary strengthening. Indeed, the grain boundary strengthening starts to be effective for grain size lower than 10 µm according to the Hall-Petch law. A hypothesis could be that the dislocation As built 52 ± 3 97 ± 3 15 min @ 600°C 49 ± 1 46 ± 1 1 h @ 900°C 45 ± 3 45 ± 2 Table 5.4: Hardness HV0.5 for two types of samples: copper produced by E-PBF and rolled copper (cold rolled up to R250 as per EN 13601). The as-built state is compared with two heat treatments: 15 min at 600 or 1h at 900°C. density of the E-PBF samples is slightly higher than the dislocation density of an annealed wrought Cu-ETP (typically 10 13 m -2 [START_REF] Miyajima | Dislocation density of pure copper processed by accumulative roll bonding and equal-channel angular pressing[END_REF]).

To confirm this hypothesis, Kernel Average Misorientation (KAM) maps of the three kinds of samples are displayed in Figure 5.13 (a-c). These maps reveal the geometrically necessary dislocations (GND) responsible for the crystallographic misorientations. According to the KAM of the annealed Cu-ETP sample, fewer GNDs are observed than on the E-PBF samples, which provides a first confirmation of the hypothesis that copper manufactured by E-PBF has a slightly higher dislocation density than annealed copper.

Heat treatment, detailed in the section Experimental procedures 5.2.4, was performed on copper samples produced by E-PBF. The aim is to assess if the dislocation density can be lowered with high-temperature heat treatment.

The hardness measurements for the as-built samples and the heat-treated samples are presented in Table 5.4. The first heat treatment, performed at 600°C for 15 minutes, is sufficient for a sample extracted from work-hardened strip metal to decrease the hardness from 97 ±3 down to 46 ±1 HV0.5. The copper processed by E-PBF and treated at 600°C for 15 min is still slightly harder than the annealed Cu-ETP, indeed the hardness is still above 45, with an average hardness of 49 ±1 HV0.5. The low dislocation density in the E-PBF sample combined with the poor capacity of copper to recover can explain this result. The hardness of an annealed Cu-ETP is finally reached for the E-PBF sample with a higher and longer heat treatment (900°C during 1 hour) which emphasized the difference of dislocation density of as-built E-PBF samples and annealed wrought Cu-ETP. No microstructural changes are detected after heat treatment, see Figure 5.14. The grain size is similar between the annealed and the as-built sample, with an average grain width of 70µm. It indicates that the elastic energy stored in the material by dislocations is not sufficient to trigger recrystallization (dislocation density relatively low).

To summarize, the three kinds of E-PBF copper samples exhibit a similar hardness, which is slightly higher than annealed Cu-ETP, which has a dislocation density of about 10 13 m -2 [START_REF] Miyajima | Dislocation density of pure copper processed by accumulative roll bonding and equal-channel angular pressing[END_REF]. This shows that forest hardening does not differ between the samples produced with different build orientations, which is consistent with the fact that all samples show a similar yield strength. Note that, the E-PBF samples and the annealed wrought Cu-ETP have also similar yield strengths. Thus, their difference in dislocation density (highlighted by the hardness measurements) is thought to be not enough significant to affect the yield strength.

Discussion regarding the Work-hardening behavior

Grain size effect

The results of the tensile tests show that the work-hardening behavior differs depending on the building orientation. In particular, two different behaviors are observed: one for the 0°-samples and another for both the 45 and 90°-samples. Two main causes could explain these differences: the grain size effect and the crystallographic texture.

An effect of the grain size on the work-hardening behavior has been reported for copper [START_REF] Sinclair | A model for the grain size dependent work hardening of copper[END_REF]. A model has been proposed by Sinclair et al. to assess this influence with grain sizes ranging from 2 to 50 µm [START_REF] Sinclair | A model for the grain size dependent work hardening of copper[END_REF].

They noticed that the grain size dependence of the work-hardening is observed at small strains. Indeed, a sample with a smaller grain size exhibits a larger backstress effect and flow stress at inflection, as shown in Figure 5.15. At larger strains, the influence of the grain size is no longer observed because of the dynamic recovery at the grain boundaries. In this study, the work-hardening behavior is different at both small and large strains. However, the difference at small strains cannot be explained by a grain size effect since there is no variation of grain size between the different samples. As shown in the previous section, the grain sizes of the three types of specimens are similar, and the transverse columnar size is about 50 µm. Moreover, Sinclair et al. reported a grain size effect for grain sizes ranging from 2 to 12 µm [START_REF] Sinclair | A model for the grain size dependent work hardening of copper[END_REF]. Thus, the microstructure of copper by E-PBF is likely too coarse to observe a grain size effect at low strain.

Regarding the annealed Cu-ETP showing an average 30 µm grain size, the samples exhibit similar work-hardening rate evolution as the 0 °samples while having a lower grain size. Once again, the grain size of the annealed Cu-ETP is not in the range where an effect on the work-hardening is expected.

To conclude, the differences in work-hardening behavior do not result from a grain size effect. The last explanation left is the crystallographic texture effect.

Crystallographic texture effect

• Simple approach: Kocks-Mecking and Taylor equation As previously explained, the microstructure of copper processed by E-PBF is highly anisotropic because of the strong crystallographic texture of the columnar grains. Indeed, their <100>-direction is parallel to the build direction. As the specimens were produced with 3 different build orientations, the anisotropic microstructure is tested along 3 different orientations. The IPF maps of the grain orientation normal to the tensile direction are plotted in Figure 5. 16 (a-c). In (a), the tensile direction is parallel to the build direction for the 0°sample, and thus parallel to the elongated grains. For the 45°samples and the 90°samples, the grains are oriented differently, see the schematic grain orientation on the top of the IPF maps in Figure 5.16. To give an idea of this change of crystallographic texture in the tensile reference frame, the Taylor factor is first used.

To study the influence of the crystallographic texture on the mechanical behavior under tensile stress, and more precisely on the strain hardening, the Kocks-Mecking model coupled with the Taylor equation is applied. The Taylor factor is an average orientation factor that depends on the crystallographic texture of the material. As a result, the flow

Experimental results

0°45°90°Cu-ETP annealed

Taylor Factor 2.4 3.4 3.2 3.05 Table 5.5: Taylor factor for each kind of sample.

stress is rather sensitive to the texture. In the Kocks-Mecking model, the net rate of dislocation density under imposed shear strain is given by equation (5.7):

∂ρ ∂ε = M [k 1 √ ρ -k 2 ρ] (5.7)
where M is the Taylor factor, k 1 and k 2 correspond respectively to the athermal work hardening limit and the dynamic recovery. The evolution rate of dislocation storage depends on two components: (i) a dislocation storage component that hardens the material (k 1 √ ρ), and (ii) a dynamic recovery component that softens the material (k 2 ρ).

To describe the flow stress and work hardening behavior of a material based on the evolution of the dislocation density, this model is combined with the Taylor relation, see equation (5.8):

σ 1 = σ 0 + αM µb √ ρ (5.8) 
with σ 0 = 60 MPa, α = 0.3 a constant, µ = 42 GP a the shear modulus and b = 0.3 nm the magnitude of the Burgers vector for copper [START_REF] Sinclair | A model for the grain size dependent work hardening of copper[END_REF].

The Taylor factors are estimated on an EBSD map for each type of specimen, examples are shown in Figure 5. 16 (d-f) and the results are given in Table 5.5. Note the Taylor factor is calculated with OIM Analysis software for axisymmetric uniaxial tensile test only. The tensile response of copper at room temperature predicted by equation (5.8) is plotted in Figure 5.17. The values of k 1 = 45.10 6 m -1 and k 2 = 1.2 are defined to fit the experimental data. Note that the value of k 1 and k 2 are lower in this study than in the article from Sinclair et al. (k 1 = 125.10 6 m -1 and k 2 = 4.1) [START_REF] Sinclair | A model for the grain size dependent work hardening of copper[END_REF].

According to this simple model, the changes in the Taylor factor are consistent to explain the ranking in work-hardening between the three orientations. The 45 and 90°s amples are relatively similar in agreement with the fact that they have similar Taylor factors. The 0°samples have the lowest Taylor factor, and they exhibit the lowest workhardening. However, with this simple model, no values of k 1 and k 2 were able to fit the three different behaviors for the three kinds of sample.

The Taylor Factor of the annealed Cu-ETP samples is measured at 3.05, i.e. between the 0°-samples and both the 45 and 90°samples. However, these samples exhibit better work-hardening behavior. This model is not able to fit both behaviors of annealed Cu-ETP and Cu produced by E-PBF.

Based on this simple approach, one can already detect that the crystallographic tex-COPPER PRODUCED BY E-PBF Figure 5.17: Flow stress as a function of the strain: comparison between the experimental data (solid lines) and the model for the three orientations as well as the annealed copper. ture seems to be responsible for the differences between the work-hardening behavior of the three build orientations. However, the model failed to precisely predict the three different behaviors with one single set of parameters (k 1 and k 2 ). Bacroix et al. reported that the crystallographic texture of pure copper can influence the dynamic recovery [START_REF] Bacroix | The influence of the cube component on the mechanical behaviour of copper polycrystalline samples in tension[END_REF], meaning that k 2 could differ between the three orientations. A more sophisticated model is thus required and employed in the following section to capture the three behaviors: the Visco-Plastic Self Consistent (VPSC) model.

• Prediction of the work-hardening using the Visco-Plastic Self Consistent (VPSC) model -Methodology

In this section, the VPSC model is used as a tool to reveal the predominant influence of the crystallographic texture on the hardening behavior. This model is able to estimate numerous characteristics as the strain-stress response, the evolution of the crystallographic texture, the Lankford coefficient for instance. In this work, only the strain-stress responses are studied.

In the VPSC model, each grain is considered as a visco-plastic anisotropic ellipsoidal inclusion embedded in a visco-plastic Homogeneous Effective Medium (HEM), see a schematic illustration in Figure 5.18, [START_REF] Lebensohn | A self-consistent anisotropic approach for the simulation of plastic deformation and texture development of polycrystals: application to zirconium alloys[END_REF].

The VPSC model utilizes the formalism suggested by Eshelby: the stress and strain rates are uniform inside the inclusion but differ from the macroscopic (average) values. In this study, the Los Alamos VPSC model (version 7d) has been employed to simulate the tensile stress-strain response of the rod samples built with three different orientations, Figure 5.18: Schematic illustration of the self-consistent approach that considers grain as ellipsoidal visco-plastic inclusion embedded in a Homogeneous Medium (HEM). 5.20 (a) shows a schematic diagram illustrating the main steps involved in the VPSC calculations. The first task was to generate appropriate texture inputs. Simulations were performed using a texture file containing 150 orientations weighted by their surface fraction determined based on large EBSD maps acquired on the parts produced by E-PBF. Maps for each build orientation were acquired to determine the texture of the 0°, 45°and 90°specimens. Simulations were performed for tension boundary conditions using incremental straining steps of 0.01. For the calculations the input boundary conditions, namely the velocity gradient components Ḋij and stress components σij are as follows:

Ḋij =    1 1 1 1 * 1 1 1 *    , σij =    * * * * 1 * * * 1    (5.9)
where the asterisk indicates that the corresponding value is not prescribed. Equation 5.9 indicates that the strain rate was imposed along the macroscopic tensile direction (in this case ε11 = A 1 ), while its transverse components were set as unknowns ( ε22 = A 2 and ε33 = A 3 ).

After each deformation step, the shape and crystallographic orientation of grains are updated, while local (grain-level) and global deviatoric stress and strain rate tensors are calculated as detailed in Appendix F, dedicated to the description of the VPSC model. During calculations, an exponent n = 20 was used to describe the rate dependence of slip systems. The local response is coupled with the aggregate using an interaction equation 5.3. Experimental results τ 0 τ 1 θ 0 θ 1 28 140 85 5 Table 5.6: Optimized values of the four parameters of the VSPC model. derived from the Eshelby's inclusion formalism, see more details in Appendix F. During this, an interaction parameter (n ef f ) which dictates the interaction strength between grain and its neighbors is assigned to be n ef f = 10 (intermediate between Taylor (n ef f → 0) upper bound and Sachs (n ef f → ∞) lower bound approach). This is a typical value used by many authors for calculating the response of FCC-materials [START_REF] Lebensohn | A self-consistent anisotropic approach for the simulation of plastic deformation and texture development of polycrystals: application to zirconium alloys[END_REF]. During calculations one deformation mode was considered, namely slip in the {111}planes along the <110> directions. The VPSC model has a few parameters that can be varied in order to obtain good agreement with experiments. Here, the hardening of individual slip system is described using a Voce-type hardening law as in equation (5.10).

τ s = τ 0 + (τ 1 + θ 1 Γ) 1 -exp - θ 0 Γ τ 1 (5.10)
where τ is the threshold stress which describes the resistance for the activation of particular deformation mode and it usually evolves with deformation due to strain hardening and Γ is the accumulated shear strain in the grain; both are plotted schematically in Figure 5.20 (b). τ 0 and τ 1 are the initial and back-extrapolated increase in the threshold stress, while θ 0 and θ 1 are the initial and final slope of the hardening curve, respectively as indicated in Figure 5.20 (b). Note that the parameters of the Voce-type hardening law have no physical meaning and they are optimized to fit the experimental results.

• VPSC predictions

The four parameters τ 0 , τ 1 , θ 0 , and θ 1 used to describe the hardening law of individual slip system are first optimized to fit the tensile response of the 0°-samples. The optimized values are reported in Table 5.6. This set of parameters is also applied to predict the tensile response of both the 45 and 90°-samples. Only the texture used as input is different.

The VPSC predictions are plotted along with the experimental data for each build orientation, see Figure 5.21 (a-c). Note that the crystallographic texture of each type of sample (0, 45 and 90°) are given in Figure 5.6. The model describes very well the stress/strain curves for the three build orientations with the same model parameters.

The 45 and 90°-samples have a similar crystallographic texture, and thus a close Taylor factor. For this reason, they exhibit an analogous work-hardening behavior. On the contrary, the 0°-samples exhibit a significant difference in crystallographic texture and therefore in work-hardening behavior in comparison with the two other build orientations. Note that the model of the tensile response of the annealed Cu-ETP is close to the experimental results, see Figure 5.21 (d), but the strain hardening behavior is not well modeled.

The overall trend of the tensile response is captured by the model for the three different orientations. Indeed, the results underline the fact that the difference in work-hardening behavior between the three orientations is largely explained by the crystallographic texture.

To conclude, the crystallographic texture affects the work-hardening behavior of copper produced by E-PBF. In other words, it means that altering the melting strategy to induce crystallographic texture change opens the path to tune the work-hardening of Cu-parts built by E-PBF. COPPER PRODUCED BY E-PBF 0°45°90°Cu-ETP annealed Percent RA (%) 91 80 60 76 Std dev (%) 0.3 4.1 3.3 nc Table 5.7: Percent of reduction area for the three build orientation specimens. nc: non calculated (not enough data).

Fracture

The fracture surfaces of the samples are examined to understand the mechanisms involved in the fracture. A representative fracture surface of each type of specimen is shown in Figure 5.22. The three samples exhibit a fracture surface with several characteristics. The first difference is the fracture surface angle of the width plane (xz) observed in Figure 5.22 (d-e) and of the thickness plane (yz) revealed by optical microscopy in .

The fracture surface is approximately perpendicular to the tensile direction for the 90°s pecimens whereas the 0 and 45°samples exhibit a 45°fracture angle.

Necking is also very different. The 90°samples exhibit a rather homogeneous deformation whereas significant localized necking phenomena are observed for the 0 and the 45°specimens. To quantify this necking behavior, the reduction area (RA) is calculated on the SEM images of the fracture surface with the following equation:

%RA = A i -A f A i (5.11)
with A i and A f areas of respectively the initial and the final cross-sections. Note that an approximation is made to facilitate measurements of A f , the surface measured on the SEM images are considered as flat. The results are provided in Table 5.7. The results quantitatively confirm the preliminary qualitative observations, the 0 and 45°samples have the highest values with respectively 91 and 80%. These values are similar to the reported values for Cu-OF, 85 -88 %, by Jenkins et al. [START_REF] Jenkins | Tensile properties of copper, nickel, and 70-percent-copper-30-percent-nickel and 30-percent-copper-70-percentnickel alloys at high temperatures[END_REF]. The 90°samples stand out with a lower %RA, close to 60 % which indicates a less ductile fracture than the other orientations. This difference in RA could be explained by a singular hardening behavior. This is not the case here because 90°-specimens have a similar hardening behavior than the 45°-specimens. To explain this peculiar %RA, the observation of fracture surfaces is required.

From the fracture surface observations, the damage mechanisms leading to final rupture can be identified. Seven possible mechanisms can be involved during ductile fracture of pure FCC-metals. They are summarized below and four of them are schematically illustrated in Figure 5.23 [START_REF] Noell | The mechanisms of ductile rupture[END_REF]: (c) Void sheeting: preexisting voids are linked by the nucleation and coalescence of new voids on shear planes creating a zig-zag fracture profile [START_REF] Bandstra | Modeling the ductile fracture process of void coalescence by void-sheet formation[END_REF]].

(d) The Orowan alternating slip (OAS): Rectangular opening at the interception of shear bands, growth of the cavity by alternating slip events [START_REF] Ghahremaninezhad | Ductile failure in polycrystalline ofhc copper[END_REF]. Recognizable by the presence of dimple-free edges on the fracture surface.

(e) Necking to a point: Necking to a point until failure (no cavitation).

(f) Single-plane catastrophic shear: Failure along with a single shear band (no cavitation).

(g) Multi-plane catastrophic shear: Failure along with multiple shear bands (no cavitation).

Noell et al. report that several mechanisms often work together sequentially to cause fracture [START_REF] Noell | The mechanisms of ductile rupture[END_REF]. They were able to identify the sequence of the different COPPER PRODUCED BY E-PBF mechanisms leading to final failure based on images of different specimens whose tensile tests were interrupted at several loads (from 5 to 60% UTS for instance). In this study, only the final fracture surface is observed which makes more difficult the identification of the sequence of events leading to failure.

The characterization of the 0°-sample fracture surface is shown in Figure 5.24 along with (a) a schematic representation of the fracture surface. The SEM images are displayed in (b) and (c). The fracture surface consists of dimples with a range of void sizes from approximately 1 to 40 µm. Most of the dimples are shear dimples resulting from intervoid shearing and some are tensile dimples resulting from intervoid necking. The corresponding optical micrograph is shown in Figure 5.24 (d), and no voids can be observed through the thickness of the specimen. At the center of the dimples, nano-scaled inclusions can be observed, probably oxides, see Figure 5.25 (a-b). These inclusions are mostly responsible for the formation of dimples during plastic flow [START_REF] Noell | The mechanisms of ductile rupture[END_REF].

The inclined fracture surface populated by shear dimples suggests that the failure is caused by a combination of two mechanisms: intervoid shearing and intervoid necking. Then, the fracture surface morphology of a 45 °-sample is presented in Figure 5.26. Two types of dimples are observed: tensile and shear dimples. Tensile dimples result from intervoid necking while shear dimples result from intervoid shearing [START_REF] Noell | The mechanisms of ductile rupture[END_REF]. Once again, nano-scaled inclusions can be observed at the center of the dimples. According to the geometry of the fracture surface, strain localization might have occurred on multiple planes suggesting that the failure mechanisms involved are void sheeting, intervoid necking, and intervoid shearing.

Finally, the fracture surface of a 90 °-sample is observed in Figure 5.27. Two regions are observed: tensile dimples with inclusions at their center (red area) and dimple-free zone (yellow area). However, these two regions are distributed along the build direction on the fracture surface. The alternation of these two regions is reminiscent of the columnar microstructure. Note that voids are observed in the optical micrograph in Figure 5.27 (d). Based on the fracture surface, the OAS mechanism seems to have led to the failure of the specimen because of the numerous dimple-free areas. The tensile dimples of the fracture surface suggest that intervoid necking was also involved during the failure. According to the fracture surface, the failure occurs at the grain boundaries, which could explain the low value of %RA reported in Tableu 5.7.

For comparison, a fracture surface of an annealed Cu-ETP specimen is presented in Figure 5.28. The surface is covered with tensile and shear dimples, with a range size from 2 to about 15 µm. Many inclusions are also observed inside the dimples. The inclined fracture surface with shear and tensile dimples suggests that the failure occurs by both intervoid shearing and intervoid necking. It seems to behave similarly to the 0°samples. This failure mechanism has already been observed for 99.9 % purity Cu [START_REF] Croom | Collaborative ductile rupture mechanisms of high-purity copper identified by in situ x-ray computed tomography[END_REF]. Table 5.8 summarizes the main rupture mechanisms identified based on the fracture surface images. The three build orientations exhibit different failure mechanisms. The 0°-samples and the annealed Cu-ETP samples have not only a similar tensile behavior (especially in terms of work-hardening) but they also have identical failure mechanisms. The failure of the 45°-samples results from the same mechanisms as the 0°samples with in addition void sheeting. Finally, regarding the 90°-samples, the OAS mechanism combined with intervoid necking seem to lead to the failure, with a distribution of free zones reminiscent of the columnar microstructure never seen in the literature. These observations are consistent with what has been reported in the literature for pure copper

Experimental results

Conclusions of Chapter 5

Sample

Failure mechanisms 0°intervoid necking + intervoid shearing 45°intervoid necking + intervoid shearing + void sheeting 90°intervoid necking + OAS Annealed Cu-ETP intervoid necking + intervoid shearing Table 5.8: Failure mechanisms for the three kinds of samples built by E-PBF and compared with annealed Cu-ETP.

samples. Indeed Croom et al. reported two possible failure mechanisms: failure by void coalescence or by OAS, both preceded by nucleation, growth and coalescence of voids [START_REF] Croom | Collaborative ductile rupture mechanisms of high-purity copper identified by in situ x-ray computed tomography[END_REF]. Noell et al. always observed intervoid necking which can leads to OAS failure or void sheeting then OAS failure [START_REF] Noell | The mechanisms of ductile rupture[END_REF].

Conclusions of Chapter 5

The mechanical and electrical properties have been assessed by characterizing specific specimens built in three orientations (0, 45, and 90°) with respect to the build direction with an optimized set of processing parameters. The microstructure obtained and the hardness measured are not impacted by the change in build orientation. However, the crystallographic textures are substantially different between the three orientations.

The volume electrical conductivity is about 100%IACS regardless of the build orientation. Successfully, the minimum required for Cu-ETP is reached with specimens built with E-PBF.

Regarding the mechanical properties, copper produced by E-PBF exhibits slightly lower mechanical properties than annealed Cu-ETP produced by a conventional process (rolled wrought product). Only one build orientation, the 45°, reaches equal mechanical properties. To explain the difference of tensile behavior between the three orientations, and in particular, the work-hardening behavior, several factors that can influence the strengthening are evaluated such as the grain size, the dislocation density, and the crystallographic texture. At the end of this study, it can be concluded that the grain size and the dislocation density are similar between the three orientations and not responsible for the difference in mechanical behavior. It is the crystallographic texture that has an impact on the tensile behavior of pure copper processed by E-PBF, as evidenced by the successful use of the VPSC model. Thus, because of the strong anisotropy of copper built by E-PBF, the orientation of the parts on the start plate could be optimized depending on the desired properties.

In the next chapter, the abilities of the E-PBF process to tailor the microstructure by altering the scanning strategy and thus modifying the solidification conditions are investi-

Chapter 6

Digital metallurgy: Tailoring the microstructure through the melting strategy 

Literature review

In Chapter 5, it has been demonstrated that controlling the crystallographic texture of pure copper parts allows the work-hardening to be tuned to a given extent. In other materials like Ni-base superalloy or Ti-alloys, the mechanical properties are significantly impacted by the change of the microstructure or the crystallographic texture. Here, copper is considered as a model material to investigate how solidification conditions can be controlled with E-PBF. In this chapter, the ability of the E-PBF process to control the melt pool morphology, by altering the melting strategy, is exploited to tailor the microstructure of the parts. First, a brief literature review on microstructure tailoring through new melting strategies is presented for both the E-PBF and the L-PBF process. The experimental procedures are detailed, followed by the description of the thermal simulations used to rationalize the effect of the melting strategy on the microstructures. A preliminary experiment, defined as the "hatch depth experiment", is conducted to observe the influence of the thermal gradient orientation on the microstructure of copper parts produced by E-PBF. Then, the objective is to demonstrate the control of some elements of the microstructure by using a specific melting strategy: the grain size, the grain boundary morphology, and the crystallographic texture. Three peculiar microstructures obtained with new melting strategies are characterized and rationalized in the light of microstructural characterizations coupled with thermal simulations.

Literature review

According to the literature, see Chapter 1 section 1.5.2, and the results of the Chapter 5, the epitaxial grain growth is very often observed in parts built by E-PBF. This mechanism produces an anisotropic microstructure consisting of columnar grains with the <001> direction aligned with the build direction for materials with cubic structures, see e.g. [START_REF] Chauvet | Producing Ni-base superalloys single crystal by selective electron beam melting[END_REF][START_REF] Helmer | Grain structure evolution in Inconel 718 during selective electron beam melting[END_REF]] [Zhao et al., 2019]. This literature review focuses on the strategies developed to control the microstructures by E-PBF. Helmer et al., in their work dedicated to the development of a Ni-base superalloy by E-PBF, succeeded to obtain a new microstructure by modifying the line offset [START_REF] Helmer | Grain structure evolution in Inconel 718 during selective electron beam melting[END_REF]] [Körner et al., 2014]. The two different microstructures obtained are shown in Figure 6.1 (a-b), in (a) a columnar microstructure is presented. They also successfully produced a near-equiaxed microstructure by decreasing the line offset and increase the scanning speed while keeping the surface energy constant, shown in Figure 6.1 (b). To rationalize this change of microstructure, they simulated the thermal gradients during solidification of several layers to obtain histograms of the thermal gradient deviation from the BD, see . The columnar microstructure results from thermal gradients mainly oriented along the build direction whereas the near-equiaxed microstructure results from a strong deviation of the thermal gradient from the BD. This strong variation of the solidification direction between successive layers, illustrated by the change of the melt pool geometry, induces the formation of new grains instead of promoting the epitaxial growth. They also reported an alteration of the thermal gradient by modifying the hatch depth. They noticed that changing the rotation of the scanning pattern every ten layers (instead of at each layer) leads to the growth of wavy columnar grains. Indeed, the grains are slightly tilted, and the angle of tilt depends on the direction of the scanning pattern. The main growth direction of the grains changes every ten layers, exactly when the scanning pattern rotates. This highlights that the direction of the thermal gradient is dependent on the scanning strategy and has a direct influence on the direction of grain growth.

The same result has been reported by Chauvet on another Ni-base superalloy produced by E-PBF [START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF]. Moreover, he also succeeded in building a single crystal of a Ni-base superalloy by E-PBF [START_REF] Chauvet | Producing Ni-base superalloys single crystal by selective electron beam melting[END_REF]. First, he noticed a gradient in the columnar microstructure (increase of the transverse columnar size with the building height) resulting from a competitive grain growth. They succeeded to highly promote this growth by increasing the melt pool depth from 150 µm to about 500 µm. After few centimeters built, the competitive grain growth allowed the formation of a single grain, i.e. a single crystal. [START_REF] Dehoff | Site specific control of crystallographic grain orientation through electron beam additive manufacturing[END_REF]. They calculated the thermal gradient G and the solidification rate R values along with the S/L (solid/liquid) interface with analytical models for fusion welding and plotted the solidification map, i.e. thermal gradient as a function of the solidification rate. Another analytical model, based on the theory of Hunt [START_REF] Hunt | Steady state columnar and equiaxed growth of dendrites and eutectic[END_REF], was used to identify the solidification modes: columnar, equiaxed, or mixed, see illustration in Figure 6.2 (a). According to these calculations, the change of scanning strategy was sufficient to modify the solidification mode, from columnar to equiaxed. It was confirmed experimentally that two different microstructures (columnar and equiaxed) were built in the same sample in two different regions, see Figure 6.2 (b).

However, the calculation of G and R is sometimes not enough to predict the grain morphology. For instance, it does not work for Co-Cr-Mo alloy produced by E-PBF according to [START_REF] Zhao | Comprehensive study on mechanisms for grain morphology evolution and texture development in powder bed fusion with electron beam of co-cr-mo alloy[END_REF]. Indeed, they reported similar G and R values between two sets of parameters leading to two different microstructures. Therefore, they made some deeper analysis to understand the link between the processing parameters and the resulting microstructure. They observed that the epitaxial growth can be hampered with a high line offset (about 385 µm). In Figure 6.3, the microstructures of two samples built by E-PBF with two different sets of parameters are presented. The first microstructure, shown in Figure 6.3 (a), consists of columnar grains elongated along the build direction, which is commonly observed in samples built by E-PBF. The second mi- In the sample with the small remelting fraction (b-d), the thermal gradient direction is less uniform than in the first sample, with high remelting fraction (a-c) [START_REF] Zhao | Comprehensive study on mechanisms for grain morphology evolution and texture development in powder bed fusion with electron beam of co-cr-mo alloy[END_REF]. crostructure, shown in Figure 6.3 (b), is observed in a sample built with a higher line offset than the first sample (385 instead of 250 µm). This microstructure consists of a mixture of columnar and near-equiaxed grains. The modification of the crystallographic texture shows that the epitaxial growth leading to the growth of columnar grains is disturbed. Simulations of melted layers with both sets of parameters are displayed in Figure 6. 3 (c-d). For the smallest line offset, the thermal gradient directions are uniformly distributed, and mostly parallel to the build direction at the bottom of the melt pool, which promotes the epitaxial grain growth. On the contrary, for the highest line offset, the small overlapping between the adjacent molten beads leads to mixed thermal gradient orientations which hamper the epitaxial growth of the columnar grains.

In the following example, the microstructure is not modified but it is explained with the help of pool shapes linked to thermal gradient directions. An interesting study has been conducted on the influence of the melt pool geometry on the resulting microstructure (c) Schematic of the melt pool shape and grain growth. The red arrows represent the epitaxial <100> grain growth at the center of the melt pools, and the green arrows depict the <110> grain growth at the steep edge of the melt pools [START_REF] Andreau | Texture control of 316L parts by modulation of the melt pool morphology in selective laser melting[END_REF]. and crystallographic texture of 316L parts produced by L-PBF. Andreau et al. have observed a {110} <001> Goss texture with a <100> fiber texture parallel to the build direction as illustrated in Figure 6.4 (a) [START_REF] Andreau | Texture control of 316L parts by modulation of the melt pool morphology in selective laser melting[END_REF]. In this figure, the {110} <001> Goss texture is in green and consists of large columnar grains. The <100> fiber texture is represented in red, with very thin columnar grains. The microstructure is a periodical arrangement of these two textures and is explained considering the melt pool geometry and the overlapping of the molten tracks. Indeed, Figure 6.4 (b) shows an optical micrograph of the same area with the melt pool boundaries revealed. The scanning strategy used to build this specimen was a snake pattern with a 180°rotation at each layer, also called bi-directional strategy illustrated in Figure 6.4 (c), when using this strategy the melt pools are stacked on top of each other. The comparison of the two figures shows that the <100> fiber texture is located at the bottom of each melt pool and the Goss texture preferentially develops at the edges of the melt pool, in the overlapping zone of the adjacent molten tracks. It has been schematically illustrated in Figure 6.4 (d). The grain growth is promoted by two factors: the thermal gradient direction and the epitaxy. The <001> grains grow at the lowest point of the melt pool because the thermal gradient is oriented along the build direction (perpendicular to the solid/liquid interface). Moreover, since the melt pools are aligned vertically because of the melting strategy, and since the overlapping is relatively low, the epitaxial growth can occur over several layers. The Goss texture is observed in the overlap areas between the melt pools. Inside 2) in blue, the cell growth direction changes by 90°between these two molten beads. these grains, misorientations are noticed, as shown in Figure 6.4 (a), and form a chevron pattern. The edges of the molten beads are located in the overlapping zones. The edges are steep which indicates a thermal gradient oriented at 45°with respect to the build direction which favors the {110}-<001> texture. Moreover, epitaxial growth also occurs because C a and C b are perpendicular and this induces no change in crystal orientation in the FCC system because of the symmetry of the crystal.

These peculiar microstructures and crystallographic textures can be explained by considering the melt pool geometry. In their paper, Andreau et al. also showed that changing the melt pool shape by modifying the processing parameters can modify the resulting microstructure. For instance, the proportion of <100> oriented grains (parallel to the BD) can be lowered in comparison with the sample presented in Figure 6.4 (a). It is achieved by increasing the energy input, which widens the melt pool and increases the overlap.

Regarding the epitaxial growth at the steep edges of the molten bed, Pham et al. have further studied this aspect in 316L and high entropy alloy (HEA) samples produced by L-PBF [START_REF] Pham | The role of side-branching in microstructure development in laser powder-bed fusion[END_REF]. Examples are shown in Figure 6.5 (a) and (b). At the edges of the melt pool, the thermal gradient, and thus the grain growth, is oriented at approximately 45°to the build direction, for instance in the melt pool (1) in Figure 6.5 (a). At the edges of the melt pools, denoted (2), the cells grow perpendicularly to the growth of the last cells (from adjacent melt pools). However, these new cells have the same crystallographic orientation as in (1) and thus belong to the same grain (confirmed by EBSD analysis). Pham et al. explain that this growth results from the side-branching because in a cubic 6.2. Experimental procedures structure these two perpendicular directions of growth are symmetrically equivalent. The side-branching is further illustrated in Figure 6. 5 (b) where the growth direction changes by 90°at the melt pool boundary. The cells at the left side-branched out from existing cells at the right side.

To conclude, for the E-PBF process, the morphology of the molten bead and the solidification conditions can be tuned to control the microstructures (grain boundary morphology, grain size and texture). In the literature, two different approaches have been used to justify the microstructure: the calculation of G and R (solidification map) or the thermal gradient orientations. The G and R approach is based on the constitutional undercooling and heterogeneous nucleation which might be not relevant in the case of a high purity metal. The other approach with the thermal gradient orientations is based on favored grain growth direction. Thus, in this Chapter the different microstructures will be rationalized using the thermal gradient orientations. To change its orientation, the melt pool geometry is modified thanks to several levers accessible with the E-BPF process: the hatch depth (controlling the scanning pattern rotation), the return time (controlled by the scanning speed), the overlap (i.e. the line offset), the scanning pattern (snake-like or concentric contours for instance), and the sets of parameters [v ; P ].

Experimental procedures

Processing conditions

In this chapter, four melting strategies are investigated. The processing conditions are summarized in Table 6.1 with an illustration of the scanning pattern associated with each strategy. Parallelepipedic samples are built with an edge length of 10 mm and a height of 15 mm. The automatic functions are disabled. Note that several designs of experiments, not presented here, have been conducted to identify the different melting strategies leading to the production of the dense samples described below:

• (1) Hatch depth experiment: the objective here is to evaluate if the thermal gradient direction can be modified by keeping the direction of the scanning pattern constant over several successive layers. The hatching of each layer is done with a snake pattern, with a layer thickness of 50 µm. The specificity of this strategy lies in the fact that the hatch depth value is set to 0.5 mm (instead of 0.05 mm for the reference strategy), meaning that every ten layers the snake pattern is rotated by 90°(instead of every layer).

• (2) Altering the grain size: the aim is to reduce the grain size by generating smaller molten pools. To do so, samples are built at lower scanning speeds and 6.1: Overview of the various melting strategies employed to tailor the microstructure and microtexture.

Experimental procedures

beam powers with the same scanning strategy used in Chapter 4 with a snake-like pattern turned by 90°at each layer. For instance, one of the new set of parameters is [ v = 400 mm/s ; P = 420 W ; l of f set = 0.1 mm].

• (3) Changing the crystallographic texture: the objective is to alter the <100> crystallographic texture of the reference sample by reproducing the microstructure having a Goss texture observed in parts produced by L-PBF shown in the literature review in Figure 6. 4 (a). The strategy consists of piling-up the scanning tracks on top of each other while using a large line offset. Thus, a new scanning strategy called "Contour" is used. It consists of scanning the surface concentrically, from the center towards the edges. The line offset is set to 0.25 mm (more than twice as the one used for the reference sample).

• (4) Controlling the grain boundary morphology: the aim is to change the grain boundary morphology from columnar to wiggled-grains by inducing a strong deviation of the thermal gradient directions from the BD with very deep melt pools.

A snake-like pattern is used with a layer thickness of 100 µm (twice as the one used for the rest of the strategies). Moreover, the hatch depth is set to 50 µm (i.e. 0.5 layer), meaning that the scanning pattern is rotated by 180°at each layer (contrary to 90°for the scanning of the reference sample).

Optical microscopy

The samples are removed from the start plate with a saw and then cut into two parts along the build direction. To observe the melt pool boundaries in the topmost layer, they are cut perpendicularly to the last scanning direction. Samples are then prepared for optical microscopy: grinding from 800 down to 2400 using SiC abrasive papers and polishing with 3 and 1 µm diamond suspensions. A final polishing step is performed with a solution consisting of 100 mL H 2 O, 100 ml ethanol, and 19g of iron (III) nitride. This last step allows to clear the pores and to reveal the grain boundaries. Optical micrographs are taken with an Olympus DSX 510 opto-numerical microscope.

To reveal the melt pool boundaries, the sample is immersed for 20 s in a solution consisting of 100 ml H 2 O, 20 mL hydrochloric acid, and 5 g of iron (III) chloride. The uppermost layer is observed in a plane perpendicular to the last scanning direction. It is the only layer that has not been remelted due to the addition of an overhead layer. Consequently, the melt pool depth can be measured and 15 measurements are performed. An example of such an optical micrograph is shown in Figure 6.6. The overlap between two melt pools is equal to the line offset. The melt pool depth is used to determine the number of remelted underneath layers. The aspect ratio AR of the melt pool is defined Figure 6.6: Optical micrograph of pure copper processed by E-PBF. Grain boundaries (dashed red line) and melt pool boundaries (dashed black line) have been revealed by chemical etching. To characterize the melt pool shape, three parameters are used: the depth, the half-width and the overlap (which corresponds to the line offset, 0.1 mm here). by the equation ( 6.1):

AR = d w (6.1)
with d the melt pool depth and w the melt pool width. If AR < 0.5 then the melt pool can be considered as hemispherical. If AR > 0.5 then the melt pool exhibits a morphology typical of the Keyhole regime, often observed with L-PBF process [START_REF] Le | On the study of keyhole-mode melting in selective laser melting process[END_REF]. In this study, the keyhole-mode has never been observed during processing of pure copper by E-PBF. Note that the measurement of the width is approximate because of the overlapping with the neighbor melt pools. In fact, this value corresponds to the minimum potential width of the melt pool, which allows to calculate the maximum potential aspect ratio.

SEM and EBSD analysis

For SEM observations, samples are mechanically polished down to 1 µm with a diamond suspension, and then electropolished in a solution of 65%vol phosphoric acid solution. The electropolishing conditions are a voltage of 5 V and a current of 2 mA for 120 seconds with a stainless steel cathode [START_REF] Shadkam | A study on the coupled effects of solute and grain size on the work hardening of fine-grained FCC alloys[END_REF].

Electron Backscatter Diffraction (EBSD) maps are performed with a 2 µm step size and an acceleration voltage of 20 kV. They are then processed with the OIM Analysis software. A "Clean up" procedure is first applied to each map along with a "CI standardization" and a " Grain dilation" operations. The grain sizes are measured with the intercept method on a 1 x 0.5 mm 2 EBSD map. 

FE-thermal simulations

COMSOL Multiphysics © (COMSOL, Inc) is a multiphysics simulation software using the finite element method [Comsol, 2017]. In this chapter, the thermal simulations are mainly used to validate the hypotheses made to explain the microstructures on the basis of microscopic analysis. The chosen geometry is a rectangular box with a size of 12.5 x 12.5 x 3 mm 3 , see Figure 6.7 (a). The mesh size is set between 2.8 x 10 -3 and 2.4 x 10 -1 mm. The electron beam is considered to generate a heat distribution in the X and Y directions of the sample which follows a Gaussian shape, as commonly agreed in the literature [START_REF] Cheng | A numerical investigation of thermal property effects on melt pool characteristics in powder-bed electron beam additive manufacturing[END_REF]] [F. Zäh & Lutzmann, 2010[START_REF] Raghavan | Numerical modeling of heat-transfer and the influence of process parameters on tailoring the grain morphology of in718 in electron beam additive manufacturing[END_REF]. Regarding the heat flux distribution in the depth, several choices are reported in the literature: conical [START_REF] Cheng | A numerical investigation of thermal property effects on melt pool characteristics in powder-bed electron beam additive manufacturing[END_REF], elliptical [START_REF] Raghavan | Numerical modeling of heat-transfer and the influence of process parameters on tailoring the grain morphology of in718 in electron beam additive manufacturing[END_REF]] [F. Zäh & Lutzmann, 2010] and Gaussian [START_REF] Luo | An analytical model and tomographic calculation of vacuum electron beam welding heat source[END_REF]. In this work the electron beam energy is modeled as a moving heat source, with a speed v, a power P , a scanning length set to 10 mm (as the samples produced by E-PBF), and with a Gaussian distribution intensity in the three directions: x, y and z, see equation (6.2):

Q(x, y, z) = P 1 2π 2 r 2 spot e -x 2 +y 2 4r 2 spot 1 z beam √ 2π e -1 2 z z beam 2 (6.2)
with r spot the beam size and z beam the penetration depth. An illustration of these Gaussian distributions is presented in Figure 6.7 (b).

The law of heat conservation, see equation ( 6.3), and the Fourier's law, see equation (6.4) are used: 

ρC p ∂T ∂t + div ( - → ϕ ) = q (6.3) - → ϕ = -λ.
--→ grad(T ) (6.4) with ρ the density, C p the specific heat capacity, q the volumetric heat source and λ the thermal conductivity.

Regarding the material of the substrate, the thermophysical properties of a Cu-ETP are chosen and are available in the COMSOL database. Note that the solidification interval for Cu-ETP is narrow because of the low oxygen content: between 1065 (solidus) and 1083 °C (liquidus). The latent heat of fusion is neglected. The initial temperature of the substrate is set to the measured preheating temperature under the start plate with the help of a thermocouple for each case (see Table 6.1). All surfaces of the box are thermally isolated, except for the top surface where radiation heat losses are made possible, with a surface emissivity set to 0.5 [START_REF] Ledford | Characteristics and processing of hydrogen-treated copper powders for eb-pbf additive manufacturing[END_REF].

To calibrate the simulation, single tracks with three different sets of parameters are melted on a start plate (therefore on bulk sample) with the electron beam: [ v = 250 mm/s ; P = 2400 W ], [ v = 250 mm/s ; P = 1200 W ] and [ v = 500 mm/s ; P = 1200 W ]. The linear energies are respectively, 9.6, 4.8 and 2.4 J/mm. Note that higher energy input is needed to melt the copper start plate in comparison with a powder layer of copper because of the high thermal conductivity of the start plate. The calibration is made with 6.3. FE-thermal simulations a copper start plate instead of a copper powder bed because the physical properties are well-documented for the start plate (bulk Cu-ETP) and not for the powder bed. The start plate is then cut, polished and etched to evaluate the melt pool geometry and to measure its depth and width. An example is shown in Figure 6.8 where the melt pool boundary is highlighted by a yellow dotted line. To fit the experimental data, two parameters of the heat source are adjusted: the beam spot diameter r spot and the penetration depth z beam . To begin with, the values from the literature for Ti-6Al-4V are used: r spot = 0.4 mm and z beam = 0.062 mm [START_REF] Cheng | A numerical investigation of thermal property effects on melt pool characteristics in powder-bed electron beam additive manufacturing[END_REF]. The best set of parameters found is r spot = 0.17 mm and z beam = 0.05 mm. The simulated melt pool shape is plotted in Figure 6.8 with a black dashed line. Note that both heat source parameters are lower for copper than for Ti-6Al-4V. This could be explained by the difference in atomic numbers between the two materials. Copper having a larger atomic number, 29 versus about 22 for Titanium, more electrons are back-scattered which could result in a smaller volume impacted by the heat source.

To account for the presence of a powder bed, the thermal conductivity of the material has to be adjusted. A first approximation is given in Chapter 3 where the electrical conductivity of a powder bed sample is found to be at about 5 ±1 %IACS. Note that this value is measured with the Eddy current method with a penetration depth of about 500 µm (for this conductivity value), see equation in Chapter 3 (3.5). According to the Wiedemann-Franz law, the ratio between the thermal and the electrical conductivity is constant, see equation Chapter 2, section "Thermal conductivity" 2.2.2. As a result, the thermal conductivity of the powder bed is taken as 5% of the bulk material. Several simulations have been performed with a thermal conductivity around this measurement and compared with experimental observations of the melt pool geometry. Finally, the best fit is obtained for a thermal conductivity set to 10 % of the bulk material. This value is finally chosen as the thermal conductivity of the powder bed in the following thermal simulations. To account for the melting strategy and to observe the evolution of the molten bead after several adjacent tracks, 70 lines with a snake-like pattern are simulated to reach a stationary regime.

To conclude, thermal simulations are used as a tool to validate the assumptions regarding the link between the thermal gradient orientation (i.e. the melt pool geometry) and the resulting microstructure. Thermal simulations are modeling the motion of a heat source (Gaussian along x, y and z) on a material having the thermal properties of a consolidated powder bed of copper. Note that for the sake of simplicity, the conductivity is supposed to be constant over time, which is not representative of the reality (state transitions from solid pre-sintered powder to liquid metal and to solid bulk). 6.9 (a) shows an optical micrograph of a copper start plate where a single track was melted by the electron beam of the E-PBF machine. Chemical etching reveals the grain and melt pool boundaries. Figure 6.9 (b) is a schematic of the boundaries corresponding to the micrograph (a) in the area delimited by the white box. The start plate has a polycrystalline microstructure with equiaxed grains whereas the grains grow almost perpendicularly to the melt pool boundary along the single track. Indeed, in a molten pool, the thermal gradient direction is perpendicular to the liquid/solid interface, as highlighted by red arrows in Figure 6.9 (b). The direction of the thermal gradient governs the crystal growth direction. This confirms the assumption that changing the thermal gradient direction can be an efficient way to alter the grain structure.

Preliminary observations and first validation

A second example is given in Figure 6.9 (c) where an optical micrograph of a copper sample processed by E-PBF is shown, this sample is called the reference sample. Chemical etching reveals once again the grain and melt pool boundaries. Figure 6.9 (d) represents the grain and melt pool boundaries corresponding to the micrograph shown in (c) in the area delimited by the white box (region of interest extracted near the topmost layer). Note that the columnar grains have grown through several layers. In this example, the melt pools are relatively flat (AR about 0.15) with a quite large overlap (l of f set = 0.1 mm) leading to a thermal gradient mostly oriented along the build direction. This vertical thermal gradient promotes the growth of columnar grain with a strong crystallographic texture: the <001> direction of the different grains being aligned with the build direction. The influence of the thermal gradient orientation on the direction of the grain growth is highlighted at the top of the grains. Indeed, in the upper zone of the topmost layer the solid/liquid interface is steeper than at the bottom of the melt pool. As a result, the thermal gradient is slightly oriented towards the right direction. Thus, the grain boundaries are tilted in the same direction. This phenomenon is only observed in the topmost layer because in the underlying layers the upper zone is remelted when the next layer is melted.

For the reference sample produced by E-PBF, the melt pool depth is measured to be about 70 µm for a layer thickness of 50 µm. Thus, about 30 % of a given layer is remelted when melting the next one. The remelting combined with the overall heat flux, parallel to the build direction, promotes the epitaxial grain growth and leads to a microstructure consisting of large columnar grains with a strong <100> -cube crystallographic texture.

To summarize, the microstructure of the Cu-ETP produced by E-PBF can be rationalized with the thermal gradient orientation. The shape of the melt pool is a marker of the thermal gradient orientation because the thermal gradient is perpendicular to the liquid/solid interface. With the reference melting strategy, the resulting microstructure consists of large columnar grains with a strong crystallographic texture. In the next section, the ability of the E-PBF process to control the thermal gradient orientation by varying the melting strategy is demonstrated.

First validation: controlling the thermal gradient direction ("Hatch depth experiment")

To evaluate the control of the thermal gradient orientation by altering the scanning strategy and its influence on the resulting microstructure, scanning strategy 1 is used to build copper samples by E-PBF. It consists of increasing the hatch depth, i.e. the rotation of the scanning pattern, from 50 to 500 µm (1 layer to 10 layers), see details in Table THROUGH THE MELTING STRATEGY 6.1. This experiment has already been conducted in the literature by Helmer et al. on a nickel-based superalloy built by E-PBF [START_REF] Helmer | Grain structure evolution in Inconel 718 during selective electron beam melting[END_REF]. Note that similar results are expected with copper since it has an FCC-structure as Ni. It is also important to emphasize that because the growth directions are the <001> directions in cubic materials (BCC, FCC), such strategies could also be applied for many other materials (austenitic stainless steels, Ni superalloys.) To rationalize this experiment, the melt pool shape is studied with the help of optical microscopy and thermal simulations. 6.10 (a) shows an optical micrograph of the sample obtained with the scanning strategy consisting of rotating the scanning direction every ten layers (i.e. every 0.5 mm), it is called scanning strategy 1. The grain boundaries revealed by the chemical etching are elongated along the build direction similarly to the reference sample. However, the columnar grains are slightly tilted with respect to the build direction as pointed out by red arrows in Figure 6.10 (b). The scanning direction is identified based on the melt pool boundaries preliminary revealed by chemical etching. The growth direction of the columnar grains slightly changes every 10 layers, exactly when the scanning direction was rotated by 90°. An EBSD map of the sample is acquired to observe the grain structure as well as to measure its crystallographic texture, see Figure 6.11 (a) and (b). To compare with the reference sample studied in the previous chapter (hatch depth set to 50 µm, i.e. one layer), the EBSD-IPF-A2 map of the reference sample is shown in Figure 6.11 (d). Red is the dominant color in the two EBSD maps of the sample built with the scanning strategy 1. The wavy grains exhibit the same crystallographic texture as the reference sample, with a strong <001> cube texture along the build direction, as evidenced by the pole figures shown in Figure 6.11 (c). This strong texture results from the epitaxial growth which is not affected by the slight variation of the columnar grain growth direction.

The average grain width and length measured by the intercept length method are respectively about 40 µm and 165 µm. Scanning strategy 1 produces shorter columnar grains in comparison with the standard strategy (50 µm grain width and 250 µm grain length). 

Discussion

To understand the formation of this microstructure with a strong <001> cube texture along the build direction, more information about the melt pool geometry and thermal gradient directions are needed. Thermal simulations are carried out to get such pieces of information. The results of the thermal simulation of 70 adjacent molten tracks are presented in Figure 6.12.

To observe the evolution of the melt pool shape while melting a layer, the 1st, 30th, and 70th lines are illustrated in Figure 6.12 (a-c) (top view). When melting the first line, the melt pool is rather small and exhibits a teardrop shape. From the 30th, the melt pool becomes elongated in the direction perpendicular to the scanning tracks. This results from the fact that the liquid metal does not have enough time to fully solidify before the electron beam melts adjacent lines. Note that the melt pool shape is similar between the 30th and 70th lines which confirms that the stationary regime is reached from the 30th line. This melt pool geometry propagating on several adjacent scanning lines is very specific and it is allowed thanks to both the preheating and high scanning speed of the E-PBF process that maintain a large melt pool. This melt pool geometry can be observed on the topmost layer of samples, two examples are shown in Figure 6. 13 (a-c). Note that the melt pool is (as expected) wider for the highest line energy, i.e. sample (c). This very wide melt pool shape is not specific to copper. As shown by the thermal simulation carried out with the properties of an Inconel 718 and a set of parameters leading to producing dense samples, and on a consolidated powder bed, see Figure 6.14. In the case of Inconel 718, the melt pool is much more stretched than for copper, which is consistent with the lower thermal conductivity of this nickel alloy, as compared to copper (11.4 against 401 W.(m/K) for copper [ASM, 2021]). 3D views of the 30th line are presented in Figure 6.12 (d-e) with the thermal gradients represented with red arrows at the bottom center and black arrows at the edges. The melt pool is spread over almost the entire width of the area to be melted, therefore the thermal gradients are relatively homogeneous in the whole layer. Since the melt pool is relatively flat, at the bottom of the melt pool the thermal gradients are oriented mostly parallel to the build direction, see red arrows in Figure 6.12 (d-e). This, combined with the remelting of a substantial fraction of the layer underneath, allows the epitaxial growth of columnar grains exhibiting a strong <001> cube texture.

At the edges of the molten pool, the thermal gradient is weaker and slightly tilted in the direction of the scanning pattern, see the black arrows in Figure 6.12 (e). However, according to the microstructure and the texture of both the reference sample and hatch depth experiment sample, this slight variation of the thermal gradient is not sufficient to break the epitaxial growth of the <001> columnar grains.

To rationalize the link between the change of scanning direction and the wavy columnar grains, schematic illustrations of the melt pool morphology are given in Figure 6. 15 (ad). According to the thermal simulations, under these melting conditions, the melt pool becomes elongated in the direction perpendicular to the scanning direction. As a result, the main direction of the thermal gradient is slightly tilted to both the building and scanning directions, as illustrated in Figure 6.15 (e).

For the reference sample, the thermal gradient is slightly tilted at every layer. This tilted thermal gradient does not lead to a tilted grain growth for two reasons. First, because the angle of tilt changes at every layer, it prevents these tilted grains from growing alone in one constant direction. Second, because the top of the layer, where the thermal gradient is the most inclined, is remelted while melting the next layer.

For scanning strategy 1, the scanning pattern is identical for ten layers (instead of one for the reference). As a result, the gradient is tilted in the same direction for ten consecutive layers which leaves time for the formation of tilted columnar grains. Then, for the next ten layers the scanning pattern is rotated by 90°which leads to the rotation of the thermal gradient orientation, see Figure 6.15 (e). Columnar grains grow with a new tilted angle with regard to the building direction. Thus, every ten layers, the main thermal gradients change so as the columnar grain growth direction which creates these wavy grains. One should note that the angle of the thermal gradient with the build direction is sufficiently low to maintain the strong <001> crystallographic texture.

To conclude, this experiment shows that the thermal gradient orientation can be controlled with the E-PBF process. By varying the scanning strategy, the overall thermal gradient orientation is changed every ten layers. As a result, the grain growth direction slightly changes every ten layers and the grain morphology has been successfully modified compared to the reference sample. In the following sections, three other strategies are applied to modify a microstructural characteristic as compared to the reference microstructure: the grain size, the morphology and the crystallographic texture.

Altering the grain size

As seen in the previous section, the coarse columnar microstructure, obtained with the reference set of parameters results from a relatively wide and flat melt pool stretching over several adjacent scanning lines. The <100> epitaxial grain growth is promoted by THROUGH THE MELTING STRATEGY the remelting of underneath layers and by the thermal gradient orientation mainly aligned with the build direction. This is the consequence of the melt pool shape (wide and flat).

The aim of this section is to alter the grain size by varying the scanning strategy and thus the molten bead. The solution investigated is to achieve a smaller molten bead by increasing the time between two adjacent molten tracks (i.e. time to return). Indeed, if the molten metal has more time to solidify it will prevent the stretching of the melt pool along the direction perpendicular to the scanning direction. To increase the time to return, the strategy investigated consists of reducing the scanning speed, v. The beam power is adapted to the new scanning speed (i.e. lowered) to avoid an excess of energy input to keep producing dense samples. Note that these sets of parameters have been obtained with a design of experiment not presented here. The scanning pattern is the same as the reference sample. A snake pattern fills in the surface to be melted, with a 0.1 mm line offset and a hatch depth of one layer (50 µm) see Table 6.1 for more details. Four scanning speeds have been tested, 2250, 1550, 600, and 400 mm/s. An overview of the resulting microstructures obtained with scanning strategy 2 are shown in Figure 6.16. The sample built with a scanning speed of 2250 mm/s, see Figure 6.16 (a), exhibits a similar grain size and morphology as the reference sample. Indeed, the grains are elongated along the build direction. However, from 1550 down to 400 mm/s, the grain boundaries become less and less straight and more importantly, they become thinner. The best example is shown in Figure 6.16 (d) for the lowest scanning speed. The grains are still mostly elongated along the build direction, however, the grain growth is more often interrupted and the columnar grains seem finer. Note that the energy input is higher for this sample than for the reference sample. Indeed, the linear energy of this sample is 1.05 J/mm against 0.45 -0.6 J/mm for the processing window (v between 1500 and 3000 mm/s) at 470°C, identified in Chapter 4. At low speed, the required line energy to produce dense samples is the highest. The results of the EBSD analysis of the sample produced with the scanning strategy 2d [v = 400 mm/s ; P = 420 W ] are shown in Figure 6.17. The microstructure significantly differs from that of the reference sample. There are two populations of grains: relatively long columnar grains and smaller near-equiaxed grains as illustrated in Figure 6.18 (a-b). Columnar grains are thinner than the ones observed in the reference sample, and they are slightly "wavy". Their length and width are respectively about 80 and 40 µm. The near-equiaxed grains appear to be randomly distributed in the microstructure, with an average diameter of 30 µm. Regarding the pole figures, see Figure 6.17 (c), the crystallographic texture is much weaker than the one measured in the reference sample. The maximum intensities of the pole figures are respectively 6 and 18 for the new sample and the reference sample. The presence of small near-equiaxed grains combined with the weaker crystallographic texture suggests that the epitaxial growth is disrupted.

Results

The only EBSD map of copper produced by E-PBF reported in the literature, see chapter 2 Figure 2.23, is very close to the microstructure shown in Figure 6.17. In-6.5. Altering the grain size deed, Guschlbauer et al. reported columnar grains with a weak crystallographic texture [START_REF] Guschlbauer | Effect of the oxygen content of pure copper powder on selective electron beam melting[END_REF]. The set of parameters used were v = 500 mm/s and P = 450 W (E l = 0.9 J/mm), with a scanning length of 18 mm, a line offset of 0.1 mm and a preheating temperature of 530°C. These parameters are relatively close to the ones applied to produce the sample built with the scanning strategy 2d : v = 400, P = 450 W (E l = 1.05 J/mm), a scanning length of 10 mm, a line offset set to 0.1 mm and a preheating temperature of 450°C.

To understand this microstructure with finer grain, the melt pool morphology is characterized by optical microscopy and thermal simulations. Schematic illustrations of the melt pool shape are given in Figure 6.19 (c-d), it is based on optical observations (a-b) for respectively the sample built with the scanning strategy 2 and the reference sample. The melt pool depth of this sample is measured to be 115 ± 12 µm, against 67 ± 8 µm for the reference sample. With this new set of parameters, the melt pool is twice deeper with the same overlap (l of f set = 0.1 mm). The bottom of the melt pool is still relatively wide and flat (AR about 0.25). However, the edges of the melt pool are steeper than in the reference sample.

Discussion

Thermal simulations are used to validate the assumption that by increasing the time to return between two adjacent molten tracks the melt pool does not spread over several melted lines. Simulations of the processing of a given layer are presented in Figure 6.20 THROUGH THE MELTING STRATEGY 6.5. Altering the grain size (a) for this sample with finer grains. As explained in the previous section, the melt pool of the reference sample is spread over several adjacent scanning lines and the whole scanning length. Here, for the new set of parameters, the molten liquid has enough time to solidify between two adjacent scanning lines. Thus, the molten bead exhibits a thin teardrop shape as revealed in Figure 6.20. For the stretched melt pool, the solidification front moves perpendicularly to the scanning direction. On the opposite, the teardropshaped melt pool moves in the same direction as the beam. Consequently, in this new configuration, the thermal gradient direction reverses for each molten track.

The remelting of the previous layers promotes the epitaxial grain growth and so the formation of columnar grains. However, this grain growth is disrupted by two factors: (i) steepest edges and (ii) the teardrop shape of the molten bead. Indeed, these two factors contribute to shifting the thermal gradient direction. It is not parallel to the build direction anymore. It rather leads to the formation of more wavy grains which in some cases induce the formation of near-equiaxed grains.

To observe the change of melting regimes between the two sets of parameters previously studied (reference sample and scanning strategy 2d), seven other sets of parameters are simulated and the melt pool shapes are shown in Figure 6.21. The melt pool shape varies greatly depending on the melting parameters used, ranging from a point source (g) to a very large and stretched shape (c). Within this processing window, the transition from teardrop-shape to the stretched shape is close to the set of parameters (h) showing this elongated teardrop-shape melt pool. These results show how the melt pool geometry can be changed by varying only two process parameters: v and P . Note that all these sets of parameters do not necessarily lead to good melting conditions, this remains to be verified by testing these sets by E-PBF. These variations of the melt pool geometry have a strong impact on the resulting microstructure as shown previously between the reference (stretched melt pool) and scanning strategy 2d (teardrop-shaped melt pool). According to these simulations, other melt pool geometries are available with for instance (d,g) smaller melt pool in length and width which might lead to a more disrupted distribution of thermal gradient orientation and thus smaller grain (strategy 2d but taken further). On the opposite, melt pools much larger than the reference one are obtained, e.g. in (b,c,f). The benefit of having larger melt pools would be to promote epitaxial growth, uniform distribution of thermal gradient orientations and perhaps promote competitive grain growth that would favor one direction of grain growth. Therefore, these simulations indicate that other molten pool shapes may be achievable and therefore other microstructures. This necessitates several designs of experiments to enlarge the processing window towards these couples of power and speed. To conclude, a finer microstructure has been generated by disrupting the thermal gradient main orientation through changes of the scanning strategy leading to a deep teardrop molten bead. The key parameter was identified as the time between two adjacent lines, i.e. time to return. A short time promotes a stretched melt pool, perpendicular to the scanning direction, whereas a long time rather results in a teardrop-shaped melt pool, parallel to the scanning direction.

In this example, the strategy used to increase the time between two adjacent tracks was the decrease of the scanning speed. Other strategies could be efficient like changing the line order, for instance. In the standard scanning pattern, the order of the lines to be scanned is increasing, the 1st, 2nd, 3rd, and so on, it corresponds to a line order of 1. If the line order is set to 5, then the order of scanning lines is the 1st, the 6th, the 11th, ... then the 2nd, the 7th, the 12th, and so on as illustrated in Figure 6.22. Using this strategy, each melted line would have more time to solidify before the adjacent line is melted. 

Changing the crystallographic texture

In this section, the scanning strategy is optimized to change the crystallographic texture by getting closer to the microstructure observed in 316L parts produced by L-PBF and introduced in the literature review at the beginning of this chapter, see Figure 6 The idea to reproduce this crystallographic texture with the E-PBF process is to increase the line offset to reduce the overlap between the melt pools and to stack the scanning tracks on top of each other. The strategy is to use a new scanning pattern, called "Contour" (scanning strategy 3) and further illustrated in Figure 6.23 (a), with a line offset of 0.25 mm (more than twice as the one used for the reference sample). The scanning pattern consists of scanning the surface concentrically, from the center towards the edges, as detailed in Table 6.1. 6.23 (b) shows the top view of the sample built with the scanning strategy 3 where the scanning path can be seen. The center of the cube is slightly overmelted.Indeed, with this scanning strategy, the scanning length varies from the center to the edges Thus the time between two adjacent scanning lines varies. At the center, the energy input is too high for the small scanning length which induces a slight overmelting. On the opposite at the edges, the energy input is too low for the scanning length and pores appear. This issue can be easily resolved by using the automatic mode, see Chapter 1 1.3.3.1. In between these two zones, the melting conditions are good and the rest of the study will focus only on this specific region in what follows.

Results

The resulting microstructure is shown in Figure 6.24 (a-b). It consists of wide columnar grains, with an average width of 110 µm (<110> oriented grains), periodically arranged with thinner columnar grains with an average width of 30 µm ( <100> oriented grains). The widest grains have a strong Goss texture, their major axis is aligned with the <110> direction, and their minor axis aligned along with the <110> or <111> directions. The thinnest grains have a strong cube texture, with their major aligned with the <100>, i.e. the build direction, similar to the texture of the reference sample shown in Figure 6.24 (d). Regarding the average grain length, the number of grains observed is too small to provide a reliable measurement. Indeed, some of the grains are longer than the region of interest, i.e. their length is above 3.5 mm. The pole figures, shown in Figure 6.24 (c), exhibit a maximum texture intensity of about 14. It is slightly lower than for the reference sample because of the two fiber textures along <100> and <110>-directions. One should note that the periodicity of the texture is approximately 0.25 mm, exactly the defined value of the line offset. 

Discussion

To rationalize the formation of this new microstructure, the melt pool shape is discussed with the help of optical microscopy and validated with thermal simulation.

In Figure 6.25, the melt pool shape of this sample (a-c) is compared with the reference sample (b-d). Based on the optical micrographs of the topmost layer (a-b), the melt pool boundaries are observed in the xz-plane. These boundaries are illustrated in (c) and (d) along with the thermal gradient directions. Compared to the reference sample, scanning strategy 3 leads to deeper melt pools (AR about 0.34), 144 ± 22 µm against 67 ± 8 µm. Thus, approximately two underneath layers are remelted while melting a new layer.

Moreover, the overlap between two molten tracks is lower than for the reference sample. It is the consequence of a higher line offset, more than twice higher for this new scanning strategy, 0.25 instead of 0.1 mm for the reference sample. Note that the sample top surface is wavy and the humps are located in the center of the melt pool. This phenomenon has already been observed with L-PBF and it results from thermo-capillary convection, or Marangoni effect [START_REF] Gunenthiram | Compréhension de la formation de porosités en fabrication additive (LBM). Analyse expérimentale de l'interaction laser -lit de poudre -bain liquide[END_REF]. Under certain conditions of thermal gradient and surface tension on the melt pool surface (dγ/DT > 0 with γ the surface tension), Marangoni movements can lead to the formation of humps.

This comparison shows that the change of the melting strategy has a strong impact on the orientation of the thermal gradient in the new sample illustrated by the difference in the shape of the melt pool. Similarly to the previous section, the deepest edges of the molten bead combined with a flat bottom result from a significant modification of the Figure 6.26: (a) Optical micrograph of the sample built with scanning strategy 3, where the melt pool and grain boundaries were revealed by chemical etching. 6 melt pool boundaries are highlighted with black lines, and some thermal gradient orientations are represented with arrows. (b) EBSD-IPF map representing the grain orientation normal to the build direction. Two populations of grain orientations are observed: the red grains with a <001> texture (Cube texture), and the green grains with a <101> texture (Goss texture). The melt pool boundaries are superimposed from the optical micrograph to the EBSD-map. orientation of the thermal gradient along the solidification front, from 0 (bottom) to 45°( edge) to the build direction. Figure 6.26 (a) shows an optical micrograph of the new microstructure where several melted layers are observed. Six molten bead boundaries are highlighted in black and the thermal gradient orientations are indicated with arrows. The thin grains are located at the center of the melt pools whereas the large grains are located at the edges.

To link these observations with the crystallographic texture, the ESBD-map representing the grain orientation normal to the build direction is shown in Figure 6.26 (b), with the melt pool boundaries from (a) superimposed. At the center of the melt pool, the thermal gradient is parallel to the build direction. Thus, at this location, columnar grains with a <001> cube texture grow by epitaxy along the build direction. This is consistent with the fact that the periodicity of the texture is approximately 0.25 mm, exactly the value of the line offset. This crystal growth direction is promoted by a relatively small overlap of the scanning lines. Indeed, the molten bead center is not remelted by the melting of the adjacent scanning track but only by the next layer positioned exactly at the same position in the (xy) plane.

At the edges of the melt pool, the same mechanism operates, however, in this case, the thermal gradient is oriented at 45 °with respect to the build direction according to the steep edges of the melt pool. The grains grow with a Goss texture, the orientation of the grains being parallel to the <110> direction. Note that the thermal gradient, and The high amount of layers remelted (about 2) combined with the conservation of the thermal gradient orientation between the layers promote the epitaxial growth of both the thin and the large columnar grains.

The periodicity of the microstructure suggests that the melt pool is not stretched over adjacent scanning tracks otherwise the thin columnar grains with the <100> direction along the build direction would not have grown. A thermal simulation is conducted to confirm this hypothesis. The results are presented in Figures 6.27 and 6.28.

First, the thermal simulation shows that two melt pool regimes are achieved with scanning strategy 3. For the first squares, see Figure 6.27 (a), the melt pool is stretched over the adjacent squares because the beam power and the scanning speed are not optimized for such small scanning lengths. Indeed, as seen in Figure 6.23 (b), the center of the cube is overmelted. This melt pool shape results in a specific microstructure shown in Figure 6.27 (c). The large melt pool leads to the growth of 2 very large grains on either side of the center of the sample. For the next squares, the melt pool shape becomes elongated along the scanning direction, see Figure 6.27 (b). For this given set of parameters, the scanning length is long enough for the molten metal to solidify before the beam passes close by. As expected, this teardrop-shaped melt pool leads to the growth of the microstructure characterized in this section, and qualified as a "L-PBF-like" microstructure. The detailed results of the thermal simulations are presented in Figure 6.28. As explained in the previous paragraph, the melting regime with a teardrop melt pool shape is obtained after several melted squares, for instance, the 30th squares as shown in Figure 6.28 (c). The thermal gradient directions are plotted at the melt pool center and edges with, red and black arrows respectively in Figure 6.28 (d-e). At the center of the melt pool, the direction of the main thermal gradient is roughly parallel to the build direction. This combined with the partial remelting of underneath layers promotes the growth of grains with a <100>-fiber crystallographic texture aligned with the build direction. At the edges of the melt pool, the thermal simulation confirms that the thermal gradients are tilted at about 45°to the build direction. In this case, the resulting microstructure exhibits a <110>-Goss texture. Figure 6.29: EBSD-IPF-A1 maps of (a) sample built with scanning strategy 3 and (b) sample built with the opposite scanning direction (from the edges to the center).

Note that the opposite scanning strategy, i.e. melting from the edges to the center of the surface, has also been tested by E-PBF. The resulting microstructure is identical to the sample studied in this section, see Figure 6.29. Indeed, the change of the hatching direction only modifies the thermal gradient orientation at the edges of the melt pool. In this case, it is oriented at 45°towards the center of the sample (and not towards the edges of the sample as shown previously).

To conclude, the crystallographic texture has been successfully changed from <100>cube texture to a <110>-goss texture. Indeed, a comparable microstructure to the one obtained by L-PBF has been produced by E-PBF by promoting deep molten beads with low overlap. 6.7. Controlling the grain boundary morphology

Controlling the grain boundary morphology

The aim of the fourth strategy investigated is to generate a new grain boundary morphology while preserving the <110>-goss texture achieved with the previous strategy. Practically, it consists of increasing the melt pool depth to promote the <110>-Goss texture while maintaining a high overlap to hamper the <100>-fiber texture. To do so, the idea is to increase the energy input combined with a low line offset. However, a higher energy input will probably lead to overmelting issues. One solution is to increase the layer thickness, indeed higher energy input is required to melt this thicker powder layer while achieving good melting conditions. Thus, unlike the previous strategies, a 100 µm layer thickness is chosen with a hatch depth of 50 µm. This means that the scanning pattern is rotated by 180°at each layer, see Table 6.1.

Results

The resulting microstructure is presented in Figure 6.30. The EBSD maps show a unique microstructure consisting of wiggled coarse columnar grains. The wiggled structure is regular, each change of direction occurs every 100 µm, which is exactly the layer thickness. The average transverse columnar size is about 45 µm and the average grain length is about 1250µm (with a maximum grain length over 3 mm). The IPF map representing the grain orientation normal to the build direction is given in Figure 6.30 (a). A strong <110>-Goss texture developed and was confirmed by the pole figures shown in Figure 6.30 (c). The IPF-A1 map normal to the x-axis (see Figure 6.30 (b)) exhibits also a significant texture, the grain orientations are mostly along the <101> and <111> direction. This microstructure significantly differs from the reference sample by the shape of the grains (wiggled instead of straight) and also by its strong texture (<110> instead of <100>).

Discussion

To get some insights into the formation of this peculiar microstructure, considerations regarding the melt pool geometry are required. An optical micrograph is shown in Figure 6.31. The melt pool boundaries have been revealed by chemical etching and they have been highlighted for two successive layers in black. Note that the scanning direction is always perpendicular to the observed surface shown in the micrograph. Thus, the front view of the melt pools is revealed for all the layers. This is because the hatch depth is equal to half a layer, so the scanning pattern rotates by 180°at each layer. The melt pool depth reaches 200 µm for this sample, meaning that one layer is remelted when the upper layer is built. The comparison of the melt pool shape of the top surface between the "wiggled grains" sample and the reference sample is shown in . The increase of the line energy input, 1.7 J/mm against 0.4 J/mm for the reference sample, leads to a greater increase of the melt pool depth compared to its width, and thus steeper edges (AR about 0.33). As expected, the overlap is large with this new scanning strategy. Thus, the bottom of the molten bead is remelted by the adjacent track where the thermal gradient is parallel to the build direction. Figure 6.31 (a) shows that grains are all tilted in the same direction in each layer (tilted to the right in this case).

To better observe the link between the melt pools arrangement and the microstructure, an optical micrograph and an EBSD-IPF-A1 map of six melted layers are shown in Figure 6.32. In the optical micrograph, the observations made in the topmost layer are confirmed. The direction of grain growth changes at each layer, following the change of direction of the thermal gradient which leads to the formation of the wavy aspect of the microstructure. In the EBSD map shown in Figure 6.32 (b), the melt pool boundaries are superimposed.

According to the optical microscopy observation, the thermal gradient is mainly oriented at about 45 °relatively to the build direction. To confirm this observation, the results of the thermal simulations are shown in shows the evolution of the melt pool shape until a stationary regime is reached. In this regime, the melt pool is stretched over several adjacent scanning lines, similar to what has been observed for the reference sample, see Figure 6.12. However, in this case, the thermal THROUGH THE MELTING STRATEGY gradients at the edges of the melt pool, tilted at 45°to the BD, are as large as the ones at the melt pool bottom.

Thus the <110> direction of the grains is aligned with the build direction. Contrary to scanning strategy 3, the deep molten beads are highly overlapped because of a smaller line offset. This relatively high remelted fraction between adjacent scanning tracks prevents the <100>-fiber texture to develop as observed in the L-PBF-like microstructure. The molten bead bottom is systematically remelted, explaining why no <100>-oriented grains are detected.

Thermal simulations confirm that the thermal gradient is mainly tilted at 45°to the build direction at each layer. Since the scanning pattern rotates of 180°at each layer, the thermal gradients between two consecutive layers are roughly perpendicular, as well as the direction of the grain growth. According to Pham et al., in such conditions, the side-branching between the successive layers is promoted [START_REF] Pham | The role of side-branching in microstructure development in laser powder-bed fusion[END_REF]. In this case, the change of the thermal gradient orientation does not stop the epitaxial growth of the grains, for instance some grain lengths are above 3 mm (larger than the layer thickness and the melt pool depth). Therefore, the side-branching between two melt pools (one above the other) allows the epitaxial growth of the wiggled grains over several layers. The side-branching, as mentioned in the literature review of this chapter, is the epitaxial growth between two perpendicular growth directions which is possible thanks to the symmetry of the cubic structure.

To conclude, the grain boundary morphology has been successfully changed to obtain a wiggled microstructure with a strong <110>-Goss texture along the build direction with scanning strategy 4. This microstructure results from a deep melt pool stretched over several adjacent scanning lines. One should note that, with scanning strategy 4, the layer thickness is increased, meaning that there are twice fewer layers to build. This strategy can therefore be beneficial for productivity if the time to build a layer is not twice higher. This will be further discussed in the next chapter, section Future work.

Conclusions of Chapter 6

In this chapter, it has been shown that it is possible to tailor the microstructure of copper produced by E-PBF by adapting the melting strategy. This allows the introduction of the concept of "digital metallurgy" where the desired microstructure (grain size, grain morphology and crystallographic texture) can be generated by adjusting the scanning strategy. The four different microstructures obtained are summarized in Figure 6.34 along with the description of the melt pool shape. One of the key parameters is the THROUGH THE MELTING STRATEGY thermal gradient direction, the direction of the grain growth following the main directions of the thermal gradient. As demonstrated with the preliminary experiment (hatch depth experiment), the thermal gradient depends on the melt pool shape (flat or deep, and stretched or teardrop-shaped). The melt pool shape is driven by several parameters: the beam power and scanning speed, the overlap (i.e. the line offset), the layer thickness, and the scanning pattern. By controlling these parameters and the shape of the resulting molten pool, the microstructure can be tuned.

In the case of copper, the microstructure and the crystallographic texture have only a limited impact on both the mechanical and electrical properties (in annealed state with average grain size over 10µm). Note that the hardness and surface electrical conductivity of the samples fabricated with the melting strategies presented in this chapter are similar to the reference sample of chapter 4 (about 50 HV and 100%IACS). However, these strategies could also be applied to other FCC-materials whose properties (yield strength, creep, work-hardening rate) are more influenced by the microstructure, for instance, the nickel-based superalloys, aluminum or copper alloys. Here copper is taken as a model material to introduce the concept of "digital metallurgy".

Conclusion and future work

Conclusion

This PhD work had two main objectives: (i) to demonstrate the ability to build dense samples of pure copper by E-PBF, and (ii) to characterize the mechanical and electrical properties of copper produced by E-PBF.

First of all, powder was characterized to make sure that it meets the criteria recommended by ARCAM © for its use in their E-PBF machine. Then, a preliminary study in a dilatometer was conducted to identify the preheating temperature range for copper powder: 450 to 550°C, needed to build copper by E-PBF.

The first objective is achieved with a design of experiments carried out to identify the melting conditions to produce dense copper samples by E-PBF. Several processing parameters were tested: the scanning speed, beam power, line offset, and preheating temperature. Based on this experiment, a processing window consisting of twenty-two sets of parameters was identified to produce dense copper parts (density of 99.95%). Within this processing window, the microstructure of the dense samples consists of columnar grains elongated along the build direction with a strong <001> cube crystallographic texture. Two main factors are responsible for the formation of this anisotropic microstructure: (i) the shape of the melt pool (flat and stretched) allowing the thermal gradient direction to be mainly aligned with the build direction promoting the growth of grains with their <001> direction parallel to the BD, and (ii) partial remelting of underneath layers contributing to the epitaxial grain growth through several layers.

To achieve the second objective, the physical and mechanical properties of copper specimens produced by E-PBF were evaluated with respectively volume electrical conductivity measurements and tensile tests for three build orientations. Thanks to the high density of copper built by E-PBF, the electrical conductivity of the annealed Cu-ETP (100%IACS) was reached regardless of the build orientation. Regarding the mechanical properties, the copper processed by E-PBF exhibits relatively similar properties than annealed Cu-ETP for the three build orientations.

After reaching the two main objectives, copper was used as a model material to demonstrate the feasibility of "digital metallurgy" with the E-PBF process. The abilities of the E-PBF process to control the melt pool geometry, by altering the melting strategy, were exploited to tailor the microstructure of the parts. The change in the shape of the melt pool reflects a change in the direction of the thermal gradients which allows to modify the grain size, crystallographic texture or grain boundary morphology. For example, a microstructure consisting of finer grains than the reference sample was obtained thanks to the formation of a teardrop-shaped melt pool which led to a more disrupt distribution of thermal gradient orientation in relation to the build direction. The crystallographic texture was also modified from a strong <100>-cube texture (in the reference sample) to a strong <110>-Goss texture by promoting thermal gradients at 45°with respect to the build direction. As mentioned in chapter 5, the effect of the microstructure on the mechanical and electrical properties of pure copper is limited over the processing conditions explored in this work mainly because of a small contribution of the grains to the Hall-Petch effect and electrical resistivity, in this grain-size range. However, it can be considered as a case study and a proof-of-concept. These strategies could be applied to other FCC materials (nickel-based superalloys, Al-alloys or Cu-alloys) whose mechanical properties would be more sensitive to the microstructure.

To conclude, this work was built around three peculiarities:

• E-PBF process: in comparison with L-PBF, the process uses a preheating step which allows to obtain wide melt pools and reduce thermal stresses developing in as-built parts. Moreover, the wide range of scanning speed, beam power, preheating temperature and scanning strategy available with the E-PBF promote the concept of "digital metallurgy" to be developed.

• E-PBF process of a high purity metal: unlike alloys, the heterogeneous nucleation is not favored limiting the use of solidification map (G vs R) to reach the columnar-to-equiaxed transition. Moreover, the solidification interval is very small (18 K for Cu-ETP vs. 56 K for Ti-6Al-4V, for instance). The viscosity of the molten liquid of pure metal is probably significantly lower than for alloys which can, for instance, promote the escape of gas pores (inherited from powder particles) in the melt pool during E-PBF.

• E-PBF process of high purity copper: this metal significantly differs from the other metals (Ti for instance) with its excellent electrical and thermal conductivities (about 100 and 60 times higher than Ti) and its high density (8.96 g/cm 3 against 4.50 g/cm 3 for Ti). The other benefit of these properties is the very low sensibility of copper to smoke phenomenon which offers high process stability. Because of the high thermal conductivity of the copper, the melt pools obtained with the E-PBF process are rather less wide than for Ti-alloys for instance. Finally, the electronmatter interaction does not suffer from the strong reflectivity of copper with respect to conventional laser wavelengths and the keyhole regime is not reached in the processing window investigated.

Future work

The results presented in this PhD manuscript open new paths for future investigations.

Here, few ideas are suggested that would be worth exploring.

Short-term perspectives

Preliminary studies have been initiated in relation to the recyclability of powders, the capacity to increase productivity and the fabrication of prototypes. They are briefly introduced in the following sections.

Effects of recycling operations on the powder characteristics and processing window

One of the benefits of powder bed additive manufacturing processes is to save raw material by recycling un-melted powder particles during the production of parts. Once the build is completed, the molten parts are embedded in a consolidated powder bed ("powder cake"). The fabricated parts are then extracted from this powder cake in the Powder Recovery System (PRS) and the powder particles constituting the powder cake are recycled to be used in future builds. This recycling operation has two major effects on the properties of powder particles:

-The oxygen content of powder may increase during the heat cycle of the build and in the powder recovery system [START_REF] Hryha | Surface chemical state of ti powders and its alloys: Effect of storage conditions and alloy composition[END_REF].

-Powder particles can lose part of their circularity and their satellites which could change their characteristics like flowability or apparent density and therefore modify the spreading layer operation in E-PBF [START_REF] Tang | Effect of Powder Reuse Times on Additive Manufacturing of Ti-6Al-4V by Selective Electron Beam Melting[END_REF].

One of the short-term perspectives could be to evaluate the impact of the recycling operations on powder characteristics (oxygen level and particle morphology). Within the framework of this PhD, only new powder was used for each build in order to avoid the effect of recycling. The recycled powder studied here was part of a powder cake during one build (i.e. heated at T preheat for about 3 hours) and was blasted in PRS. Some preliminary characterizations were carried out to evaluate the impact of recycling, the results are summarized in Table 7.2:

-The oxygen content: only a small increase of oxygen content is measured after the recycling operation. The recycling operation might induce surface oxidation, which could be more thoroughly characterized by X-ray photoelectron spectroscopy (XPS) for instance.

-Powder particle morphology: Figure 7.35 shows SEM images the powder particles prior to and after recycling. The particles of the new powder are spherical with numerous satellites, see Figure 7.35 (a). In comparison, in Figure 7.35 (b), the recycled powder exhibits fewer spherical particles than the new powder and the satellites are no longer appended to the particles. Indeed, the agglomerates have been split in the Powder Recovery System, and the smallest particles are removed (bellow 5µm). Based on Table 7.2, both apparent density and flowability improve after one recycling operation which is consistent with the fact that there are no satellites to disrupt the powder arrangement and its flow.

To summarize, the recycling step has two effects on the properties of powder particles. First, the morphology changes, there are no more satellites which improves the apparent density and the flowability. Then, a slight increase in the oxygen content is detected. Thus, according to these first characterizations, the recycling (1 cycle) is rather positive concerning the processability of the copper powder by E-PBF because of the loss of satellites and the very low oxygen contamination. The recycled powder has been used to build parts with a T preheat about 500°C, and no significant effect has been noticed on the processing window, indeed dense parts have been obtained too.

Monitoring the chemical composition of the powder as well as its morphology must be continued for a larger number of cycles to determine the acceptable number of recycling operations for a given powder batch. Besides, these changes of the powder characteristics could influence the consolidation during the preheating, this could be studied using dilatometry coupled with electrical conductivity measurements and compression tests.

Increasing the productivity

To assess the impact of the scanning strategy on the productivity, the processing time to build a layer is calculated with equation (7.5): with t rake the time to lower the building platform and spread a new powder layer (set to 7 s for each layer), t preheat and t melt the durations of respectively the preheating and melting steps, t break the breaking time. Since the vacuum pumping time is not influenced by the scanning strategy, it is not considered in this calculation.

t
The melted surface is set to 900 mm 3 , i.e. nine cuboids (n cubes = 9) with l cubes = 10 mm. The preheated surface is set at 60 x 60 mm 2 corresponding to the small start plate used in the miniaturized chamber (l preheating = 60 mm) used in this work. The current and the number of repetitions, n repet , of the preheating step are optimized to reach a T preheat = 550°C (with the average current see Appendix C). The minimal preheating time is set to 2 s to ensure powder consolidation. Breaking time is needed to reduce the temperature if the melting energy leads to an average temperature above 550°C.

The scanning speed v preheat and the line offset l preheat of f set of the preheating step are respectively set to 11 000 mm/s and 0.1 mm.

Several strategies have been investigated to decrease the processing time such as: (i) increase the layer thickness, (ii) increase the scanning speed, or (iii) optimize the preheating time. They are summarized in Table 7.3. To compare the different strategies, the processing time to build a reference height of 100 µm is calculated, and the results are shown in Figure 7.36 (a). Note that all these sets of parameters are extracted from the processing window identified in Chapter 4 or from the different scanning strategies of Chapter 5. They all lead to the production of dense samples.

The first solution investigated is to increase the layer thickness. As mentioned in Chapter 5, a build has been realized with a layer twice thicker than the reference set of parameters, 100 instead of 50 µm. Since there are half as many layers to melt, the raking and preheating times are divided by 2. More energy is needed to melt a thicker powder layer, thus the relevant strategy would be to increase the beam power. However, this solution has not been tested due to the current instability noticed at high power during build in the Arcam A1 E-PBF system. The other solution is to decrease the scanning speed which induces a longer melting time than for the reference strategy and a breaking time is needed. Note that the line offset is reduced to ensure good melting conditions. Once all these aspects are accounted, the processing time remains similar with this strategy compared to the reference. The processing time for each step is compared to the reference strategy in Figure 7.36 (b). The total processing time is similar between the two strategies but the distribution between the several steps is different. For instance, one should note that the raking time is significant for the reference strategy compared to the preheating time for instance which is why reducing the layer numbers (by increasing the layer thickness) is relevant to improve productivity.

The two following strategies (# 2 and # 3) consist of increasing the scanning speed while keeping a layer thickness of 50 µm. To maintain good melting conditions, the beam power is also increased. In the case of the second strategy, it induces a breaking time to reach the T preheat (i.e. the average current) which results in a longer processing time than the reference case. However, for the third strategy, no breaking time is required. As a result, the productivity is also very similar to the reference strategy.

The last strategy evaluate is the one presented in Chapter 5 which leads to the finest grains (scanning strategy 2d, see section 6.5). As shown in Figure 7.36, the longest processing time is achieved with this strategy because of the combination of the low scanning speed (inducing a long melting time t melt ) and low beam power (compensated by a long preheating time t preheat to maintain the T preheat ).

To conclude, it appears that for a given build (made of nine cuboids here) in a miniaturized chamber the changes in scanning strategies studied here do not lead to a significant change in productivity (except the last one). Note that the productivity depends on the preheated and melted surfaces which means that the productivity differs with the start plate size and the numbers and geometries of parts. However, for each building sequence, (c) Illustration of the circuit breaker "Compact NSX" with the mobile contact circled in red [START_REF] Elektryk | Compact NSX Schneider Electric[END_REF]. several solutions are available to increase productivity such as increasing both the beam power and the scanning speed while increasing the layer thickness. There is room to increase substantially the productivity, in particular with new machines equipped with new gun technologies delivering higher power (6kW instead of 3kW for the Arcam A1) and allowing to extract stable currents over the whole range of current.

Prototypes

A processing window has been identified to build cubes with a surface of 10 x 10 mm 2 in manual mode. The next objective is to adapt this processing window to build parts with complex geometries using the automatic mode, see the definition of these two modes in Chapter 1 section 1.3.3.2. Indeed, the manual mode is not suited for non-constant scanning length whereas the automatic mode controls the beam current as a function of the scanning length to keep the melt pool geometry constant.

Based on the processing window identified using the manual mode and a design of experiments carried out with the automatic mode, an optimized set of parameters has been identified to produce complex parts.

• Fabrication of prototypes of electrical conductors

To illustrate the ability of the E-PBF process to build electrical conductors, a mobile contact geometry is selected. It has been designed by Schneider Electric, shown in Figure 7.37 (a), and it used for the compact NSX circuit breaker, shown in Figure 7.37 (c). This part has been succesfully built by E-PBF, see Figure 7.37 (b).

Nowadays, the part is manufactured in large series by stamping and exhibits a simple geometry. It has been chosen for two reasons: (i) test benches are available at Schneider Electric to assess the electrical conductivity and its energy efficiency, (ii) possibility to evaluate welding, silver plating, or the influence of the roughness on the electrical performance. Now that mobile contacts have been successfully produced by E-PBF, tests should be carried out to compare the performances between the contacts made by conventional routes and contacts fabricated by E-PBF.

• Fabrication of a cooling device for in-situ X-ray tomography experiments

To illustrate the ability of the E-PBF process to build complex parts, a cooling device designed by the SIMaP laboratory team has been built. This cooling device is used for an experiment consisting of imaging the solidification of metals or characterizing damage evolution during high temperature mechanical testing by in-situ X-Ray tomography. The material is heated by induction inside a coil at high temperature close to the X-ray source. However, the source must remain at room temperature. The cooling device is added to insulate the heated parts from the source. Computer-aided design (CAD) images of the cooling device are shown in Figure 7.38. The coil and the specimen are located in the cavity. To improve thermal exchanges of this device, an internal channel and an octet-truss lattice have been introduced in the design, see Figure 7.38 (b-c). This part is a very interesting prototype to show the ability of the E-PBF process to build: (i) a large part (about 43 x 60 x 77 mm 3 ), (ii) an internal channel, and (iii) a complex shape such as the octet-truss lattice structure. The part is successfully built by E-PBF as shown in Figure 7.39. The cooling device weighs about 900 g and the fabrication took about 12 hours, which correspond to an average building rate of 2.4 mm 3 /s (i.e 8.4 cm 3 /h). This proves the ability of the E-PBF process to build complex copper parts. Other prototypes could be built to test other geometries to validate the maturity of the process for building components made of pure Cu. Copper is an excellent electrical conductor but it is also an excellent thermal conductor. Thus, heat exchanger applications are interesting to consider in order to take full advantage of the thermal conductivity of copper and the design freedom offered by the E-PBF.

Long-term perspectives

Two ideas are suggested as long-term perspectives: (i) processing of other copper alloys by E-PBF to improve mechanical properties while maintaining high electrical conductivity, and (ii) further exploiting of the concept of digital metallurgy on materials exhibiting microstructure-sensitive properties.

Copper alloys by E-PBF

This work demonstrated the processability of pure copper (Cu-ETP) using E-PBF by building copper parts with an excellent electrical conductivity of 100%IACS, as expected for Cu-ETP. However, this grade of pure copper has relatively low mechanical properties. It could be interesting to study the processability of copper alloys by E-PBF that could offer an interesting compromise to increase the mechanical properties without affecting the electrical conductivity too much. An overview of the copper and copper alloys produced by additive manufacturing is shown in Figure 7.40. According to Figure 7.40 and as mentioned in Chapter 2, section 2.2.3.4, an interesting solution to reach the compromise mentioned previously would be to consider a copper alloy strengthened by precipitation. Some Cu-Cr and Cu-Ni alloys have been produced only by L-PBF.

According to Figure 7.40, promising results were obtained by Zhang et al. with Cu-0.5Cr alloy produced by L-PBF [START_REF] Zhang | Microstructure and properties of high strength and high conductivity Cu-Cr alloy components fabricated by high power selective laser melting[END_REF]. The properties of three types of samples are compared in Table 7.4: as-built and annealed samples fabricated by L-PBF, and heat-treated samples obtained after rolling. The as-built samples exhibit a low electrical conductivity because of the presence of Cr in solid-solution. An annealing treatment of 4h at 480°C is applied on as-built samples to precipitate the Cr-rich phases and heat treated samples after rolling of Cu-0.5Cr alloy [START_REF] Zhang | Microstructure and properties of high strength and high conductivity Cu-Cr alloy components fabricated by high power selective laser melting[END_REF].

from the Cu matrix, which is less detrimental for the electrical conductivity than Cr in solid solution. As a result, the annealed samples exhibit a good electrical conductivity of about 98%. Note that the mechanical properties (microhardness, UTS and yield strength) of the samples produced by L-PBF are also improved after heat treatment. They also almost reach the values of the rolled and heat-treated samples while having a better electrical conductivity. This alloy could be a good candidate to be built by E-PBF, indeed the annealing conditions could be obtained directly as-fabricated thanks to the in-situ annealing treatment in the E-PBF process provided by the preheating. Indeed the annealing temperature is within the preheating temperature range of copper produced by E-PBF. Moreover, an additional lever to optimize the compromise between mechanical and electrical properties would be to optimize the Cr content.

Digital metallurgy

As presented in Chapter 5, the microstructure of copper parts produced by E-PBF can be tailored by modifying the melting strategy. The scanning strategies identified for copper could be applied to other FCC or BCC metals whose properties would be more sensitive to microstructure changes.

As mentioned in the literature review in Chapter 6, Ni-base superalloys manufactured by E-PBF have been studied, and in particular, the possibility of modifying the microstructure by changing the process parameters [START_REF] Dehoff | Site specific control of crystallographic grain orientation through electron beam additive manufacturing[END_REF][START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF]. Each melting strategy has its own R (solidification rate) and G (thermal gradient) values. Depending on their values on the solidification map (G vs R), the melting strategy favors nucleation and thus the formation of an equiaxed microstructure, or on the contrary the formation of a columnar microstructure. New microstructures could be obtained by using the lever of the thermal gradient orientation as demonstrated in the case of copper produced by E-PBF.

A great example of digital metallurgy has been given by Burger et al. [START_REF] Bürger | Creep properties of single crystal ni-base superalloys (sx): A comparison between conventionally cast and additive manufactured cmsx-4 materials[END_REF]. Indeed, they first produced samples of CMSX-4, a Ni-base superalloy by E-PBF with a polycrystalline microstructure [START_REF] Ramsperger | Microstructure of the Nickel-Base Superalloy CMSX-4 Fabricated by Selective Electron Beam Melting[END_REF]. This alloy is commonly used with a single crystal microstructure to produce turbine blades, operating in the creep regime. Thus, they have optimized the melting strategy of the E-PBF process to succeed in producing single crystal of Ni-base superalloys by E-PBF, see an illustration in Figure 7.41. The production of Ni-base superalloy single crystal has also been reported by [START_REF] Chauvet | Producing Ni-base superalloys single crystal by selective electron beam melting[END_REF]. Finally, they tested the creep properties of the single crystal processed by E-PBF to compare them with the creep properties of single crystal produced by conventional directional solidification Bridgman processing [START_REF] Bürger | Creep properties of single crystal ni-base superalloys (sx): A comparison between conventionally cast and additive manufactured cmsx-4 materials[END_REF]. They reported obtaining equivalent properties between samples produced with the two processes.

According to Castany et al., titanium alloys (metastable β types) can be tuned to obtain the TRansformation Induced Plasticity (TRIP) effect [START_REF] Castany | Design of strain-transformable titanium alloys[END_REF]. This TRIP effect is caused by the transformation of the metastable β into an orthorhombic phase when submitted to stress. They report that one of the major levers to tune the TRIP effect is the crystallographic texture. Indeed, the transformation strain depends on the tensile stress with respect to the β phase structure. In addition, they recommend a strong <110> texture along the tensile direction in polycrystalline materials to obtain the best superelastic properties. Using the E-PBF process could be a solution to achieve such crystallographic texture and optimize the elastic properties of these alloys.

Material exhibiting TRIP effect has already been produced by E-PBF, such as CrMnNi TRIP steel [START_REF] Droste | Cyclic deformation behavior of a damage tolerant crmnni trip steel produced by electron beam melting[END_REF]. Droste et al. obtained a fine-grained microstructure for the as-built samples of CrMnNi TRIP steel fabricated by E-PBF (average grain size of about 30 µm). It could be interesting to use digital metallurgy to tailor the microstructure in particular in terms of crystallographic texture in order to optimize such TRIP effect. 
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 14 Figure 1.4: Smoke phenomenon.(a) At the activation of the electron beam, (b) after 0.005 s and (c) after 0.01 s[START_REF] Kahnert | Layer formations in electron beam sintering[END_REF] 
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 17 Figure 1.7: Illustration of the role of the speed function. It adjusts the beam velocity depending on the beam current

  Figure 1.10: Illustration of the role of the turning point function (a). It adjusts the beam velocity depending on the beam path. (b) Example of a turning point function, the new speed is plotted versus the distance from the turning point

Figure 1 .

 1 Figure 1.11: Example of the evolution of the beam current and the average current by layer I layer av for two layers. The hatching time is different for the two layers. As the beam current is fixed for a building sequence, the target, I av , is reached with an adapted post-heating time.
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 1 Figure 1.14: Micrographs of several defects observed in Ni-based superalloys produced by E-PBF: (a) Optical micrography of randomly distributed spherical pores, (b) SE-SEM micrography of well-aligned rounded-shape pores (microshrinkage), (c) BSE-SEM micrography of a crack running along the building direction Chauvet et al. [2018a]
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 4 Figure 1.18: (a) Processing window of Ti-6Al-4V processed by E-PBF. 3 types of top surface: porosity, good and uneven[START_REF] Juechter | Processing window and evaporation phenomena for ti-6al-4v produced by selective electron beam melting[END_REF]. (b) Surfi-sculpt process mechanism[START_REF] Earl | Parameter influence on surfi-sculpt processing efficiency[END_REF] 
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 4 Figure 1.19: (a) SEM micrograph of a Ti-6Al-4V vertical single strut made by E-PBF. 3D views of the vertical etched strut after 10, 20, 30, and 60 min etching time. The color bar represents the local etching rate. (a) Experimental results and (b) predictions of a cellular automaton based modeling.[START_REF] Lhuissier | Geometrical control of lattice structures produced by EBM through chemical etching: Investigations at the scale of individual struts[END_REF] 
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 1 Figure 1.20: Thermal history of a fixed point with several layers built on the top

Figure 1 .

 1 Figure 1.22: (a): IPF-EBSD map. Delineation of the three regions. Region 1: mixedmode, region 2: equiaxed grains, region 3: Columnar grains. (b): Solidification map for Inconel 718 with estimated ranges for G and R for each scanning strategies overlaid[START_REF] Dehoff | Site specific control of crystallographic grain orientation through electron beam additive manufacturing[END_REF] 
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 1 Figure 1.23: EBSD orientation maps in longitudinal section parallel to the vertical build direction. (a) Mostly columnar grains. Parameters: E A = 1.8J/mm 2 , v = 2.2m/s, L of f = 150µm. (b) Moslty equiaxed grains. Parameters: E A = 1.9J/mm 2 , v = 8.8m/s, L of f = 37.5µm. Numerical simulations of the thermal gradients during solidification for ten layers, the directions are indicated by streamlines, for (c) columnar grains and (d) equiaxed grains[START_REF] Helmer | Grain structure evolution in Inconel 718 during selective electron beam melting[END_REF] 
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 1 Figure 1.24: Graphical abstract of Chapter 1.
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 2 Figure 2.1: Copper production chain from ore deposit to semi-fabricated products [Alliance, 2012]
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 25 Figure 2.5: Electrical conductivity versus grain size of Cu-OF[START_REF] Takata | Ultrafine grained copper alloy sheets having both high strength and high electric conductivity[END_REF] 
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 26 Figure 2.6: Illustration of the Hall-Petch law, or grain-boundary strengthening, for copper. The yield strength σ y is plotted as a function of the grain size d. The constants values are from two publications: Hansen et al. (k = 0.16 MPa.m 0.5 and σ 0 = 20 MPa )[START_REF] Hansen | Hall-petch relation and boundary strengthening[END_REF] andMiura et al. (k = 0.13 MPa.m 0.5 and σ 0 = 7.9 MPa)[START_REF] Miura | Hall-Petch Relation and Twin Boundaries in Pure Copper and Cu-Al Alloys[END_REF].

  Figure 2.6: Illustration of the Hall-Petch law, or grain-boundary strengthening, for copper. The yield strength σ y is plotted as a function of the grain size d. The constants values are from two publications: Hansen et al. (k = 0.16 MPa.m 0.5 and σ 0 = 20 MPa )[START_REF] Hansen | Hall-petch relation and boundary strengthening[END_REF] andMiura et al. (k = 0.13 MPa.m 0.5 and σ 0 = 7.9 MPa)[START_REF] Miura | Hall-Petch Relation and Twin Boundaries in Pure Copper and Cu-Al Alloys[END_REF].
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 2 Figure 2.10: (a) Example of hardness as a function of annealing temperature for a 15 min annealing time for Pure copper cold rolled at 25 °C to 60 % reduction in thickness (b)Effect of the amount of the initial deformation on the annealing response[START_REF] Davis | Copper and Copper Alloys[END_REF] 
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 2 Figure 2.11: Kuczynski's model and diffusion mechanisms[START_REF] Rahaman | 2 -Kinetics and mechanisms of densification[END_REF] 
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 2 Figure2.12: Illustration of the three stages in sintering powder particles[START_REF] Tanaka | Strongly connectedex situMgB2polycrystalline bulks fabricated by solid-state self-sintering[END_REF] 
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 2 Figure 2.13: Dimensional change of copper powder during sintering of pellets compacted at 138MPa and heated at a rate of 3.9 • C/min[START_REF] Davis | Copper and Copper Alloys[END_REF] 
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 2 Figure 2.14: (a) Linear shrinkage of copper powder versus sintering time for several sintering temperatures. (b) Density of copper powder samples after sintering as a function of the sintering time for two PSD[START_REF] Davis | Copper and Copper Alloys[END_REF] 
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 2 Figure 2.17: Overview of Additive Manufacturing of Copper and Copper Alloys [Horn & Gamzina, 2020].

Figure 2 .

 2 Figure 2.18: (a) Optical micrography of pure copper processed by L-PBF with apparent density of 99.1 %.[START_REF] Colopi | Limits and solutions in processing pure Cu via selective laser melting using a high-power single-mode fiber laser[END_REF] (b) Image of the damaged optical mirror after 12 h exposition to laser back reflection on bulk copper substrate[Jadhav et al., 2019b] 

Figure 2 .

 2 Figure 2.19: Images of Cu processed by L-PBF with carbon addition:(a) Optical micrograph of 98 % dense part (b) BSE-SEM image of the part, cracks are observed[START_REF] Jadhav | Influence of Carbon Nanoparticle Addition (and Impurities) on Selective Laser Melting of Pure Copper[END_REF] 

  .7. They succeeded to build samples with different microstructures, see examples in Figure 2.21 (b) and (

Figure 2 .

 2 Figure 2.21: (a) Micrograph of irregularly shaped powder particles. 3D Optical images of Cu sample processed by E-PBF. Build with the 99.9 % Cu powder B with (b) standard and (c) higher temperature [Frigola et al., 2014] 

Figure 2 .

 2 Figure 2.22: (a) 3-D optical image composite representing a typical section of an E-PBF sample. A solution consisting of 100mL of water, 8mL of sulfuric acid, 4mL of sodium chloride and 2g of potassium perchlorate is used to reveal copper oxide. Etch pits delineating cellular-like structures. (b) Magnified 3-D image composite[START_REF] Ramirez | Novel precipitate-microstructural architecture developed in the fabrication of solid copper components by additive manufacturing using electron beam melting[END_REF] 

Figure 2 .

 2 Figure 2.23: (a) Optical micrograph of pure copper porcessed by E-PBF with powder 2, 99.94 % Cu [Lodes et al., 2016]. (b) Inverse pole figure (IPF) with orientation map in z direction (z = build direction (BD)) for E-PBF sample built with powder 5, 99.95 % Cu [Guschlbauer et al., 2020].

Figure 2 .

 2 Figure 2.25: BSE-SEM-images of E-PBF-processed Cu-25Cr alloy (a) droplet-shaped Cr particles and (b) spheroids small Cu particles entrapped in Cr phase[START_REF] Momeni | Selective electron beam melting of a copper-chrome powder mixture[END_REF]. (c) Optical micrograph of ODS-Cu processed via E-PBF, dark zones are alumina phase[START_REF] Pobel | Selective Electron Beam Melting of Oxide Dispersion Strengthened Copper[END_REF] 
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Figure 3

 3 Figure 3.1: Fiji protocol to measure internal porosity within powder particles. (a) Optical micrography of several powder particles. (b) This image is then converted into an 8-bit image and a threshold is applied to discriminate powder particles from background. (c) "Fill holes" operation is applied to fill the pores. (d) The image (b) is subtracted to image (c), resulting in only pores of powder particles. (e) A "watershed" filter is applied to image (c) to separate powder particles from each other.

Figure 3

 3 Figure 3.2: XRD analysis of the as-received powder with two phases identified, copper pointed out by a red arrows and cuprite (Cu 2 O) by blue arrows. (a) The intensity of the diffraction peaks is plotted as a function of the 2Θ angle, with (b) an enlarged view between 30 and 60°F

Figure 3

 3 Figure 3.5: (a) 3D reconstruction of powder particles in grey, and pores in blue. (b) 3D reconstruction of pores in blue

Figure 3

 3 Figure 3.7: (a) Schematic illustration of the dilatometer experiments. (b) Temperature cycle applied in the dilatometer

Figure 3

 3 Figure 3.9: Example of a neck measurement based on SEM-SE image of a fractured sample. Note the presence of dimples at the location of the neck

Figure 3

 3 Figure 3.10: Example of the shrinkage curve of a copper powder sample heated at 900°C for 1 hour: shrinkage (blue lines) and temperature (orange line) as a function of the time. The blank is substracted with the Calisto Acquisition software and the thermal expansion of copper is corrected by using equation (3.3).
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 3 Figure 3.11: Linear shrinkage for a 1-hour and a 8-hours annealing at various temperatures. The error bars represent the standard deviation. Two behaviors are observed: consolidation (neck formation), then densification (neck growth and shrinkage).

Figure 3 .

 3 Figure 3.12: SEM-SE image of a broken neck point out by a yellow arrow of samples respectively annealed at (a) 500°C and (b) 1000°C. (c) Neck size versus temperature. Experimental results are compared with neck growth model for three diffusion mechanisms, for a 1 hour experiment. The error bars represents the standard deviation of the measurements.

Figure 3

 3 Figure 3.13: Evolution of the average neck size for a 1-hour and a 8-hours annealing at various temperatures. The error bars represent the standard deviation of the measurements.

Figure 3

 3 Figure 3.14: (a) Shrinkage and electrical conductivity versus temperature (1h experiment). (b) Electrical conductivity versus neck size: experimental results (1h and 8h experiments) are compared with the Reimann-Webber formula. The linear regression of the 1h results is plotted with a black dotted-line, y = 1.30x -3.41 with R 2 = 0.98

Figure 3 .

 3 Figure 3.15: Schematic illustration of the hollow cylinder built by E-PBF with 0.5 mm thick wall. Preheated powder is trapped in the free volume at the center of the cylindric part.

Figure 4 .

 4 Figure 4.1: Comparison between standard EBM (a) chamber and SIMaP-miniaturized EBM chamber (b)

Figure 4 . 2 :

 42 Figure 4.2: (a) Melting strategy employed to build the cuboids. (b) Illustration of the start plate with nine cube samples built on cylindrical supports.

Figure 4 .

 4 Figure 4.3: Optical micrographs of pure copper processed by E-PBF, with white arrows pointing out pores and yellow arrows grain boundaries, (a) after polishing with a 1 µm diamond suspension (filled pores), (b) after additional polishing with H 2 O/Ethanol/F e(N O 3 ) 3 (pores and microstructure are revealed), (c) sample from image (b) after polishing with a 1 µm diamond suspension (only pores can be observed).

Figure 4 . 4 :

 44 Figure 4.4: (a) Illustration of the cutting of a cube to observe the melt pool depth in the topmost layer. (b) Optical micrograph of the topmost layers of an E-PBF Cu sample, in the (yz) plane. The melt pool boundaries are revealed by chemical etching. The melt pools boundaries are indicated by white arrows, and grain boundaries by black ones. The scanning direction is illustrated in the last layer with the help of the red symbols.

Figure 4 .

 4 Figure 4.5: (a) Top view of a typical build of 9 cubes fabricated by E-PBF on a copper start plate, the blue arrows point out pores ("Porous -Channel"), the red arrows deformed surfaces ("Overmelted") and the green arrows indicate smooth surfaces ("Good"). (b) Top view of cube built by E-PBF with numerous pores ("Porous -Low Density").

Figure 4 . 6 :

 46 Figure 4.6: Typical optical micrographs along with their relative density measured by image analysis for 4 different samples fabricated with the following sets of parameters [v ; P ; l of f set ]: (a) [4500 ; 600 ; 0.1] Porous -Low density, (b) [4750 ; 1200 ; 0.05] Porous -Channel, (c) [3000 ; 1200 ; 0.1] Good, and (d) [1000 ; 1200 ; 0.1] Overmelted. Two defects are pointed out by a black arrow: (1) Channel-like defect, and (2) Lack-of-adhesion defect.

  4.3.1.2 Influence of the first order parameters: scanning speed v and beam power PFirst, the effects of the scanning speed and beam power on the melting conditions are investigated. The preheating temperature is set to 550°C as identified in chapter 3.

Figure 4 .

 4 Figure 4.7: (a) Beam power as a function of scanning speed with T preheat = 550°C and a constant line offset of 0.1 mm. The dotted lines represent constant line energies, the equation of the line energy is reminded. The set of parameters suggested by Lodes et al. is pointed out by an arrow [Lodes et al., 2015]. (b) Examples of top surface of Cu samples built by E-PBF for the three types.

Figure 4 .

 4 Figure 4.8: (a) Beam power as a function of the scanning speed with T preheat = 470°C (lower bound of the preheating range) and a constant line offset of 0.1 mm. The dotted lines represent constant line energies, the equation of the line energy is reminded below the legend. The set of parameters suggested by Lodes et al. is pointed out by an arrow [Lodes et al., 2015]. (b) Examples of top surface of Cu samples built by E-PBF for the four types.

Figure 4 .

 4 Figure 4.9: Melt pool depth as a function of the line energy for 8 cubes of the first design of experiments, with T preheat = 550°C, the error bars represent the standard deviation. The dashed line is a linear regression y = 59.7x -41.2 with R 2 = 0.98

Figure 4 .

 4 Figure 4.10: Pictures of top layer of 3 copper samples produced by E-PBF with the same set of parameters [v = 3000 mm/s ; P = 1200 W] but with different preheating temperatures, from 470 to 580 °C. The white arrow points out the pores of the porous sample.

Figure 4 .

 4 Figure 4.12: Summary of the different kinds of defects observed in the various cube samples produced by E-PBF. Note that spherical pores and micro-shrinkages are observed in all samples.

Figure 4 .

 4 Figure 4.13: (a) 3D reconstruction of a porous sample at high (voxel size of 0.35 µm 3 , HR-scan) and low (voxel size of 0.67 µm 3 , LR-scan) resolutions. Enlarge views of (b) a large pore (∼ 30 µm diameter) and (c) a small pore (∼ 4 µm diameter).

Figure 4 .

 4 Figure 4.14: Illustration of spherical pores observed in a "good" sample: (a) Optical micrograph with blue arrows pointing out spherical pores thought to be gas pores, (b) 3D reconstruction of the defects detected in the sample: only spherical pores, in blue, are observed (voxel size = 0.67 µm).

Figure 4 .

 4 Figure 4.16: Viscosity as a function of temperature for two materials: IN718[START_REF] Guo | Alloy thermal physical property prediction coupled computational thermodynamics with back diffusion consideration[END_REF] and pure Copper[START_REF] Cavalier | The physical chemistry of metallic solutions and intermetallic compounds[END_REF][START_REF] Kehr | A new high-temperature oscillating cup viscometer[END_REF][START_REF] Brillo | Viscosity measurement of liquid ternary cu-ni-fe alloys by an oscillating cup viscometer and comparison with models[END_REF].

Figure 4 .

 4 Figure 4.17: (a) SE-SEM micrograph revealing micro-shrinkage pores, pointed out by white arrows. (b) Schematic illustration of the formation of micro-shrinkage due to the coalescence of the dendrite secondary arms during the last stages of solidification[START_REF] Chauvet | Mise en oeuvre de superalliages base Nickel par Electron Beam Melting[END_REF].

Figure

  Figure 4.17 (a) illustrates the micro-shrinkage pores, the second kind of defect present in all samples. These defects are rounded-shape pores aligned along the dendrites growth

Figure 4 .

 4 Figure 4.18: (a) Optical micrograph of a "Porous -Low Density" copper sample processed by E-PBF. Two defects are pointed out by arrows: a lack-of-fusion defect in red and a spherical pore in blue (sphericity > 0.85). (b) 3D reconstruction from X-ray tomography of a porous sample, spherical pores in blue, and lack-of-fusion defects in red (LR).

Figure 4 .

 4 Figure 4.19: (a) Optical micrographs of copper processed by E-PBF and exhibiting channel-like defects, one is pointed out by a green arrow. (b) 3D reconstruction of this defect, in green, surrounded by gas pores, in blue (sphericity > 0.85).

Figure 4 .

 4 Figure 4.20: Overmelted copper sample processed by E-PBF with the following set of parameters: [1000 mm/s ; 1800 W] built at 550 °C with a 0.1 mm-line offset. Optical micrographs (a) showing an uneven top surface, and (b) at higher magnification to observe a lack-of-adhesion defect pointed out by a white arrow. (c) Illustration of the increase of the thickness of the deposited powder layer caused by a distorted top surface ("overmelted" sample) compared to a "good" sample.

  (a) and (b) show inverse pole figure (IPF) maps normal to the z and x-axes, the black regions correspond to lack-of-fusion defects.

Figure 4 .

 4 Figure 4.21: (a) SEM-SE image of a "Porous -Low density" sample showing a un-melted powder particles pointed out by a yellow arrow. EBSD IPF maps corresponding to the SEM-SE image in (a), representing the grain orientation normal to (b) the z-axis (IPF-A1) and (c) the x-axis (IPF-A2). The un-melted powder particle is circled in yellow. (d) (001), (110), (111) Pole figures corresponding to the area of the IPF maps.

Figure 4 .

 4 Figure 4.22: EBSD IPF maps of a "porous" sample representing the grain orientation normal to (a) the z-axis (IPF-A1) and (b) the x-axis (IPF-A2). Two regions are highlighted:(1) small equiaxed grains and (2) small elongated grains.

Figures

  

  (a) and (b) depict the inverse pole figure maps, respectively IPF-A1 and IPF-A2, in the height of the sample to observe the elongated grains in their entirety. The corresponding <001>, <110> and <111> pole figures are displayed in Figure 4.23 (c) and (d), for respectively the bottom and the top of the map.

Figure 4 .

 4 Figure 4.23 (e) and (f) depict the IPF-A1 and IPF-A2 in the width of the sample. According to these maps, the microstructure is homogeneous in the whole sample. The grain dimensions are homogeneous along the build direction or in the width, with an average width of about 50 µm, also called transverse columnar grain size, and an average length of about 250 µm.

Figure 4 .

 4 Figure 4.23: EBSD IPF maps of a "good" sample in the height, over 1 mm, representing the grain orientation normal (a) the z-axis (IPF-A2) and (b) the x-axis (IPF-A1). <001>, <110>, <111> Pole figures corresponding to the (c) bottom of the height IPF-map, and (d) width IPF map in the top of the sample. EBSD IPF maps of a "good" sample, near the last layers, in the width: (e) IPF-A1 and (f) IFP-A2. The black lines represent the grain boundaries (misorientation > 15 °). 144

Figure 4 .

 4 Figure 4.24: EBSD IPF maps of a "good" sample in the (xy) plan: (a) IPF-A3 and (b) IPF-A1.

Figure 4 .

 4 Figure 4.25: Optical micrograph of the top layers in a "good" sample. Chemical etching has revealed the grain boundaries (green dashed lines) and the melt pool boundaries (highlighted with black lines).

Figure 4 .

 4 Figure 4.26: Schematic illustration of the melt pool shape elongated in the direction perpendicular to the scanning tracks.

  Melt pool depth (µm) T preheat (°C) T preheat /T liquidus (

  1) with a and b two characteristic constants specific to the material. With the two constants and the SDAS, an approximation of the cooling rate of the sample can be calculated. The cooling rate of the E-PBF process has been indirectly measured by Al et al. by measuring the SDAS of single tracks melted on a stainless steel start plate [Al-Bermani et al., 2010].

Figure 4 .

 4 Figure 4.27: SEM micrograph, in Backscattered-Electron (BSE) contrast, of a "good" sample. The microshrinkage pores are observed in black, two examples are circled in green. Examples of primary dendrite arm spacing (PDAS) and secondary dendrite arm spacing (SDAS) are indicated with black arrows.

Figure 4 .

 4 Figure 4.28: XRD analysis of a "good" sample built by E-PBF and the as-received powder with two phases identified, copper highlighted with red circles and cuprite (Cu 2 O) with blue squares. (a) The intensity of the diffraction peaks is plotted as a function of the 2Θ angle, with (b) an enlarged view between 30 and 60 °.

Figure 4 .

 4 Figure 4.29: Microstructure of a "overmelted" sample with lack-of-adhesion defects pointed out by white arrows, [1000 mm/s ; 1800 W] built at 550 °C with a 0.1 mmline offset. (a) Optical micrograph of the sample with an enlarged view at the top right. The grain boundaries are revealed by chemical etching. (b) EBSD IPF maps representing the grain orientation normal to the z-axis (IPF-A1) and the x-axis (IPF-A2) .

Figure 4 .

 4 Figure 4.30: Microstructure of a "overmelted" sample without lack-of-adhesion defects, [5000 mm/s ; 2100 W] built at 580 °C with a 0.05 mm-line offset. (a) Optical micrograph of the sample with an enlarged view at the top right. The grain boundaries are revealed by chemical etching. (b) EBSD IPF-A1 and A2 maps. (c) (001), (110), (111) Pole figures corresponding to the IPF maps area.

Figure 4 .

 4 Figure 4.31: EBSD-IPF-A1 maps of three samples [v; P ; l of f set ; T preheat ]: (a) [3000 mm/s ; 1200 W ; 0.1 mm ; 555 °C], (b) [3000 mm/s ; 1800 W ; 0.1 mm ; 555 °C], (c) [5000 mm/s ; 2100 W ; 0.05 mm ; 580 °C]. The three samples exhibit different grain widths, grain lengths, and melt pool depths as indicated in the right side. Note that the grain length has been measured on wider map (not shown here) where the whole grains were mapped. The linear energies of these samples are respectively: 0.4, 0.6, and 0.42 J/mm. The surface energies are respectively: 4, 6 and 8.4 J/mm 2 .

Figure 4 .

 4 Figure 4.32 shows the results obtained from the Vickers micro hardness test with several applied loads on the dense sample [v = 3000 mm/s ; P = 1200 W]. An indentation size effect is observed, indeed the hardness decreases with the increase of the load, except for the highest load[START_REF] Poole | Micro-hardness of annealed and work-hardened copper polycrystals[END_REF].

Figure 4 .

 4 Figure 4.32: Vickers micro hardness and the corresponding average diagonal size of the indents as a function of the load for a 'good' sample [v = 3000 mm/s ; P = 1200 W] with an average grain width at 53 µm. The error bars represent the standard deviation of the measurement.
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 5 Figure 5.1: Schematic illustrations of the rod sample orientations on the start plate: (a) side view, and (b) top view. (c) 45°rod samples built on copper start plate by E-PBF.

Figure 5 .

 5 Figure 5.2: (a) Experimental set-up for mechanical testing: the tensile test machine along with the DIC system (two cameras pointing at the sample). (b) Tensile specimen geometry. (c) Example of a painted tensile specimen.

Figure 5 .

 5 Figure 5.3: (a) Four probes measurement set-up: two connectors have to be plugged onto the specimen. (b) Specimen geometry.

Figure 5 . 4 :

 54 Figure 5.4: Calibration curve: identification of the annealing treatment of a cold-worked Cu-ETP R250 strip (heat treatment duration: 15 min).

Figure 5 . 5 :

 55 Figure 5.5: Optical micrographs of a 0°sample built by E-PBF, chemical etching has revealed the grain boundaries. The whole sample is shown in (a), along with enlarged views of (b) the bottom and (c) the top of the sample.

Figure 5 . 6 :

 56 Figure 5.6: EBSD IPF-A1 and IPF-A2 maps representing the grain orientation, and the pole figures (of a wider region of interest to be statistically reliable) for each kind of specimens: (a,d) 0°, (b,e) 45°, and (c,f) 90°. (g) Illustration of the grain orientation for the 3 types of samples resulting from the rod orientation on the start plate.

Figure 5 .

 5 Figure 5.7: (a-b) EBSD IPF-A1 (TD) and IPF-A2 (RD) maps representing the grain orientation for the annealed Cu-ETP sample (cold-worked and annealed at 900°C for 15 min). Grain boundaries are represented with black lines and twin boundaries with white lines. (c) (001), (110), (111) Pole figures corresponding to the area of the IPF maps.

Figure 5 . 9 :

 59 Figure 5.9: Pictures of the tensile specimen taken with the DIC cameras: (a) at the beginning and (b) at the end of the tensile test. Necking at fracture is observed and pointed out by the white arrow.

Figure 5 .

 5 Figure 5.10: DIC strain maps of the specimens during tensile tests shown after strain localization for the three orientations: (a) 0°, (b) 45°, and (c) 90°.

Figure 5 .

 5 Figure 5.11: Tensile test results for the three kinds of samples produced by E-PBF and compared with Cu-ETP annealed: (a) True stress / true strain tensile response until localization (uniform deformation only); (b) Mechanical properties of rod samples estimated from the true tensile curves (except for the elongation at fracture measured on the engineering curves, presented in Appendix E); (c) Work hardening rate as a function of true stress. The dotted line corresponds to the points where the work-hardening is equal to the flow stress; (d) Anisotropy ratio, R i = ε w true ε t true , as a function of the true strain.

  Figure 5.12: Computation of the Hall-Petch law (grain-boundary strengthening) for annealed pure copper. The yield strength σ y is plotted as a function of the grain size d.The constants values are taken from two publications: Hansen (k = 0.16 MPa.m 0.5 and σ 0 = 20 MPa )[START_REF] Hansen | Hall-petch relation and boundary strengthening[END_REF] andMiura et al. (k = 0.13 MPa.m 0.5 and σ 0 = 7.9 MPa)[START_REF] Miura | Hall-Petch Relation and Twin Boundaries in Pure Copper and Cu-Al Alloys[END_REF]. The results of Cu-ETP produced by E-PBF and annealed Cu-ETP are also plotted.

Figure 5 .

 5 Figure 5.13: KAM maps of the four kinds of specimens: E-PBF built in :(a) 0°, (b) 45°, and (c) 90°. (d) KAM map of an annealed Cu-ETP (@ 900°C during 15 min).

Figure 5 .

 5 Figure 5.14: EBSD IPF-A2 map for copper produced by E-PBF: (a) annealed at 900°for 1h and (b) as-built.

Figure 5 .

 5 Figure 5.15: From [Sinclair et al., 2006]: comparison of the work-hardening rate as a function of the flow stress between the experimental data and the model for three grain sizes (2.1, 12 and 50 µm) for pure copper (99.99%). The values of k 1 , k 2 and σ 0 were fixed at respectively 126.10 6 m -1 , 4.1 and 20 MPa.

Figure 5 .

 5 Figure 5.16: EBSD IPF maps representing the grain orientation along the tensile direction and examples of Taylor factor maps, relative to the tensile direction, for the three types of sample: (a-d) 0°, (b-e) 45°, and (c-f) 90°.

Figure 5 .

 5 Figure 5.19: Summary of the VPSC approach applied to predict the stress-strain tensile response of the Cu specimens produced by E-PBF with different build orientations. HEM: Homogeneous Effective Medium.

Figure

  Figure 5.20 (a) shows a schematic diagram illustrating the main steps involved in the VPSC calculations. The first task was to generate appropriate texture inputs. Simulations were performed using a texture file containing 150 orientations weighted by their surface fraction determined based on large EBSD maps acquired on the parts produced by E-PBF. Maps for each build orientation were acquired to determine the texture of the 0°, 45°and 90°specimens. Simulations were performed for tension boundary conditions using incremental straining steps of 0.01. For the calculations the input boundary conditions, namely the velocity gradient components Ḋij and stress components σij are as follows:

Figure 5 .

 5 Figure 5.22: (a-c) SEM-SE images of the fracture surface, (d-f) pictures from the DIC camera taken after failure and (g-i) optical micrographs (z along the tensile direction and y along the specimen thickness) of Cu specimens after failure for three different build orientations: (a,d,g) 0°, (b,e,h) 45°and (c,f,i) 90°.

Figure 5 .

 5 Figure 5.23: Schematic illustration of the mechanisms leading to ductile fracture[START_REF] Noell | The mechanisms of ductile rupture[END_REF] 

Figure 5 .

 5 Figure 5.24: Typical fracture surface of a 0 °-specimen: (a) Schematic illustration, SEM-SE images (b) low magnification and (c) high magnification of the (1) tensile dimples and (2) shear dimples, (d) optical micrograph in the thickness of the sample, the grain boundaries have been revealed by chemical etching.

Figure 5 .

 5 Figure 5.25: SEM images of dimples in the fracture surface of 0 °-specimen: (a) SE and (b) BSE images. The yellow arrows point out inclusions at the center of dimples.

Figure 5 .

 5 Figure 5.27: Typical fracture surface of a 90 °-specimen: (a) Schematic illustration, SEM-SE images (b) low magnification overview and (c) high magnification of the dimples (in red) and the dimple-free edge (in yellow). (d) Optical micrograph the grain boundaries have been revealed by chemical etching.

Figure 5 .

 5 Figure 5.28: Fracture surface of an annealed Cu-ETP specimen. SEM-SE images (a) low magnification overview, (b) tensile dimples, and (c) shear dimples.
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 6 Figure 6.1: Control of the crystallographic and morphological texture by manipulating the scanning strategies: examples with a nickel base superalloy (Inconel 718) processed by E-PBF from [Helmer et al., 2016] (a-b). EBSD-IPF orientation maps of samples built with line offsets leading to two different microstructures: (a) mostly columnar grains (large line offset, 150µm) and (b) mostly equiaxed grains (small line offset, 37.5µm). Histograms of the thermal gradient deviation from the build direction for the two scanning strategies (c) corresponding to the large line offset, and (d) to the small line offset.

Figure 6 . 2 :

 62 Figure 6.2: Results from Dehoff et al.: (a) Solidification map for Inconel 718 with estimated ranges for G and R for each scan strategies overlaid (b) EBSD IPF-BD map: Dehoff et al. successfully produced a sample with two distinct microstructures: equiaxed grains region delimiting the writing "DOE" (scanning strategies 1 and 2) embedded into a matrix made of columnar grains (scanning strategy 3) [Dehoff et al., 2015].

Figure 6 .

 6 Figure 6.3: EBSD IPF maps of two different microstructures of Co-Cr-Mo alloy samples built by E-PBF : (a) coarse-columnar [P = 200 W ; v = 300 mm/s ; l of f set = 250 µm], (b) columnar-equiaxed mixture [P = 100 W ; v = 100 mm/s ; l of f set = 385 µm]. Thermal simulations showing the thermal gradient directions with black arrows.In the sample with the small remelting fraction (b-d), the thermal gradient direction is less uniform than in the first sample, with high remelting fraction (a-c)[START_REF] Zhao | Comprehensive study on mechanisms for grain morphology evolution and texture development in powder bed fusion with electron beam of co-cr-mo alloy[END_REF].

Figure 6 . 4 :

 64 Figure 6.4: Illustration of the microstructure of a 316L part (austenitic stainless steel) produced by L-PBF. (a) EBSD-IPF map normal to the z-axis (i.e. build direction). Chevron patterns are highlighted in the white box. (b) Optical micrograph of the region of interest, the sample was etched with Carpenter's reagent to reveal the melt pool boundaries.(c) Schematic of the melt pool shape and grain growth. The red arrows represent the epitaxial <100> grain growth at the center of the melt pools, and the green arrows depict the <110> grain growth at the steep edge of the melt pools[START_REF] Andreau | Texture control of 316L parts by modulation of the melt pool morphology in selective laser melting[END_REF].

Figure 6 . 5 :

 65 Figure 6.5: Side-branching in (a) High Entropy Alloy (HEA) and (b) 316L fabricated by L-PBF [Pham et al., 2020]. The melt pool boundaries are indicated by dashed red lines. In (a), two adjacent molten beads are numbered (1) and (2) in blue, the cell growth direction changes by 90°between these two molten beads.

Figure 6 .

 6 Figure 6.7: (a) FEM model configuration with the mesh. The scanning pattern is schematically drawn. (b) Illustration of the Gaussian distributions of the heat source with σ = r spot in x and y directions, and σ = z beam in the z-direction.

Figure 6 .

 6 Figure 6.8: Optical micrograph of a single track melted on a copper start plate with the set of parameters [ v = 250 mm/s ; P = 2400 W ]. The scanning direction is indicated by a white symbol. and the melt pool boundary is highlighted by a yellow dashed line. The thermal simulation has been calibrated to fit as best as possible the melt pool geometry, the resulting melt pool boundary is plotted using a black dashed line.

Figure 6 .

 6 Figure 6.9: Illustration of the link between the thermal gradient and the dendrite growth direction: (a-b) Melting of a single track by E-PBF, [ v = 500 mm/s ; P = 1200 W ], on a polycrystalline copper start plate with equiaxed grains and (c-d) Pure copper processed by E-PBF [ v = 3000 mm/s ; P = 1200 W ] (Reference sample). (a,c) Optical micrographs where the grain and melt pool boundaries have been revealed by chemical etching. The boundaries in the topmost layer, see white box, are schematically represented in (b,d). The thermal gradient directions, perpendicular to the liquid/solid interface, are shown in red.

Figure

  Figure 6.9 (a) shows an optical micrograph of a copper start plate where a single track was melted by the electron beam of the E-PBF machine. Chemical etching reveals the grain and melt pool boundaries. Figure6.9 (b) is a schematic of the boundaries corresponding to the micrograph (a) in the area delimited by the white box. The start plate has a polycrystalline microstructure with equiaxed grains whereas the grains grow almost perpendicularly to the melt pool boundary along the single track. Indeed, in a molten pool, the thermal gradient direction is perpendicular to the liquid/solid interface, as highlighted by red arrows in Figure6.9 (b). The direction of the thermal gradient governs the crystal growth direction. This confirms the assumption that changing the thermal gradient direction can be an efficient way to alter the grain structure.

Figure 6 .

 6 Figure 6.10: Optical micrographs of the sample built with the scanning strategy 1. The hatch depth of 10 layers is represented with yellow dashed lines. (a) Low magnification micrograph showing the columnar grains with a wavy morphology. (b) High magnification micrograph with the hatch depth represented with yellow dashed lines and the scanning directions shown with white symbols. The orientation of the columnar grains is changing when the scanning direction rotates as highlighted by the red arrows.

Figure

  Figure 6.10 (a) shows an optical micrograph of the sample obtained with the scanning strategy consisting of rotating the scanning direction every ten layers (i.e. every 0.5 mm), it is called scanning strategy 1. The grain boundaries revealed by the chemical etching are elongated along the build direction similarly to the reference sample. However, the columnar grains are slightly tilted with respect to the build direction as pointed out by red arrows in Figure6.10 (b). The scanning direction is identified based on the melt pool boundaries preliminary revealed by chemical etching. The growth direction of the columnar grains slightly changes every 10 layers, exactly when the scanning direction was rotated by 90°.

Figure 6 .

 6 Figure 6.11: EBSD-IPF maps of the sample built with the 10 layers-hatch depth, respectively normal to (a) the z-axis (BD), and (b) the x-axis (one of the scanning direction). The changes in scanning direction are represented with white dashed lines. (c) <001>, <011>, and <111> pole figures determined over the region of interest shown in (a). (d) EBSD-IPF maps normal to the z-axis of the reference sample (from Chapter 4) for comparison. Schematic illustrations of the grain orientations are given with the cubes.

Figure 6 .

 6 Figure 6.12: Thermal simulation of 70 adjacent molten lines with the reference set of parameters [ v = 3000 mm/s ; P = 1200 W ; l of f set = 0.1 mm ]. For sake of clarity, only the liquid phase is represented. The scanning pattern is schematically reminded with green arrows. Temperature distribution in the melt pool (top view) at (a) the end of the 1st line, (b) the end of the 30th line, and (c) the end of the 70th line. 3D view of the 30th line in (d) and (e) with the thermal gradient plotted with red arrows (at the center bottom of the melt pool) and with black arrows (at the edges of the melt pool). The arrow length is proportional to the value of the thermal gradient (with a scale factor of 8.10 -10 ).

Figure 6 .

 6 Figure 6.13: (a) Schematic illustration of the scanning pattern of scanning strategy 1. (b-c) Top view of two cuboids built by E-PBF. The melt pool tracks of the last layer are observed and in particular the last melt pool track (not remelted by adjacent scanning line). The sets of parameters used are (b) [v = 2000 mm/s ; P = 900 W ; l of f set = 0.1 mm ; E l = 0.45 J/mm] and (c) [v = 3000 mm/s ; P = 2100 W ; l of f set = 0.1 mm ; E l = 0.6 J/mm] with T preheat = 550°C.

Figure 6 .

 6 Figure 6.14: Thermal simulations results for two materials (consolidated powder bed): Copper and Inconel 718. The melt pool shapes are delimited by T > T liquidus .

Figure 6 .

 6 Figure 6.15: (a-d) Schematic illustrations of the melt pool shape (top view) for the four scanning directions. (e) Representation of the main direction of the thermal gradient for each case.

Figure 6 .

 6 Figure 6.16: Optical micrographs of four copper cubes built by E-PBF with a decreasing scanning speed and power. The smallest grains are observed for the last sample (d).

Figure 6 .

 6 Figure 6.17: EBSD-IPF maps of the sample built with the scanning strategy 2d and using the set of parameters [v = 400 mm/s ; P = 420 W ], representing the grain orientations normal to (a) A2 (i.e. the build direction), and (b) A1 (one of the scanning direction). (c) <001>, <110> and <111> Pole figures of the region of interest shown in (a). (d) EBSD-IPF map normal to the z-axis of the reference sample (from chapter 4, Figure 4.23) for comparison. Schematic illustrations of the grain orientations are given with the cubes.

Figure 6 .

 6 Figure 6.18: (a)Grain map from EBSD analysis of the sample built with the scanning strategy 2d and using the set of parameters [v = 400 mm/s ; P = 420 W ]. The scale bar represents (a) the grain size (average grain size calculated by OIM software) and (b) the aspect ratio.

Figure 6 .

 6 Figure 6.19: Optical micrographs of (a) the sample built with the scanning strategy 2 and (b) the reference sample where both the grain and the melt pool boundaries have been revealed by chemical etching. Schematic illustrations of the melt pool shapes for (c) the new sample and (d) the reference sample. Those illustrations are based on the optical micrographs presented above. The thermal gradient directions, perpendicular to the solid/liquid interface, are indicated with arrows.

Figure 6 .

 6 Figure 6.20: Thermal simulation of 30 adjacent molten tracks with the set of parameters of the scanning strategy 2d (fine microstructure)[ v = 420 mm/s ; P = 400 W ; l of f set = 0.1 mm ]. The scanning pattern is reminded with green arrows. Temperature distribution in the melt pool (top view) at (a) the end of the first line, (b) the middle of the 30th line, and (c) the end of the 70th line. 3D view of the 30th line in (d) and (e) with the thermal gradient plotted with red arrows (at the center bottom of the melt pool) and with black arrows (at the edges of the melt pool). The arrow length is proportional to the value of the thermal gradient (with a scale factor of 8.10 -10 ).

6. 6 .

 6 Figure 6.22: Schematic illustration of a melting strategy with a line order of 5. The order of the lines to be melted is shown on the left side of the figure.

Figure 6 .

 6 Figure 6.23: (a) Illustration of the melting strategy 3 (Contours hatching). The hatch depth is set to 0.05 mm, i.e. 1 layer. The line offset is set to 0.25 mm. (b) Top view of the fabricated sample.

  .
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Figure

  Figure 6.23 (b) shows the top view of the sample built with the scanning strategy 3 where the scanning path can be seen. The center of the cube is slightly overmelted.Indeed, with this scanning strategy, the scanning length varies from the center to the edges Thus the time between two adjacent scanning lines varies. At the center, the energy input is too high for the small scanning length which induces a slight overmelting. On the opposite at the edges, the energy input is too low for the scanning length and pores appear. This issue can be easily resolved by using the automatic mode, see Chapter 1 1.3.3.1. In between these two zones, the melting conditions are good and the rest of the study will focus only on this specific region in what follows.

6. 6 .

 6 Changing the crystallographic texture

Figure 6 .

 6 Figure 6.24: (a) EBSD-IPF A2 (BD) and (b) A1 (hatching direction) maps of the sample built with scanning strategy 3 and exhibiting a 'L-PBF-like' microstructure. (c) <001>, <110> and <111> Pole figures of the region of interest shown in (a). (d) EBSD IPF map normal to the z-axis of the reference sample (from chapter 4) for comparison. Schematic illustrations of the grain orientations are given with the cubes.

Figure 6 .

 6 Figure 6.25: Optical micrographs of (a) the sample built with the scanning strategy 3 and (b) the reference sample where both the grain and the melt pool boundaries have been revealed by chemical etching. Schematic illustrations of the melt pool shapes of (c) the new sample and (c) the reference sample. Those illustrations are based on the optical micrographs presented above. The thermal gradient directions, perpendicular to the solid/liquid interface, are indicated with arrows.

Figure 6 .

 6 Figure 6.27: Thermal simulation of 30 concentric molten squares with the set of parameters of the scanning strategy 3 (L-PBF like microstructure) [ v = 1200 mm/s ; P = 1200 W ; l of f set = 0.25 mm ]. The scanning pattern is reminded with green arrows.

6. 6 .

 6 Figure 6.28: Temperature distribution in the melt pool (top view) at (a) the end of the first square, (b) the middle of the 16th square, and (c) the end of the 30th square for the scanning strategy 3. 3D view of the 30th square in (d) and (e) with the thermal gradient plotted with red arrows (at the center bottom of the melt pool) and with black arrows (at the edges of the melt pool). The arrow length is proportional to the value of the thermal gradient (with a scale factor of 8.10 -10 ).

Figure 6 .

 6 Figure 6.30: EBSD-IPF maps of the microstructure with 'wiggled' grains, respectively normal to (a) the build direction (IPF-A2), and (b) the x-axis (IPF-A1). (c) Pole figures of the area for three direction <001>, <011>, and <111>. (d) EBSD IPF-A2 maps of the reference sample (from the chapter 4) for comparison. Schematic illustrations of the grain orientations are given with the cubes.

Figure 6 .

 6 Figure 6.31: Optical micrographs of (a) the sample built with the scanning strategy 4 and (b) the reference sample where both the grain and the melt pool boundaries have been revealed by chemical etching. Schematic illustrations of the melt pool shapes of (c) the new sample and (c) the reference sample. Those illustrations are based on the optical micrographs shown in (a) and (b). The thermal gradient directions, perpendicular to the solid/liquid interface, are indicated with arrows.

Figure 6 .

 6 Figure 6.32: (a) Optical micrograph of the sample built with scanning strategy 4 where the grain and the melt pool boundaries have been revealed by chemical etching. Thirteen melt pool boundaries over two layers are highlighted with black lines, and thermal gradient directions are represented with green arrows. (b) EBSD-IPF-A1 (BD) map of the sample obtained with scanning strategy 4. The melt pool boundaries of the micrographs are superimposed on the EBSD-IPF map.

Figure 6 .

 6 Figure 6.33: Temperature distribution in the melt pool (top view) at (a) the end of the first line, (b) the middle of the 16th line, and (c) the end of the 30th line for the scanning strategy 4. 3D view of the 30th square in (d) and (e) with the thermal gradient plotted with red arrows (at the center bottom of the melt pool) and with black arrows (at the edges of the melt pool). The arrow length is proportional to the value of the thermal gradient (with a scale factor of 8.10 -10 ).

Figure 7 .

 7 Figure 7.35: SEM-SE images of powder particles: (a) New powder and (b) R 1 powder.

Figure 7 .

 7 Figure 7.36: (a) Processing time, including raking, preheating and melting times, is plotted for six different scanning strategies all leading to production dense samples. (b) Distribution of the processing time between the reference and the first strategy.

Figure 7 .

 7 Figure 7.37: Mobile contacts built by two processing routes: (a) stamping, (b) E-PBF.(c) Illustration of the circuit breaker "Compact NSX" with the mobile contact circled in red[START_REF] Elektryk | Compact NSX Schneider Electric[END_REF].

Figure 7 .

 7 Figure 7.38: CAD of the cooling device: (a) Top view, (b) bottom view, and (c) crosssection to observe the internal channel.

Figure 7 .

 7 Figure 7.39: Images of the built cooling device: (a) Top view, (b) side view (octet-truss lattice), and (c) overview of the cooling device mounted on its support and integrated to the X-Ray tomography device.

Figure 7 .

 7 Figure 7.40: Overview of Additive Manufacturing of Copper and Copper Alloys [Horn & Gamzina, 2020]. The result of this study has been added (red star).

Figure 7 .

 7 Figure 7.41: Optical micrographs of the sample exhibiting the single crystal microstructure: (a) perpendicular and (b) longitudinal cross section. EBSD IPF-Z map is integrated into the optical micrograph of the longitudinal cross section. (c) Creep curve (Strain ε vs. time t) comparing of the [001] creep behavior of three types of samples: samples produced by E-PBF (as-built and as-built+heat-treated) and samples processed by Bridgman [Bürger et al., 2019].

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  6 million tons in 2019 according to International Copper Study Group (ICSG [Copper Alliance, 2017].

  . The coeffi-

	Property	Unit	Copper	Ti-6Al-4V
	Metallurgical state		Annealed	Annealed
	Density	g/cm 3	8.96	4.43
	Solidus-Liquidus	°C	1084	1604 -1660
	Electrical conductivity	%IACS	100	1
	Thermal conductivity	W/m.K	401	6.7
	Linear thermal expansion	µm/m.K	16.5	8.6
	Relative permeability	%	1.00	1.01
	Reflectivity at			
	1064 nm [Schneider et al.,	%	99	56 (Ti)
	2008]			
	Table 2.1: Several properties of Copper and Ti-6Al-4V [ASM, 2017]

Table 2 .

 2 

		1	/	500 -600	Auto		99.3	97	EBM A2
	2. [Lodes et al., 2015]	99.94	/	400	(900 ; 3)	99.95	/	EBM A2
	3. [Raab et al., 2016]	99.91	400	380 or 450	(900 ; 3)	99.95	96	EBM A2
	4. [Guschlbauer et al., 2018]	99.95	188	530	(450 ; 0.5)	99.95	102	EBM A2
	5. [Guschlbauer et al., 2020]		145	440	(450 ; 0.5)	99.5	/	EBM Q10
	Ref	Orientation (°)	Yield strength (MPa)	Ultimate tensile strength (MPa)	Fracture strain (%)
	[Frigola et al., 2014]	90		76			172	
	[Guschlbauer	0		78			177		59
	et al., 2018]	45		88			158		14
		90					early failure	
	[Guschlbauer	0		125			180		57
	et al., 2020]	45		125			203		51
		90		150			230		50

6: Powder composition, E-PBF melting parameters, E-PBF Cu sample density and electrical conductivity reported in several publications.

(1) 

composition before atomization

Table 2 .

 2 

7: Summarized of the mechanical properties of E-PBF-Cu samples found in the literature, orientation is given with respect to the build direction

Table 3

 3 

	Tube voltage	60 kV
	True target current	10 µA
	Filter	0.25 mm Al
	Frame rate	1
	Number of average frame	5
	Number of projections	1792
	Scan range	360°V
	oxel size	0.7 µm
	Volume size	601 x 637 x 1652 voxels

.1: X-ray tomography acquisition and reconstruction parameters

Table 3 .

 3 

	Cu-ETP	Arcam recom-mendations

2: Powder characterization results. The PSD is measured by laser diffraction, and porosity is measured by image analysis.

The raw material used for powder atomization is a Cu-OF plate with 25 ppm of oxygen, measured with a reducing melting infrared absorption method. The atomization is done at the LERMPS (Laboratoire d'Etudes et de Recherches sur les Materiaux, les Procedes et les Surfaces) laboratory using gas (argon). The results of the powder characterizations are summarized in Table

3

.2. The composition of the copper powder meets the requirement for Cu-ETP grade, with 0.011 %w O and less than 0.005 %w P. It means that the powder has been slightly oxidized during the gas atomization process or the sieving operations (from 25 ppm in the raw plate to 110 ppm in the powder).

Table 4

 4 

	4.2.3.4 X-Ray Tomography		
		HR	LR
	Voxel size (µm)	0.35	0.67
	Tube voltage (kV)	100
	True target current (µA)	10	
	Filter	0.25mm Al
	Frame rate	1	3
	Number of average frame	3	7
	Number of projections	1440 1120
	Scan range	360	°Acquisition
	time	2h 45min
	Scan height (mm)	0.44	1.1

.1: X-ray tomography acquisition and reconstruction parameters.

Table 4 .

 4 

	HR	LR

3: X-ray tomography measurements for two resolutions: high resolution (HR) and low resolution (LR),note that the volume analyzed is the same and is the one of the HR-sample, i.e. about 0.044 mm 3 .

Table 4 .

 4 7: Summary of Vickers hardness and surface electrical conductivity for several E-PBF copper samples with the standard deviation.

	mm 2 )	Type	Grain width (µm)	HV 0.5	σ el (%IACS)

  Table5.1: Volumetric electrical conductivity at 20°C of the rod samples for three build orientations with the standard deviation. The measurement error is estimated by computing the standard deviation.

	Angle with the build direction (°)	0	45	90
	Volumetric σ el at 20°C (%IACS)	99.2 ±0.4	100.0 ±0.5	100.1 ±1.1
	Surfacic σ el at 20°C (%IACS)	101.7 ±0.6	102.0 ±0.4	100.2 ±3.0

Table 5

 5 

.3: Strain hardening coefficient n and Stacking Fault Energy (SFE) for three pure metals. Data from:

(1) 

[START_REF] Callister | Fundamentals of materials science and engineering: an integrated approach[END_REF]

]

(2) 

[START_REF] Khodabakhshi | Hardnessstrength relationships in fine and ultra-fine grained metals processed through constrained groove pressing[END_REF] 

(3)

[START_REF] Khodabakhshi | Hardnessstrength relationships in fine and ultra-fine grained metals processed through constrained groove pressing[END_REF] 

(4) 

[START_REF] Venables | The electron microscopy of deformation twinning[END_REF] 

Table 7 .

 7 2: Comparison of chemical compositions, apparent density and flowability between a new powder and a recycled powder. Chemical analysis carried out by AFARAK Elektrowerk Weisweiler GmbH

  layer = t rake + t preheat + t melt + t break =

	t rake +	l 2 startplate v preheat .l preheat of f set	.n repet +	l 2 cube v.l of f set	.n cubes + t break	(7.5)

Table 7 .

 7 3: Sets of parameters tested to calculated the processing time to build a height of 100µm for nine cuboids, meaning that the processing time with a layer thickness of 50µm is 2.t layer .

		v (mm/s)	P (W)	l offset (mm)	Layer thickness (µm)
	Reference	3000	1200	0.1	50
	# 1	600	1200	0.08	100
	# 2	5000	2520	0.1	50
	# 3	4000	1500	0.1	50
	# 4	400	420	0.1	50

  Table 7.4: Properties of as-built samples, annealed samples (both fabricated by L-PBF)

		Micro-hardness (HV)	UTS (MPa)	Yield Strength (MPa)	Elongation at fracture (%)	Conductivity (%IACS)
	As-built	84	235 ± 4	174 ± 1	26 ± 0.5	37.8
	Annealed	139	468 ± 3	377 ± 2	19 ± 0.6	98.3
	Rolled +					
	Heat	110	451	383	22	78.6
	treated					

This correspond to the current employed to control the electromagnetic coils allowing the spot diameter to be adjusted.

The layer thickness refers to the material thickness built at each layer, the thickness of the deposited powder layer being greater (twice thicker with an apparent density of 50%).

5.3.3.3 Fracture . . . . . . . . . . . . . . . . . . . . . . . . . . 192 5.4 Conclusions of Chapter 5 . . . . . . . . . . . . . . . . . . . . . . 199 

Le cuivre pur est un matériau très souvent utilisé pour les conducteurs électriques du fait de son excellente conductivité électrique (entre 95 et 100%IACS selon l'état métallurgique). Les technologies de fabrication additive suscitent aujourd'hui un très fort intérêt, en apparaissant comme une alternative aux approches conventionnelles de fabrication « soustractive ». Elles permettent notamment des gains de temps pour le développement de pièces prototypes, et offrent des libertés nouvelles dans le design de pièces, permettant ainsi d'améliorer leurs performances. Dans ce travail, la technologie E-PBF (Electron Powder Bed Fusion ou E-PBF) a été privilégiée car elle permet notamment d'éviter la problématique de la réflectivité du cuivre au laser. Le cuivre a des conductivités électriques et thermiques très élevées, ce qui rend sa fusion particulière et ce qui implique d'adapter les paramètres du procédé pour fabriquer des pièces en cuivre par E-PBF.Afin d'identifier les conditions de consolidation requises lors du préchauffage de chaque couche de poudre, une étude préliminaire est réalisée par dilatométrie. Une chambre de construction miniaturisée a été développée pour réduire la consommation de poudre utilisée lors des constructions. Une fenêtre procédé est ensuite identifiée à l'aide de plans d'expériences permettant de générer des échantillons en cuivre d'une densité relative supérieure à 99.9% sans fissures. Des éprouvettes spécifiques avec des orientations de construction différentes sont réalisées afin d'évaluer les propriétés mécaniques et électriques. Des propriétés comparables à celles d'un cuivre pur recuit sont obtenues, tant d'un point de vue électrique (100%IACS) que mécanique. Enfin, le concept de "métallurgie numérique" par E-PBF est mis en oeuvre dans le cadre du cuivre. En effet, en contrôlant les paramètres du procédé et la forme du bain de fusion résultant, la microstructure peut être ajustée.Ces travaux ont été réalisés dans le cadre du projet FUI AMbition, soutenu par la BPI et les régions Auvergne-Rhône-Alpes et Ile-de-France.
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Chemical composition

Chemical compositions of several pure copper grades are summarized in the following Table.

Design of Experiments

The different sets of parameters tested in this study are summarized in the following table. 

Average current

To guarantee the good processing condition for every single layer, the preheating temperature must be stable and at 520 °C. This temperature is maintained thanks to the average current I av , and it has been fixed at 5 mA with a start plate heating test.

During a build and for each layer, the software calculates the I layer av :

A post-heating step is added to the building process of the layer if I layer av is lower than I av . However, the software used, EBM Control 3.2, is not configured to apply the cooling step during a building sequence if I layer av is above I av . Thus, in this case, the I layer av is not brought back to I av .

The average current is a critical parameter and it is complicated to identify without experimental buildings. The builds done for the design of experiment give some information about the I av applied and the resulting T preheat .

It has been noticed that, during these builds, the average process temperature, measured on the bottom of the start plate, varies for each build from 450 to 560°C. Besides, no post-heating step is done to regulate the I layer av . Indeed, for each build, I layer av is above I av . The preheating current is very low compared to the melting current, 3 -6 mA versus 10 -30 mA. Thus, I perlayer av is mainly driven by the melting parameters. The melting parameters are different from a build to another which explains the variation of average process temperature.

For each build, the average current per layer, I layer av , is calculated and plotted as a function of the average process temperature in Figure C.1. It is a linear function, and thanks to this result the average current I av could be selected according to the desired T preheat . For instance, T preheat = 500 °C requires to maintain I av at 12 mA. The first approximation of the average current with the heating start plate experiment, section 4.2.2, was very low compared to this result. This method assumes that the thermal behaviors of a bulk (the start plate) and consolidated powder (the powder cake) are similar.

It seems that the heating start plate experiment is not suited for copper. It might Table C.1: Comparison of the thermal conductivity of powder cake and bulk material for copper and Ti-6Al-4V. The value for the copper powder cake has been measured in chapter 3.

(1) at 40°C be explained by the difference in thermal conductivity between the powder bed and the start plate which is higher for copper than for other material. Indeed, the powder bed is approximately 25 times less conductive than the start plate for copper, and 7 times for Ti-6Al-4V, the values are presented in Table C.1. This difference is coherent with the neck size measured in the powder cake of each material, see Chapter 3. The necks are bigger in Ti-6Al-4V powder cake, 20 µm, than for copper, 5 µm. Since the necks are larger for Ti-6Al-4V, the difference of thermal conductivity between the bulk and the powder cake is lower than in the case of copper. Consequently ,the assumption of similar thermal behavior between the start plate and the powder cake is much less relevant for copper, which is why the experiment is not suited for copper. Appendix F

VPSC Model

This section describes the main details of the VPSC model. The single crystal constitutive relationship utilized in the model is described in section A.1. The link between the single crystal response (inclusion) and the aggregate (polycrystal) is given in section A.2. If the reader is interested in having all the details, they are invited to look at the VPSC User Manual [START_REF] Tome | Manual for Code : Visco-plastic SelF-Consistent (VPSC)[END_REF].

F.1 Grain constitutive response

A rate sensitive law is applied to relate the plastic strain rate ( εij ) with the applied stress (σ kl ) on the grain (also known as viscoplastic equation), see equation (F.1):

γ0 is a reference strain rate (s -1 ), m S ij is the Schmid tensor of slip system which is given by its normal n S i , and Burgers vector b S i , of the system as defined by equation (F.2), τ S is the CRSS of the system,n is the rate sensitivity exponent.

F.2 VPSC formulation

The VPSC model deals with the plastic deformation of aggregates, it ignores the elastic effects. In addition, the model is formulated in terms of deviatoric stress tensors, since the plastic deformation is independent of hydrostatic stress. With VPSC, the grain level heterogeneity of plastic deformation is incorporated using the Eshelby inclusion solution. Accordingly, it is necessary to linearize the non-linear behavior of both the grains and the Homogeneous Effective Medium (HEM). The grain level constitutive relationship can be written as,

where M ijkl is the grain compliance and σ kl is the grain deviatoric stress with:

The equation (F.3) is given for a grain, it can also be applied for the Homogeneous Effective Medium (HEM) as follows:

Here ε ij , M ijkl and σ kl correspond to the HEM. Then the Eshelby solution is adopted to relate the stress and strain rate in the grain to the overall stress and strain rate in the aggregate (polycrystal):

Equation (F. 6) is termed the "interaction equation", where M ijkl is the interaction tensor defined with the equation (F.7):

where n ef f is the interaction strength parameter, I ijmn is the identity tensor, S ijkl is the Eshelby tensor. We explained how the iterative procedure of the self-consistent theory can be utilized to predict the response of the aggregate (i.e. how to obtain σ kl when ε ij is imposed on the aggregate (polycrystal)). A schematic illustration of the different steps involved in the self-consistent algorithm is shown in Figure F.1. Central to this is the need to determine the aggregate compliance M ijkl using the self-consistent criterion (the volume average of the strain rate and stress over the aggregate coincides with the macroscopic strain rate and stress) and the interaction equation. If M ijkl is too large then solution is close to Sachs, while if it is too small it will be close to Taylor. There are intermediate cases like secant, affine and tangent. 

Abstract

Electrical conductors are usually made of pure copper because of its outstanding electrical conductivity (from 95 to 100%IACS, depending on work hardening level). Additive manufacturing can be used to further improve the performances of electrical conductors because it enables to consider sophisticated geometries impossible to be fabricated by conventional processing routes such as casting or machining. In this work, the E-PBF (Electron Powder Bed Fusion or E-PBF) technology was chosen to avoid the problem of reflectivity of copper with conventional laser.

Copper exhibits very high electrical and thermal conductivities, which requires specific melting conditions and adaptation of the process parameters.

A preliminary study consisting in identifying the conditions to achieve the required degree of powder consolidation to process pure copper has been conducted, to adjust the preheating conditions. A miniaturized building chamber has been custom-designed and used to limit the amount of powder required for a build. A design of experiment is carried out using this miniaturized chamber on high purity copper powder to identify the processing window. It allows to build samples with a density higher than 99.9% and without cracks. Specific specimens are built with different orientations in order to measure the volume electrical conductivity using the 4 probes method and to determine the mechanical properties. Properties comparable to those of annealed pure copper are obtained, both electrically (100%IACS) and mechanically. Moreover, copper is taken as a model material to introduce the concept of "digital metallurgy". Indeed, by controlling the process parameters and the shape of the resulting melt pool, the microstructure can be tuned.

This work was carried out as part of the FUI AMbition project, supported by the BPI and the regions of Auvergne-Rhône-Alpes and Ile-de-France.

Résumé