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Introduction

Additive Manufacturing (AM), or more commonly called "3D Printing", is known for its novelty in the manufacturing eld. Several material, such as polymer, metal or ceramics, could be manufactured by dierent process adapted to the material. As compared to the subtractive or formative methods, Additive Manufacturing allows the possibility of new geometry and hence complex structure like lattice.

Regarding this design freedom, the topology optimisation has been becoming possible and widely using by the industry, in order to reduce the weight of the part piece while respecting the mechanical constraint.

Numerous metals are used in AM such as stainless steel 316L, AlSi10Mg, Ti6Al4V and Ni-based superalloy Inconel 718. This latter material provides high strength and low and high temperature and a good oxidation resistance. Considering these good mechanical properties at high temperature, this superalloy is widely used in a range of industrial application such as aerospace and power industries. However, this material has a high hardness, which makes it dicult to cut, and thus complicated its machinability and its shaping process. Applying AM on Inconel 718 allows new possibility in term of geometry, where lattice structures like auxetic are now available for this material. Auxetic structures are often studied with regards to their good mechanical properties in term of energy absorption under dynamic and blast impact. Auxetic structure coupled with Inconel 718 produced by additive manufacturing oers new opportunities in a wide range of industrial application such as transport vehicle and aerospace sector.

In addition, AM process is quite interesting in material sciences, with a new eld of research and elaboration of material. The densication of the material is strongly coupled with the mechanical properties of the printed material. Porosity and defects volume fraction have been related to the process parameters such the power laser, scanning speed, print orientation among other. Furthermore, the microstructure is also dependent on process parameters, regarding the associated physical phenomena such as heat transfer, solidication, uids mechanics and so on. The understanding of the complete elaboration is invaluable in order to accurately manufacture part piece, and thus improves mechanical properties.

The present work is to be viewed in this context. Based on the Powder Bed Fusion, the study of Inconel 718 was investigated in order to determine the mechanical behaviour of this material, linked with several process parameters, by dierent mechanical test in quasi-static and dynamic state. Several studies were already investigated in order to predict the mechanical behaviour of Inconel 718 during machining.

However the research on Inconel 718 melted by laser based powder bed fusion is an over-riding challenge due to the multiple process parameters possible.

Printed Inconel 718 was examine into two way. Firstly the macrostructure was studied in terms of defects, surface quality and porosity. Then, microstructure was also observed with regards to the size of grain, morphology and misorientation. By this observation, a relationship between additive manufacturing process and mechanical behaviour should be interpreted.

The main goal of this thesis is to develop a numerical model of the additively manufacturing Inconel 718 auxetic structure. To achieve this aim, dierent objectives are stated:

Identify the geometrical parameters of an auxetic structure to enhance the mechanical properties;

Understand the inuence of the process parameters of additive manufacturing on the print accuracy of thin-walled cellular structures in Inconel 718;

Determine the macroscopic tension and compression response of auxetic structure under quasi-static and dynamic loading;

Determine the material behaviour of the Inconel 718 using tension and compression test under quasi-static and dynamic loading;

Analyze the microstructure of the printed Inconel 718 to identify features that inuence the macroscopic response of the studied auxetic structure;

Connect the microstructure features to the mechanical properties of the additively manufactured Inconel 718.

To meet these objectives, the manuscript is divided into ve parts.

Chapter 1 is based on the literature review on the additive manufacturing process and the Inconel 718. This chapter aims to describe the additive manufacturing technology, with benets, disadvantages and opportunities provided; as well as Inconel 718 and its mechanical properties reported in the literature with respect to the manufacturing way. In addition, an overview of the architectured material such as auxetic structure is reported, focused on the geometry and on the macroscopic deformation under tension and compression loading.

Chapter 2 presents the identication of the geometrical parameters of 2D re-entrant honeycomb structure by computational modelling. This study is divided in two parts : rst, a parametrical study is carried out to cover the eect of each of the geometrical parameters on the mechanical properties such as energy absorption, eective elasticity modulus and Poisson's ratio. Then, a Taguchi method on computationnal modelling is used to reduce the number of simulation as well as to identify the most inuent parameters . Combining these two study allows to determine the optimized geometrical parameters while improving mechanical properties.

Chapter 3 tackles the inuence of the AM process on thin-walled auxetic structure. The main aim is to optimize process parameters in terms of volumetric energy density and print orientation, focused on auxetic wall printed by L-PBF. Porosity, surface nish and dimensional accuracy are examined through the process parameters to minimize defects which are detrimental for the material. In addition, a dimensional accuracy study is carried out to determine which printed auxetic wall is closest to the theoretical one. Combining process and geometrical parameters of 2D re-entrant honeycomb, test pieces are printed in two building direction to perform mechanical tests. The mechanical behaviour of the auxetic structure is highlighted as well as the deformation mode considering the print orientation.

Chapter 4 is dedicated to the determination of the constitutive relation of the Inconel 718, considering the printed orientation during AM process. First, J-C materical constants are determined using quasistatic and dynamic compression tests, with conventional SHPB experiments. The inuence of the strain rate and temperature is presented and discussed. To complete mechanical properties of the additively manufactured Inconel 718 build in two directions, quasi-static tensile test are also conducted. The mechanical behaviour under those two loading are discussed considering the results. Then, the material behaviour is embedded on Finite Element Analysis on auxetic structure to verify the simulated mechanical behaviour as compared to the experimental data.

Chapter 5 is focused on the microstructure analysis to link the mechanical properties as dened above and the printing parameters. Using SEM coupled to EDS, the Inconel 718 is characterized as function of the volumetric energy density and print orientation. An original microstructure is introduced, and is revealed as inherent to the AM process. An uni-axial tensile test is performed on the two building direction to explain the mechanical behaviour of the printed Inconel 718, including an analysis on the grain size, grain morphology and grain orientation. Features in microstructure are then implemented on a new Finite Element Analysis to enhance the computational modelling described in the previous chapter.

The main conclusions are summarized at the end of the manuscript, and some perspectives for future work are proposed.

Résumé en français 1 Contexte et objectifs

Depuis plusieurs décennies, la Fabrication Additive (FA) suscite un nouvel engouement autour de la réalisation de nouvelles pièces par ajout de matière. Grâce à diérentes technologies, il est désormais possible de créer des pièces en plastique, métal ou céramique, tout en gardant une liberté de design. Depuis plusieurs années, les diverses recherches sur l'inuence des paramètres procédés ont permis une meilleure compréhension de l'inuence de ces paramètres sur les propriétés mécaniques et sur la microstructure [1 3]. Grâce à la FA, de nouveaux matériaux peuvent être utilisées pour réaliser des pièces à forme complexe, ce qui était jusqu'ici impossible avec les procédés traditionnels. Parmi ces matériaux, nous pouvons citer les super alliages base Nickel, qui sont connus pour leur haute résistance aux hautes températures [4,5]. Ces super alliages sont notamment souvent utilisés dans les domaines aéronautique et aérospatial, où les pièces sont soumises à de hautes températures, supérieures à 700 • C. Il est alors nécessaire d'avoir un matériau résistant et stable lorsque ces températures sont atteintes. L'Inconel 718, ou In718, est l'un de ces matériaux. Il est également connu pour être dicile à usiner, ce qui rend la production de pièces fonctionnelles assez coûteuse. En utilisant la fabrication additive, il est maintenant possible de produire des pièces avec des formes complexes, telles que des structures lattices ou auxétiques en Inconel 718. Le but principal de ces structures est de réduire la masse des pièces, tout en gardant des propriétés mécaniques égales voire supérieures à un matériau plein [6]. Dans ce travail de thèse, les structures auxétiques ont été privilégiées, grâce à leur haute capacité d'absorption d'énergie par rapport aux autres structures [7,8]. D'après la littérature, les structures dites "nid d'abeille ré-entrante" ou nid d'abeille inversée sont les plus communément utilisées pour leur géométrie simple. Changer les paramètres géométriques inuence les propriétés mécaniques telles que le module d'élasticité eectif, le coecient de Poisson structural ou l'énergie d'absorption [9,10]. Dénir ces paramètres pour maximiser l'énergie d'absorption de ces structures est une étape importante dans l'optimisation de ces structures.

L'objectif principal de cette thèse est de développer un modèle numérique, prédisant le comportement d'une structure auxétique imprimé par fabrication additive en Inconel 718. Pour cela, plusieurs objectifs ont été dénis. Premièrement, l'identication des paramètres géométriques d'une structure en nid d'abeille inversée a été réalisée par le biais de simulation numérique. Ensuite, l'inuence des paramètres du procédé de fabrication additive, ici la fusion laser sur lit de poudre -ou Laser Powder Bed Fusion (L-PBF) en anglais -a été observé sur des murs auxétiques. Le principal objectif de cette partie était de comprendre l'inuence de l'énergie du laser et de la direction d'impression sur la qualité d'impression. Un jeu de paramètre procédé a ainsi été identié, ce qui nous permettra dans la suite de la thèse d'imprimer des structure auxétiques, dans deux directions d'impression. L'objectif suivant est de comprendre le comportement mécanique macroscopique des structures en nid d'abeille inversée. Pour cela, des essais de traction et compression ont été réalisés. Puis, dans le but de prédire numériquement ces comportements, la loi de comportement de l'Inconel 718 imprimé est déterminée par diérents essais mécaniques, à diérentes vitesses de déformation. Enn, le dernier objectif de cette thèse est de caractériser la microstructure de l'Inconel 718. Diérentes techniques de caractérisation ont alors été employées pour atteindre ce but. Grâce à cette analyse, un lien entre la microstructure et le procédé de fabrication est obtenu, ainsi qu'avec les propriétés mécaniques. L'un des objectifs de cette thèse est de comprendre l'inuence des paramètres, an de trouver un jeu de paramètres optimal pour l'impression des structures en nid d'abeille inversée. Pour cela, deux paramètres liés au procédé ont été étudié : la densité d'énergie du laser, appelée VED pour Volumetric Energy Density, et la direction d'impression. La VED est dénie par l'équation :

Densit d ′ nergie du laser(V ED) = P (W ) V (mm.s -1 ) × h (mm) × t l (mm) (1) Avec la puissance du laser P en W, la vitesse du laser V en mm.s -1 , la distance entre chaque ligne h (en anglais hatch distance) et l'épaisseur du lit de poudre t l (en anglais layer thickness). Deux directions 2.3.4 Méthode de détermination du comportement de l'Inconel 718 imprimé par L-PBF Par la suite, le comportement mécanique de l'Inconel 718 a été étudié. La loi de Johnson-Cook a été choisie pour modéliser le comportement plastique du matériau. La loi de Johnson-Cook est dénie par l'équation suivante [15] :

σ(ε, ε, T ) = (A + Bε n p ) 1 + Cln ε ε0 1 - T -T r T m -T r m (2) 
Avec A, B, n C et m des constantes matériau. A, B et n sont déterminées grâce aux essais mécaniques à température ambiante et la vitesse déformation de référence ε0 . Ces constantes décrivent le durcisse- ment du matériau sous une contrainte donnée. La constante C représente la sensibilité à la vitesse de déformation du matériau. Pour la déterminer, plusieurs essais à diérentes vitesses de déformation en quasi-statique et en dynamique (allant de 10 -3 s -1 à 2500 s -1 ) sont réalisés. La constante m décrit l'adoucissement thermique du matériau sous diérentes températures. Dans le cas de l'Inconel 718, l'eet de la température sur le comportement matériau est perceptible à partir de 650

• C [16]. Cependant, at- teindre des températures au-dessus de 650

• C lors d'essais mécaniques peuvent détériorer les équipements.

Pour cette raison, la constante m sera extraite à partir de la littérature. Pour déterminer chaque constante de la loi de Johnson-Cook, des essais de compressions dans des conditions quasi-statiques et dynamiques ont été eectués. 3 Principaux résultats Cette section présente les principaux résultats obtenus dans cette thèse.

Identication des paramètres géométriques d'une structure en nid d'abeille inversée

Grâce à la méthode de Taguchi, l'inuence des paramètres géométriques sur le module d'élasticité eective E * , l'énergie d'absorption Ũ en J.cm -3 et le coecient de Poisson structural ν a été étudiée. Cette méthode a démontré que l'angle θ et le congé de rayon R sont les paramètres les plus inuents sur ces propriétés mécaniques. Le ratio α = h l démontre une faible inuence alors que l'épaisseur des ligaments n'a quant à lui aucune inuence sur les propriétés mécaniques étudiées. L'étude paramétrique nous a permis d'identier les valeurs optimales pour chaque paramètre géométrique. Il a nalement été trouvé que les propriétés mécaniques étudiées étaient optimisées pour :

Angle θ = 75 • , Congé R = 0.1 mm, Ratio α below 2,
Aucune valeur particulière pour l'épaisseur de ligament t.

Il a été également trouvé que la vitesse de déformation n'inue pas sur la déformation des structures auxétiques en compression. Le mode de déformation est déni par les valeurs des paramètres géométriques.

Inuence des paramètres du procédé de L-PBF

Dans un premier temps, la qualité de surface des murs auxétiques a été analysée grâce à des images réalisées au microscope optique. Il a été démontré que la qualité de surface s'amenuisait lorsque la densité d'énergie du laser (VED) appliqué au contour extérieur augmentait. Cette augmentation de la densité d'énergie du laser favorise une surfusion de la poudre métallique localement. Cette surfusion provoque alors une forte rugosité et diminue la qualité d'impression en termes de précision géométrique.

Une seconde étude a été mené sur l'inuence de la VED sur la porosité surfacique interne. Par analyse d'image, la quantité de porosité surfacique de chaque échantillon a été mesurée. La Figure 4 montre un graphique regroupant la porosité en fonction de la VED, de l'épaisseur des ligaments et de la direction d'impression.

D'après les résultats obtenus, l'augmentation de la VED jusque 152 J.mm -3 diminue la porosité dans l'échantillon. La direction d'impression ZX favorise également l'apparition de porosité par rapport à la direction XY. Ces migrographies montrent un gradient de microstructure avec trois zones (i) bord, (ii) zone de transition et (iii) zone centrale. Ces trois zones sont dénies par des tailles de grains et des morphologies diérentes. De plus, l'échantillon imprimé selon XY direction contient des grains équiaxes dans les zones 1 et 3, contrairement à la direction d'impression ZX qui comporte des grains colonnaires et allongés.

Cette diérence de microstructure explique en partie l'anisotropie de l'Inconel 718. De plus, la taille de grain n'est pas uniformément répartie dans les zones, avec une grande dispersion de la taille de grain.

Ce gradient de microstructure est dû au gradient thermique appliqué sur le lit de poudre durant la fusion. D'après la littérature, le gradient thermique G intervient sur la vitesse de solidication G R ainsi que sur la vitesse de refroidissement G × R durant le procédé de fabrication additive [17,18]. Dans ces équations, la valeur de R se rapporte à la vitesse de croissance des grains. La taille des grains est dirigée par la vitesse de refroidissement. Plus cette vitesse est élevée, plus les grains sont théoriquement ns. La morphologie des grains est quant à elle gouvernée par la vitesse solidication à l'interface solide/liquide du bain de fusion. Les grains auront une morphologie colonnaire pour une haute vitesse de solidication.

Pour conclure, le procédé de fabrication inuence grandement la microstructure du matériau. Dans la direction d'impression ZX, chaque couche supplémentaire va venir chauer la couche inférieure, créant ainsi une croissance de grain dans la direction d'impression ZX. Dans le cas de la direction XY, la vitesse de solidication diminue car le gradient thermique à l'intérieur du bain de fusion est relativement bas.

De ce fait, une microstructure équiaxe est obtenue.

En prenant en considération l'eet Hall-Petch [19,20], la plasticité du matériau peut être dénie selon la taille des grains moyenne. Cependant, cette équation est utilisée pour les matériaux métalliques polycristallins pour une microstructure homogène, ce qui n'est pas le cas ici. Suivant les travaux de Kurzydowski [21] et Berbenni et al. [22], il est possible de prendre en compte la dispersion de tailles de grains. Au nal, l'équation suivante est proposée :

σ y = σ 0 + kD -1/2 r (3) 
Avec σ y pour la limite d'élasticité, σ 0 une constante matériau représentant la contrainte pour laquelle commence le mouvement de dislocation et k le coecient de durcissement. D r dénit la taille représentative des grains, prenant en compte la fraction volumique Ai A T de chaque grain i dans la zone étudiée.

D r est dénie par l'équation suivante :

D r = 1 ( n i=0 Ai A T D -1/2 i ) 2 (4) 
En xant = 1175.93 MPa √ µm venant de l'étude de Pei et al. [23], deux valeurs de σ 0 pour chaque direction d'impression ont été déterminé.

Grâce à l'équation 3, il est possible de prédire la limite d'élasticité de l'Inconel 718 en fonction de la taille de grain et de la direction d'impression. Cependant, ce modèle est limité, et ne prend pas en compte la texture cristallographique, les dislocations ou les phases durcissantes présentes dans l'Inconel 718. 

Chapter I Literature Review

This chapter presents a literature review on each topics covered in this thesis. The main aim of this work is to develop a computational modelling on auxetic structure produced by additive manufacturing in Inconel 718. Consequently, the literature review is divided into four topics : additive manufacturing, architectured material, Nickel based superalloy and constitutive modelling of metal.

First, the additive manufacturing process is introduced by explaining the principle of the process.

The process used in this work is dened as well as the main printing parameters. Then, the architectured material are tackled in terms of geometry and mechanical properties, to introduce the auxetic structure and their mechanical behaviour. Those kind of structure can be produced by additive manufacturing in several materials, such as aluminium alloy, Ti6Al4V, stainless steel and Ni-based superalloy. As this work is focus on a Ni-based superalliy, a review on Inconel 718 is then carried out through the mechanical properties and microstructure. Finally, the mechanical behaviour of material are often characterized by constitutive model. The last part of the chapter contains the most representative information required for this work.

1 Additive Manufacturing Process

Principle and technology

The main principle of the AM is to "join material to make part from 3D model data, usually layer upon layer" as dened in the international standard ISO/ASTM 52900 [1]. Metal part pieces are produced by material removal such as machining, forging, casting and so on.

AM was introduced in the 1980s, by Hideo Kodama [2] who reported a new way of manufacturing, then known as Rapid Prototyping (RP). During RP, a sample was manufactured layer by layer in 3 dimension with the aid of photopolymerization. Several technology appeared based on the general concept of rapid prototyping. Subsequently, the french researcher Jean-Claude Andre [3] registered a patent titled "Device for producing a model of an industrial part" in 1984, with a laser and a polymerisable monomer liquid.

Moreover in the USA, Charles Hull invented the SLA (for Stereo-Lithography Apparatus) which allows the manufacturing of three-dimensional objects with regards to a photopolymer resin [4]. A rst layer of resin is photochemically solidied under the light at several point, which are selected by the computer thanks to a STL le. A STL le is dened as a CAD model of the part piece which is slicing, corresponding to the layer of the SLA methods. As shown on the Figure 1, the process of AM continues to develop in 1988 with lamination from Feygin [5] and then in 1989 with Deckard [6] who proposed the sintering by laser method. In 1992, the most used technology of Additive Manufacturing, usually called 3D printing, was introduced by Scott Crump [7]. This method consists of polymer deposition like plastic by fusing it trough a buzzard. Additive Manufacturing of metal powder was then proposed by Larson in 1997 [8] and Lewis in 1998 [9] with the electron beam melting and laser cladding methods respectively. Finally,

Selective Laser Sintering at melting temperature was suggested by Meiners and al in 2001 [10], which will be the beginning of the Powder Bed Fusion technology.

The several processes presented on Figure 1 The main advantage of the AM is the adaptable process to manufacture complex geometry, functional graded material [11] and free usage of tool. Finally, this process is mainly used for the prototyping and the small-volume production in dierent elds. Currently, AM is widely used in metal manufacturing in order to produce part pieces and prototypes in metals for the aerospace, automobile, energy and medical industry by Powder Bed Fusion (PBF) or Direct Energy Deposition (DED). The additive manufacturing for the food industry is also in development, by using chocolates, candy or pasta which have been generally produced by fused modelling deposition [12].

Laser Powder Bed Fusion

In this thesis, the research is focused on the fourth category, the powder bed fusion, more precisely on Laser Powder Bed Fusion (L-PBF).

This technology is a powder based and layer by layer AM process. Firstly, a layer of metal powder was spread by a blade on a substrate plate and melted by laser under an inert gas atmosphere, such as Argon. Then, the substrate was dropped o and a new layer of powder was deposited. Once again, under the energy source, the powder was melted at the selective point. The cycle powder deposition -melting by laser -substrate drop o was repeated until the end of the building part piece. A schematic of the Laser-Powder Bed Fusion is displayed thereafter in Figure 2. At the end, the part piece was removed from the build plate, using dierent method such Electrical Discharge Machining process or handsaw.

The L-PBF process is dependant of the following parameters.

(i) Laser Power

The Laser Power, in Watt (W), is the amount of energy converted per unit time of the laser from the machine of additive manufacturing. By an algorithm based on the STL le representing the specimen, the laser is locally applied on the powder bed in order to melt the thin layer of powder under the heat ow. This parameter is the most signicant process parameter which can be changed as function of the material and to optimise the porosity and hence relative density [13,14], the mechanical properties such as microhardness [13] and tensile strength [15], microstructure [13] and surface roughness [13,14].

(ii) Scanning Speed

The scanning speed is dened by the velocity of the displacement of the laser during the melting.

This term is calculated by the following equation [16]:

v(mm.s -1 ) = P dist (mm) t expo (s) (1) 
where P dist is the point distance between two laser exposure points mm, and t exp is the time exposure of the laser on a point, in second (s) (Figure 3a). This parameter has an inuence on the melting velocity of the powder bed. If the scanning speed is too high, the powder formed some material droplets without a correct melting between each one, resulting on lack of fusion [17]. In another hand, ball eect was demonstrated for a lower scanning speed [17], which provided higher porosity and surface roughness, and hence decrease the mechanical properties [14,15,18,19]. The Layer thickness is the thickness of the powder bed which is spread by the blade before the laser action. This parameters has chosen as function of the material (i.e. powder size) used for the AM process. Some studies showed the inuence of the layer thickness on the mechanical properties and the surface roughness. High layer thickness provides high porosity [19] and a bad surface quality of the part piece [20]. For a too high layer thickness, the material may not be melted in deeper, and so balling phenomenon with unmelted powder was already observed, providing weak bonding inside the sample [21]. Suiarov et al [22] demonstrated that a high thickness decreases the mechanical properties, with regards to the surface roughness, the high porosity and hence defects resulting of the weak bonding [20].

Meanwhile, the building time could be optimised by increasing the layer thickness. However, it is important to take into consideration the printing quality on the nal part piece.

(iv) Hatch distance

The hatch distance, or scan spacing, is the distance between two consecutive laser beam during the AM process (Figure 3b) and could be change by the operator. During the process, an overlap of the melting pool can be created for a low hatch distance. To the contrary, a high scan spacing contributed to a lack of fusion during the melting, by creating voids between two laser beam [23,24]. This process parameter is signicant for the nal product in terms of microstructure [23,25],

surface roughness [23], porosity [24] and hence mechanical properties [23].

(v) Scanning strategy

In Additive Manufacturing, the pattern of the laser is dened before the production, using a particular software on a computer as function of the process used and the supplier. The pattern on the volume part is rst melted by the laser, following by the outer contour, as shown on the Figure 3b.

Chapter I

Dierent scanning strategy are available, and displayed on Figure 4:

Island scanning stategy -or chessboard, [26] (Figure 4a)

Line scanning with dierent variant: [27,28] Meander [29] (Figure 4b) 45 • (Figure 4c) [START_REF] Gibson | Cellular Solids : Structure and properties[END_REF] • rotate (Figure 4d) 90 • rotate (Figure 4e) 67 • rotate (Figure 4f)

In-out (Figure 4g)

Out-in (Figure 4h)

Hexagonal [30,31] (Figure 4i)

(a) (b) (c) (d) (e) (f) (g) (h) (i)
Figure 4: Scheme of dierent scanning strategy : (a) Island Scanning [27], (b) Meander or Line scanning [27,29], (c) rotate scanning, (g) In-out, (h) Out-in [27], (i) Hexagonal [31] Dierent study highlight the eect of the scanning strategy on the mechanical properties, considering the several change into the microstructure, porosity and defect. As function of the used pattern, some overlap may appear during the AM process, and can produce weak bonding and cracks [27,28],

and thus neglect the mechanical properties. Moreover, the mechanial properties are also inuenced by the microstructure in terms of texture, renement and growth grain as demonstrated by Song et al [31], by changing this latter process parameters.

(vi) Building direction

With regards to the build volume of the AM machine, the location of the build part is dened by the user through the Additive manufacturing le format. The three axis x, y and z of the machine are dened by the international standard ISO/ASTM 52900 [1]. Then, the part piece can be rotated around its geometric centre of the specied initial building direction, from the chosen axis. The building direction of the build part is a signicant process parameter as shown several studies. The most used building direction are the XY, ZX and 45

• building direction, as displayed on Figure 5. Firstly, various research demonstrated the eect of the building direction on the microstructure of the part piece [32]. During the build cycle, the powder was melted under the laser energy, which produce a melting pool at high temperature. With regards to the cooling and the solidication rate which followed the melting, the microstructure was inuenced by the associated grain growth.

Finally, for the ZX buiding direction -or vertical -the microstructure exhibits columnar or elongated grain while the XY building direction provided equiaxed or cellular grain [33,34]. Meanwhile, the mechanical properties was modied resulting of the dierence on microstructure. Finally, a better strength was found for the XY building direction as compared with ZX building direction which exhibits higher ductility [14,3234].

Secondly, the building direction can inuence the quantity of precipitates. During the L-PBF process and material, some precipitates were formed under the heat ow and the elevated temperature along the layer. Sun et al [35] revealed the eect of the building direction on the amount of the precipitates for the Inconel 718 produced by additive manufacturing.

Chapter I (vii) Powder of the raw material

The metal powder is used on the bed fusion process. The powder is characterised by the composition, the shape and the size. The shape and the size of the powder can be dened by the owability of the powder, a major factor of a correct nal part piece [36]. The powder shape is dierent as function of the process of producing metal powder, such as chemical process, spraying, or mechanical process.

Attar et al [37] presented in their study the shape eect on the relative density, induced by milling time. By decreasing the milling time, the shape of the powder was more spherical and regular, which provides a high relative density and hence lead to greater mechanical properties. Then, the size powder is also signicant as parameters to allow a good owability. Furthermore, the particle size also aects the irradiance intensity on the powder, and hence inuences the Marangoni ow as demonstrated by Zhang et al [38]. Finally, some studies revealed that a good particle size distribution, with a mix of ne and larger particle was better to contribute to a uniform recoating [39,40] and hence continuous and regular scanning track [38]. Indeed, the ne particle fullls the voids left by the larger particle [41]. The most suitable producing metal powder for the AM process was the spraying, which permits the most of the time spherical and regular powder shape with a good distribution size [39].

Linear Energy Density (Equation 2) [13,15] of the laser is parameter which denes the relation ship between the power and the scanning velocity. This value is often used to compare the process parameters and helped to understand the eect of the parameters on the printing quality.

Energy density

= P (W ) V (mm.s -1 ) (2)
However, this equation only takes into account the scanning speed V and the power laser P. However, the powder bed had a signicant impact on the AM process, which could be considered by the Volumetric Energy Density (VED) of the process :

V olumetric Energy Density = P (W ) V (mm.s -1 ) × h (mm) × t l (mm) (3) 
With h the hatch distance and t l the layer thickness, as dened above.

Post treatment

Before removing the specimen from the substrate, heat treatment can be necessary in order to reduce the residual stress due to the rapid cooling rate. During the L-PBF process, the material was melted under a laser, then the melting pool solidied under the cooling down. This phenomenon leads a shrinkage of the material under the cycle of melting-solidication-remelting, which is a characteristic of the AM process [START_REF] Li | Residual Stress in Metal Additive Manufacturing[END_REF]. With regards to this, some residual stress was observed due to the Temperature Gradient Mechanism (TGM) [START_REF] Li | Residual Stress in Metal Additive Manufacturing[END_REF], with three levels : (I) macroscale, (II) microscale on grain scale, and (III) nanoscale with dislocation and coherency. In order to reduce the dislocation density, heat treatment was indispensable [START_REF] Tomus | Inuence of post heat treatments on anisotropy of mechanical behaviour and microstructure of Hastelloy-X parts produced by selective laser melting[END_REF], and allowed a better relative density on the samples. A special heat treatment based on the stress-relief was applied and provided good results to reduce by 70% of residual stress [START_REF] Shiomi | Residual stress within metallic model made by selective laser melting process[END_REF].

Finally, the post-treatment of part piece produced by additive manufacturing is essential to enhance relative density and mechanical properties.

Architectured material

As mentioned above, one of the advantage of the additive manufacturing is the high exibility to produce thin and complex geometry. Since few decades, several studies were investigated on the additive manufacturing and more precisely on the light weight of the material. By combining the topology optimization and the additive manufacturing, it is now possible to create light and stier structure. The metallic foams, inspired by natural foams and polymers, were widely investigated in order to reduce the relative density of the metal by ensuring good mechanical properties and high energy absorption [4547]. Then, the hybrid or achitectured material was introduced by Ashby and dened as "combinations of two or more materials, or of materials and space, assembled in such a way as to have the attributes not oered by any one material alone" [START_REF] Ashby | Designing architectured materials[END_REF] and included foams, sandwich structures and lattice structure. With regards to the new additive manufacturing, those complex geometry can be more easily designed and produced in metals and polymer. Following this observation, several studies was investigated on lattice structure, which opens new way of engineering performance.

Lattice Structure

Ashby [START_REF] Ashby | The properties of foams and lattices[END_REF] dened a lattice structure as a "connected network of strut", which are characterized by three major factors: Properties of material, Topology, shape and geometry Relative density, described by ρ ρs , with ρ for the density of the structure and ρ s for the density of the material.

The stiness of the lattice structure is dependant of the materials properties which constitute the lattice structure. Then, the geometry is largely signicant on the mechanical response and hence deformation of the cells during mechanical loading such as tensile, compression or exion. Those properties will be explained in the section .2.3. Two kinds of geometry was revealed by Abdul Hadi [START_REF] Hadi | Design Congurations and Creation of Lattice Structures for Metallic Additive Manufacturing[END_REF] which are the periodic structure and the stochastic foams as shown in Figure 6. The rst one is more associated to the lattice structure, by reproducing the same cell within a dense part piece like cubic or cylindrical structure.

The other one is achieved by a random distribution of point within space with some algorithm [START_REF] Ghouse | The inuence of laser parameters, scanning strategies and material on the fatigue strength of a stochastic porous structure[END_REF], and is more closer to a porous structure than a lattice structure does.

Finally, the relative density is the most signicant parameters on the lattice structure by dening the structure and is linked to the mechanical properties in term of elastic modulus [START_REF] Ashby | Designing architectured materials[END_REF]. Indeed, in the case of lattice structure the relative density was proportionally related to the thickness t of the edge and the Chapter I size L of the unit cell [START_REF] Ashby | The properties of foams and lattices[END_REF][START_REF] Dong | Mechanical response of Ti-6Al-4V octet-truss lattice structures[END_REF] by the following relation:

ρ ρ s ∝ t L 2 (4)
The condition t ≪ L is also important in order to have sucient low relative density to obtain lattice structure.

(a) (b)

Figure 6: Pictures of (a) periodic structure and (b) stochastic structure [START_REF] Ghouse | The inuence of laser parameters, scanning strategies and material on the fatigue strength of a stochastic porous structure[END_REF] The lattice structure forming was already performed by casting [START_REF]L'Inconel® 718, un superalliage base nickel -MetalBlog[END_REF], however thin structure was not available by this way. Some architectured material can also formed by cutting, assembly and welding [START_REF] Wang | Interlocking assembled 3D auxetic cellular structures[END_REF]. Additive manufacturing allows free design with less restriction [5557].

With regards to this novel technology, dierent geometries are possible and suitable to provide topology optimisation and hence decrease the weight. Such software are available to run topology optimisation, by taking into account the dierent loading on the structure and then perform a calculation on it in order to remove the material which is not necessary. Altair Inspire is the most well-known software which used CAD model to perform the topology optimisation. Firstly, a CAD was integrated into the software and the mechanical means were applied on the structure. The software run the computational modelling with regards to the boundary conditions and the geometry of the initial part pieces. A new geometry is proposed dierent novel structure by removing some materials. The next step consists of re-designing the product with the optimisation topology given by the software, as shown in Figure 7. This software is friendly-user, because only several hours is necessary to take charge. Matlab® also permits to created algorithms by mathematical relationship to optimise a geometry under boundaries conditions.

Figure 7: Steps of topology optimisation [START_REF]L'optimisation topologique pour l'impression 3D -3Dnatives[END_REF]. The color shows the stress concentration under the loading with green as low stress and red high stress

Another kind of optimisation is also accessible by generating periodic structure as lattice. The CAD and commercial software used unit cells contained within a cubic bounding box, which will be repeated periodically inside the part piece. Few examples of lattice structure, related from Magics Materialise ® [START_REF]D Printing Software[END_REF] are shown in Figure 8. Simple structure can be used such as the cross and the ameliorated cross with reinforcement in the middle (Figures 8a, 8b, and 8c), while more complicated ones were widely studied to enhance mechanical properties such as octet truss [START_REF] Dong | Mechanical response of Ti-6Al-4V octet-truss lattice structures[END_REF] (Figure 8j), diamond (Figure 8h) [START_REF] Cutolo | Mechanical properties of diamond lattice Ti6Al4V structures produced by laser powder bed fusion: On the eect of the load direction[END_REF][START_REF] Hazeli | Microstructure-topology relationship eects on the quasi-static and dynamic behavior of additively manufactured lattice structures[END_REF], rhombic dodecahedron (Figure 8k) [START_REF] Cao | Dynamic compressive behavior of a modied additively manufactured rhombic dodecahedron 316L stainless steel lattice structure[END_REF], and so on. The unit cell may be modied by dierent geometrical parameters like the height, the thickness of the strut and the cross section. The latter changes might improve the mechanical properties as compared to original cross section [START_REF] Qi | Mechanical behaviors of SLM additive manufactured octet-truss and truncatedoctahedron lattice structures with uniform and taper beams[END_REF][START_REF] Cao | Mechanical properties of an improved 3D-printed rhombic dodecahedron stainless steel lattice structure of variable cross section[END_REF]. Meanwhile, graded lattice structure was widely investigated an exhibit light-weight with high mechanical strength [START_REF] Sienkiewicz | Investigations on the mechanical response of gradient lattice structures manufactured via slm[END_REF][START_REF] Xiao | Additively-manufactured functionally graded Ti-6Al-4V lattice structures with high strength under static and dynamic loading: Experiments[END_REF] and higher specic energy absorption as compared to uniform structure.

Based on the last observation, the lattice structure were used in the following elds:

Energy absorption [START_REF]L'Inconel® 718, un superalliage base nickel -MetalBlog[END_REF][START_REF] Tancogne-Dejean | Additively-manufactured metallic microlattice materials for high specic energy absorption under static and dynamic loading[END_REF][START_REF] Schaedler | Designing Metallic Microlattices for Energy Absorber Applications[END_REF] and more particulary in blast impact [6971],

Low-frequency vibration absorption [START_REF] Matlack | Composite 3D-printed metastructures for lowfrequency and broadband vibration absorption[END_REF][START_REF] An | Three-dimensional meta-truss lattice composite structures with vibration isolation performance[END_REF],

Structural lightening [START_REF] Chen | Light-weight shell-lattice metamaterials for mechanical shock absorption[END_REF][START_REF] Liu | Multi-objective and multi-loading optimization of ultralightweight truss materials[END_REF],

Heat transfer [7678],

Bio-medical for the interface of boney structure [7981],

Support for Additive Manufacturing [START_REF] Yan | Advanced lightweight 316L stainless steel cellular lattice structures fabricated via selective laser melting[END_REF].

However, the main application of the lattice structure is the energy absorption, with structure made by additive manufacturing.

(a • as displayed on Figure 9. By decreasing this value, the structure become a re-entrant structure, with a auxetic behaviour under tensile or compressive loading. Several studies investigated the Negative Poisson's ratio ν within foams [START_REF] Friis | Negative Poisson's ratio polymeric and metallic foams[END_REF], and highlighted the higher energy absorption under dynamic impact for the auxetic foam, more precisely for re-entrant structure as described above. Figure 10: Schematic of the structure and the unit cell of of auxetic structure based on chiral and anti-chiral honeycombs [START_REF] Mousanezhad | Elastic properties of chiral, anti-chiral, and hierarchical honeycombs: A simple energy-based approach[END_REF] Finally, under a compressive loading, the cells has a contraction and hence provide a Negative Poisson's ratio. Regarding those observation, this geometry was often studied, as much in computationally modelling and experimental way. Several structure appeared based on this geometry, such as tetrachiral [START_REF] Fu | A novel category of 3D chiral material with negative Poisson's ratio[END_REF], anti-tetra-chiral [START_REF] Mousanezhad | Elastic properties of chiral, anti-chiral, and hierarchical honeycombs: A simple energy-based approach[END_REF], tri-chiral [START_REF] Alderson | Elastic constants of 3-, 4-and 6-connected chiral and anti-chiral honeycombs subject to uniaxial in-plane loading[END_REF] and anti-trichiral [START_REF] Hu | Negative Poisson's ratio eect of re-entrant anti-trichiral honeycombs under large deformation[END_REF]. The Elastic Modulus, Poisson's ratio ν and the deformation are in relation with the number of connection between the cylindrical nodes and strut [START_REF] Alderson | Elastic constants of 3-, 4-and 6-connected chiral and anti-chiral honeycombs subject to uniaxial in-plane loading[END_REF], but also as function of the geometrical parameters like thickness t and ligament length L [START_REF] Hu | Dynamic indentation of auxetic and non-auxetic honeycombs under large deformation[END_REF].

) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l)
The inuence of the geometrical parameters on the mechanical properties of the auxetic structure was widely studied for dierent geometry. Nonetheless, the most common structure is the re-entrant honeycomb structure as shown in the Figure 9. Several geometrical parameters dene this structure such as the height and the length of the strut, h and l, the cell wall angle θ, and the thickness of the strut t. The Figure 11a displays each features of the re-entrant honeycomb structure. Both 2D and 3D structure was considering in analytical, nite element analysis and less often experimental way. Yang et al [START_REF] Yang | Mechanical properties of 3D re-entrant honeycomb auxetic structures realized via additive manufacturing[END_REF] established an analytical model on the mechanical properties of a 3D re-entrant honeycomb structure based on a Timoshenko beam model and large deection beam model. As results, they found that the Eective Elastic Modulus E * = Ẽ Es (with Ẽ the structural elastic modulus of the foam, and E s the Young Modulus of the bulk material). The Eective Elastic modulus is the elastic modulus relative to the structure as compared to the Young modulus which is refered to the material. Furthermore, the structural Poisson's ratio ν depends on the geometrical parameters like the height h, the length l, the cell wall angle θ. The parameters h and l were linked by the criterion α = h l [54, 98], which was used to connect the mechanical properties and those values. Finally, it appears that the value of α was signicant on the structural Poisson's Ratio ν. Increasing α lead to increasing the Poisson's ratio ν with an inection point around 2 [START_REF] Wang | Interlocking assembled 3D auxetic cellular structures[END_REF]. Furthermore, the cell wall angle aects the Eective Elastic modulus due to the change in the local deformation of the cell and hence provide some change in the stress level [START_REF] Hu | Dynamic crushing response of auxetic honeycombs under large deformation: Theoretical analysis and numerical simulation[END_REF] and plateau stress [START_REF] Zhang | Numerical investigation on dynamic crushing behavior of auxetic honeycombs with various cell-wall angles[END_REF]. To summarize, increasing the cell wall angle θ enhances the Negative Poisson's ratio and the stress level with an optimised value around 60

• [START_REF] Hu | Dynamic crushing response of auxetic honeycombs under large deformation: Theoretical analysis and numerical simulation[END_REF][START_REF] Lee | Application of homogenization FEM analysis to regular and re-entrant honeycomb structures[END_REF]. Then, the inuence of the strut thickness was also investigated, resulting of a raise of the Eective Elastic Modulus E * and the Negative Poisson's ratio ν when the thickness was higher [START_REF] Wang | Interlocking assembled 3D auxetic cellular structures[END_REF][START_REF] Zhang | Numerical investigation on dynamic crushing behavior of auxetic honeycombs with various cell-wall angles[END_REF][START_REF] Yang | Modeling of uniaxial compression in a 3D periodic re-entrant lattice structure[END_REF]. Novak et al [START_REF] Novak | Mechanical characterisation of auxetic cellular structures built from inverted tetrapods[END_REF] also demonstrated the eect of the strut thickness on the Specic Energy Absorption (SEA) in J/g for re-entrant auxetic structure. In fact, they established a relationship between the thickness, the porosity (i.e. relative density) and the mechanical properties in terms of stress level and SEA. Indeed, the relative density ρ * of a re-entrant honeycomb structure (Figure 9a) is calculated as function of the geometrical parameters, as shown the following equation [START_REF] Gibson | Cellular Solids : Structure and properties[END_REF][START_REF] Hu | Dynamic crushing response of auxetic honeycombs under large deformation: Theoretical analysis and numerical simulation[END_REF]:

ρ * = ρ ρ s = t l h l + 2 2 sin θ 0 h l -cos θ (5)
where ρ is the density of the structure, ρ s the density of the bulk material and θ 0 the initial cell wall angle.

With respect to this equation, each geometrical parameters are associated to the relative density, and hence the relative density is coupled to the mechanical properties. Generally, increasing the relative density leads to increase the level stress, and can also increase the SEA, as function of the adopted geometry [START_REF] Tancogne-Dejean | Additively-manufactured metallic microlattice materials for high specic energy absorption under static and dynamic loading[END_REF][START_REF] Yang | Compressive properties of Ti-6Al-4V auxetic mesh structures made by electron beam melting[END_REF]. In addition, the direction of the loading on the cells has also a signicant inuence on the re-entrant honeycomb structure behaviour. As displayed on the Figures 11b and11c, two loading are available in the literature for a re-entrant honeycomb structure. As function of this loading, the eect of the geometric parameters are dierent. For example, Yang et al [START_REF] Yang | Compressive properties of Ti-6Al-4V auxetic mesh structures made by electron beam melting[END_REF] demonstrated that the behaviour are completely dierent depending on the geometrical parameters and showed that the Eective Elastic Modulus depends also on the direction of the cell as well as α and θ. In their work, Ẽ

Es is higher for an increasing of the ratio α = h l and a decreasing of the cell wall angle θ, while the response of the structure under the F y loading is inverse. Novak et al [START_REF] Novak | Mechanical characterisation of auxetic cellular structures built from inverted tetrapods[END_REF] present similar conclusions, with a higher value of the specic energy absorption and stress strength for the F y loading.

As described above, the behaviour of the re-entrant honeycomb structure is complicated and depends on dierent parameters such as geometrical features, mechanical properties and also loading direction.

Properties of cellular solids

The properties of the cellular solids was largely studied by Gibson and Ashby [START_REF] Gibson | Cellular Solids : Structure and properties[END_REF], and explored the dierent properties of the foams such as honeycomb structure. The shape and the size of the structure are quite important in the deformation mechanism and the material properties.

As function of the architecture and the mechanical properties of the bulk material, dierent mode of deformation are available for cellular solids as well as lattice and auxetic structure [START_REF] Ashby | The properties of foams and lattices[END_REF][START_REF] Deshpande | Foam topology: Bending versus stretching dominated architectures[END_REF]. The architecture of the structure is signicant on the deformation mechanism in the foam, and related to bending, stretching or buckling mode, as function of the initial loading.

To characterise the mechanical properties of the cellular solids, dierent way are used in quasi-static.

The most common are the compression and the tension, which are the subject of the two next sections.

Chapter I

Mechanical properties of cellular solid under compression

Most commonly, the cellular solid are evaluated under quasi-static compressive loading, regarding the area of interest of this kind of shape. In fact, in most case, the cellular solids are used for cushioning, impact protection and crushing.

The stress-strain curve exhibits at least 3 zones as shown on Figure 12: 1. Zone 1 : elasticity domain, dened by the elasticity modulus 

Figure 12: A stress-strain curve of a cellular solid under compression from Ashby et al. [START_REF] Ashby | The properties of foams and lattices[END_REF], dening the 3 important zones

It can be noticed that the energy capacity of the foams can also be calculated as Specic Energy Absorption (SEA), by dividing the energy absorbed Ũ by the density of the as-used structure, to take into account the weight-light of such structure [START_REF] Novak | Mechanical characterisation of auxetic cellular structures built from inverted tetrapods[END_REF].

During the elastic deformation, the cell is deformed by a bending, which gives so a low modulus Ẽ, calculated by the initial slope of the stress-strain curve (Figure 12). When the plastic yielding started, a plateau stress was observed on the cellular solid until the densication. This latter response is characterised by a fast rising of the stress after the densication strain εd .

Dierent cell behaviour was revealed by Ashby [START_REF] Ashby | The properties of foams and lattices[END_REF] to explain the deformation mechanism under compression of the foams, as shown in Figure 13.

(a) (b)

Figure 13: Schemes illustrating the deformation of an open cell under compression Bending Under the loading, the cell starts its deformation with the perpendicular edge of the cell. This later ligament bends during the linear elastic deformation of the foam, up to its elastic limit. The plastic moment of the cell wall is given by the following equation:

M f = σ y,s × t 3 4 ( 7 
)
The bending is present during the whole loading. Up to the yield stress, the bending of the linear elasticity is present. After this point, the plateau stress σpl started, which means that the structure collapse under the loading. The cells yields when the loading exceeds the fully plastic moment as dened on the equation 7. Such buckling can come up as function of the geometry of the structure, and for the elastomeric foams [START_REF] Ashby | The properties of foams and lattices[END_REF].

Buckling

When the plastic yielding is reached, the structure start to collapse it-self. The edge which are in the same direction as the loading direction are subjected to buckling instead of bending for others.

This buckling is highly dependant of the geometry, and can appears only in the case of parallel edge to the loading direction. The parallel edge to the loading axis were deformed by the mechanism thus induced to a deformation on the whole structure.

Fracture

When the bending moment exceeds the one given in the Equation 7, fracture of the cell occurs.

Chapter I Densication

Another eect of the cell foam is the densication, where the stress rises steeply, after the densication strain. This is a geometric eect due to the architecture of the foams: the structure collapse and when there is not enough void within the foam, the structure behaves like a solid material.

Hence, the stress rapidly increases. As function of the relative density, and so geometry, the strain densication is dened by:

εd = 1 - ρ ρ s / ρ crit ρ s (8) 
where ρ crit is the critical relative density at which the structure locks up.

Such structure is also subjected to tension as well as compression. It is addressed in the next section.

Mechanical properties of cellular solid under tension

The deformation mechanism under tension is slightly dierent as compared to the one under compression.

The same deformation behaviour was found as function of the geometry. In the linear elasticity, the bending still occurs for open cells, as illustrated in Figure 14. However, such edge in the same direction as the loading underwant to a stretching which can be involved during the linear elasticity. Up to the yield stress, the deformation are similar as in compression. Nonetheless, the post-yielding diers in term of edge rotation. During tensile, the cell edge won't collapse each other but there is some stretching within the edge, which provides rotation. As results, the bending moment decreases and hence an alignment of the edge can occur during the loading. Some shear appears in the oblique strut, caused by the bending.

Considering the geometry of the cell, the shear band should be observed in symmetrical way under the tension loading. The fracture occurs in two cases. First, the strentching shrinks the edge until a propagation crack within the width. On another hand, the shear band might cause a fracture in the edge above a too high stress.

(a) (b) In aeronautic and aerospace elds, the eciency of the reactor is linked to the combustion within the chamber. With respect to the Carnot principle, the hotter the combustion, the higher the eciency of the reactor, which requires material with high capability and good mechanical properties at high temperature.

Dierent Inconel 718 or NC19FeNb (AFNOR standard), is the main material studied in this thesis and has been described below.

Generalities on the Inconel 718

The Ni-based superalloy is rst an intermetallic alloy. The Inconel 718 was introduced for the aircraft engine in the gas turbine engine as disks, turbines blade and so on. This superalloy can be used up to 700

• C, with maintaining the good mechanical resistance and good corrosion resistance. Thanks to this, it is also widely used in other industries such as nuclear plant, aerospace elds and maritime propulsion, as steam generator and turboreactor. During the last decades, the use of the Inconel 718 was raised and became the most well developed for those industry, despite the diculties of forming and machining.

Chapter I Indeed, as results of its high strength and hardness, this material is known to machine and hence the forming might be complex. The most popular forming process for the Inconel 718 is divided in dierent step [START_REF] Barker | The Initial Years of Alloy 718: A GE Perspective[END_REF]107]:

VIM : Vacuum Induction Melting ESR : Electroslag Remelting VAR : Vacuum Arc Remelting
These processes provide a good composition as well as a cleanliness and a structure control along the material ingots. It can be noticed that the ESR method was more used in order to product sheet and plate. Furthermore, the manufacturing of the Inconel 718 with those three ways is quite expensive and more often set up for aeronautics product, which had critical application in terms of thermo-mechanical requirement. The Inconel 718 can also be manufactured by casting and forging, however, heat treatment is necessary to obtain homogeneous microstructure and less porosity. Then, to obtain the nal part piece, it is often required to operate some machining process such as cutting, drilling or turning. As said above, this material has a high hardness, resulting of a dicult to machine. To avoid work hardening, rigid and sharp tools are indispensable, with an ample power and a slow cutting speed. Therefore, machining under lubricant must be a possible option to reduce the stress.

Regarding the good weldability of the Inconel 718, this material is a perfect applicant for the Additive In addition, the AM grants the possibility of free design, and produces complex shape. As results, the nal product is lighter , which is non negligible for the aerospace and aeronautic elds. In fact, reducing the weight of the engine is one of the main objectives of the aerospace research.

Furthermore, the machining of the Inconel 718 can be avoided thanks to the additive manufacturing and diminish the waste of material. Regarding the eco-responsibility movement from the last year, these aspect are important and open the way to a novel possibility and researches for industries.

The mechanical properties at room temperature of the wrought Inconel 718 was referenced in the [START_REF] Jaeger | Contributiona l'etude de la recristallisation dynamique de l'Inconel 718 a l'echelle mesoscopique, lors du forgeage a chaud[END_REF][START_REF]Aspects probabilistes et microstructuraux de l'amorçage des ssures de fatigue dans l'alliage inco 718[END_REF].

The Nickel Ni is the based element with the higher wt%. This metal gives to the Inconel 718 its high mechanical properties at room temperature as well as high temperature.

The Chromium Cr is known to its good corrosion resistance at the atmosphere and at the main chemical agent. The high proportion of this chemical element in the Inconel 718 provides hot corrosion resistance and good oxidation resistance.

The Iron Fe reduces the price per kilogram of the Inconel 718. The iron declines the hardening kinetics of the main matrix, and hence aords to help the precipitation into the hardening phase.

This phenomenon gives to the Inconel 718 a good weldability.

The Niobium Nb and the Tantalum Ta are responsible of the precipitation of the phase γ", which leads to a hardening of the superalloy.

The Molybdenum Mo enhances the mechanical properties and plays a part into the Ni-matrix hardening. This element increases the creep temperature of the studied superalloy.

The Titanium Ti facilitates the precipitation of an other phase γ'. However, too much Ti can lead to a bad weldability and is detrimental for the mechanical properties at high temperature, which explained the low proportion of Ti within Inconel 718.

The Aluminium Al enhances the oxidation resistance by forming a passive layer with the oxygen. As the Titanium, a too high composition of Al is detrimental for the Inconel 718 in terms of weldability.

The Cobalt Co improves the mechanical properties by hardening the Ni matrix by the solid solution eect.

The Inconel 718 is Ni-Fe-Cr alloys with a face centered cubic (FCC) γ-matrix with dierent intermetallic precipitates, with a body-centered tetragonal γ" (Ni 3 Nb) as main hardening phase and a FCC structure γ' [Ni 3 (Al-Ti)] in slight volume fraction. The coherence between the both phase γ and γ" give to the Inconel 718 its high strength at high temperature. The main hardening phase is the γ" (Ni 3 Nb) as a metastable phase. Under a long thermal exposition between 700 • C and 1000

• C, some precipitates can be formed. The δ-phase is transformed from the metastable phase γ" [START_REF] Anderson | δ Phase precipitation in Inconel 718 and associated mechanical properties[END_REF][START_REF] Azadian | Delta phase precipitation in inconel 718[END_REF]. The formation of δ-phase requires between 6 and 8 wt% of Nb [START_REF] Radavich | The Physical Metallurgy of Cast and Wrought Alloy 718[END_REF] and takes place mainly at grain boundaries, which limits the grain growth at high temperature. Finally, the composition of the δ-phase present around 12% atomic of Nb, with a decreasing of Fe and Cr as compared to the matrix γ [START_REF] Mahadevan | Evolution of δ phase microstructure in alloy 718[END_REF][START_REF] Desvallees | Delta Phase in INCONEL 718: Mechanical Properties and Forging Process Requirements[END_REF]. The volume fraction of this phase has to be controlled by dierent heat treatment to avoid a detrimental eect on the mechanical properties such as brittle behaviour or lower ductility [START_REF] Azadian | Delta phase precipitation in inconel 718[END_REF]. The δ-phase are recognisable by their plate and needle morphology, and are parallel to each other as shown the Figure 16a. An other intermetallic phase, named Laves phase, can precipitates into the Inconel 718 under dierent heat treatment at high temperature ranging from 650

• C to 1100 • C, due to an incomplete homogeneization [START_REF] Radavich | The Physical Metallurgy of Cast and Wrought Alloy 718[END_REF]. Contrary to the δ-phase, this one requires at least 10 wt% Nb [START_REF] Radhakrishna | The formation and control of Laves phase in superalloy 718 welds[END_REF][START_REF] Parimi | Microstructural and texture development in direct laser fabricated IN718[END_REF] and evolves in the interdentritic region. The morphology is also quite dierent from the δ-phase with globular shape, as shown on Figure 16b.

As concerned the composition, this one contains more Nb as compared to the δ-phase with approximatively 20 wt% of Nb. It can be noticed that this raising of Nb is associated with a decreasing of Ni, Cr and Fe [START_REF] Radhakrishna | The formation and control of Laves phase in superalloy 718 welds[END_REF]. The reduction of the principal alloying element Ni induced a lower hardening [START_REF] Wang | The eects of stress relieving heat treatment on the microstructure and residual stress of Inconel 718 fabricated by laser metal powder bed fusion additive manufacturing process[END_REF]. As consequences, this phase is detrimental for the mechanical behaviour of the Inconel 718 and severely degrades the mechanical properties. As the Laves phase are principally located in the interdentritic region, this provides a weak-zone between the Laves phase and the matrix interface. The crack propagation is then increased, as well as the crack initiation due to the brittle nature of the Nb. The amount of Laves phase is controlled by the heat treatment and the homogenisation of the Inconel 718, hence it's possible to suciently reduce the quantity to recover good mechanical properties of the material.

Both Laves phase and δ-phase has present in wrought material and in the Inconel 718 produced by AM. Some Laves phase were found in the interdentritic region for as-built sample, which means that the melting pool had a sucient temperature to allows to Laves phase to precipitates in the subgrain boundaries [START_REF] Chlebus | Eect of heat treatment on the microstructure and mechanical properties of Inconel 718 processed by selective laser melting[END_REF].

However, stress relief reduces the amount of Laves phases in order to enhance the mechanical properties.

It assumes that the quantity of Laves phase can also be controlled by the Volumetric Energy Density and the solidication rate, by changing the process parameters [START_REF] Wang | The eects of stress relieving heat treatment on the microstructure and residual stress of Inconel 718 fabricated by laser metal powder bed fusion additive manufacturing process[END_REF].

The time-temperature-transformation diagram (TTT) displayed on Figure 17 of the Inconel 718

showed the temperature and kinetics of the dierent phase described above. Thank to this diagram, we can see that the Laves phase and the δ-phase are formed at dierent temperature, under a longer exposition for the Laves phase. Moreover, we can see the presence of MC carbides in the Inconel 718, which was due to the carburigen element such as Ti, Cr, Nb, Mo and so on. Those carbides has been distributed homogeneously within the matrix γ, and enhance the mechanical properties of the Inconel 718, more particularly for the creep resistance [START_REF] Zemzemi | Caractérisation de modèles de frottement aux interfaces pièce-outil-copeau en usinage : Application au cas de l'usinage des aciers et de l'inconel 718[END_REF]. The microstructure is dependent of the additive manufacturing process. Change the process parameters such as laser energy density, scanning strategy and building direction induces a peculiar microstructure. As function of the solidication rate and the thermal gradient, the microstructure presents columnar or equiaxed grains.

The Inconel 718 made by LSF -Laser Solid Forming, a laser cladding process -exhibited elongated grain along the building direction with an average grain of 100 µm. Columnar grains were also reported for EBM and L-PBF processes along the building direction ZX with dierent size, from 10 µm to 150 µm [18,[START_REF] Wang | The eects of stress relieving heat treatment on the microstructure and residual stress of Inconel 718 fabricated by laser metal powder bed fusion additive manufacturing process[END_REF]. Equiaxed and ne grains were noticed in the transversal cross section, more commonly named XY, with an average grain from 20 µm to 50 µm [20,[START_REF] Zhang | Comparison of microstructures and mechanical properties of Inconel 718 alloy processed by selective laser melting and casting[END_REF]. Finally, the microstructure is reliant to the building direction, with respect to the melt pool, the solidication rate and the thermal gradient, as shown in Figure 19. Within the melt pool, the primary and second dentritic arm grown up along their crystallographic orientation. Regarding this observation made by Deng et al [33], the cellular dendrite direction is aected by the thermal condition during the melting, which is dependent of the scanning parameters such as the building direction, the energy density applied on the powder and so on. The solidication front was moving as function of the latter parameter and hence modify the texture and the microstructure. Furthermore, the growth rate R and the thermal gradient G have also an inuence on the grain growth. In fact, the product G × R, representing the cooling rate, had an inuence on the nal microstructure, with a high value corresponding to an equiaxed microstructure while a low value means a columnar microstructure.

In the case of the L-PBF process, the cooling rate is dierent as function of the building direction. For the XY plane, e.g. horizontal, the melt pool is cooling down more quickly as compared the ZX plane, e.g. vertical plane. Indeed, at the end of the melting, a new layer of powder was spread into the melt pool, which cool down the surface. However, the laser applied a new energy input, which provides a heating of the spread layer. This latter layer warms up the last one and hence allows to the microstructure to continue to grow up along the building direction Z, while the grain in the XY plane was already stopped.

Finally, the microstructure of the Inconel 718 is dependent of the building direction with regard to the cooling rate by a thermal eect due to the process. The process parameters inuenced the solidifaction and the cooling rate, which also determined the grain shape and the grain size.

Constitutive modelling of the behaviour of metals

The Finite Element Analysis (FEA) permits to decrease the number of experiment and hence reduce the cost. In order to reproduce the mechanical behaviour of a material, constitutive modelling was determined by tting material constant with respect to the mechanical testing. The strain rate should have a great inuence on the mechanical behaviour of the material. Experimental parts were required in dierent condition of strain rates and temperature. The most studied range of strain rate is between 10 -6 s -1 and 10 6 s -1 with [START_REF] Rusinek | Modélisation thermoviscoplastique d'une nuance de tôle d'acier aux grandes vitesses de déformation. Etude expérimentale et numérique du cisaillement, de la[END_REF]:

creep between 10 -6 s -1 and 10 -4 s -1 ;

quasi-static between 10 -4 s -1 and 10 - Few relevant example of consitituve relation are explained below.

Phenomenological model

The phenomenological model is based on the ow stress evolution and the sensitivity to the strain rates and temperature are established as function of the material. Those model are convenient and demonstrate a correct accuracy for some material. However, the condition in terms of strain rate and temperature are limited to provide a good model. These behaviour laws are based on mathematical equation and contained few parameters.

Ludwig Model

The Ludwig Model is the most common model as well as the most simplistic. Based on a power law at constant strain rate and temperature, it is expressed by the equation:

σ(ε) = A + Bε n p ( 9 
)
where σ is the ow stress, ε is the equivalent plastic strain, A is the yield stress, B is the strain hardening coecient and n the strain hardening exponent. Other constitutive models are based on this expression.

Johnson-Cook (J-C) model

The Johnson-Cook model was established in 1983 [START_REF] Johnson | A constitutive model and data for metals subjected to large strains, high strain rates and high temperatures[END_REF] and is certainly the most used in the computational modelling. This model is a three multiplicative terms which are assumed to be independent to each other, as following :

σ(ε, ε, T ) = (A + Bε n p ) 1 + Cln ε ε0 1 - T -T r T m -T r m (10) 
Where A, B and n are the same constant as described in the Ludwig model, ε is the strain rate, ε0 is the reference strain rates. T is the temperature, T r the reference temperature and T m the melting temperature of the material. C and m are material constant as strain rate hardening and thermal softening coecient respectively.

The main advantage of the J-C model is its ease to implement into a numerical model, furthermore the parameters are quite easy to obtain by experimental way. This model had a good accuracy for the metals where the thermal softening and the strain rate sensitivity are independent from each other. This model also works well for material with a linear strain rate sensitivity, and mainly for face-centered cubic (FCC) metals. The J-C model might be modied to couple the eect of the temperature with the strain rate sensitivity [START_REF] Wang | Dynamic behavior and a modied Johnson-Cook constitutive model of Inconel 718 at high strain rate and elevated temperature[END_REF].

Arrhenius equation

This model was developed by Sellars and Mc Tegart in 1966 [133] and describe the ow stress at elevated temperature under various strain rates. This lodel is widely used to predict the mechanical behaviour of metallic materials during hot deformation. The model is expressed by:

ε = AF (σ)exp -Q RT ( 11 
)
where ε is the strain rates, R the gas constant equal to 8.314 J/mol.K, Q the activation energy in KJ/mol and T the temperature in K. A is a material constant and F is described by the following equation:

F (σ) = [sinh(ασ)] n (12) 
Where α and n are material constant.

The Arrhenius equation includes the Zener-Hollomon parameter Z which allows to couple the eect of the strain rates and the temperature during the deformation of metals and alloys. It is dened by:

Z = εexp QR T (13) 
Finally, the ow stress for the Arrhenius constitutive model is expressed by:

σ = 1 α ln   Z A 1 n + Z A 2 n + 1 1 2   (14) 
The eect of strain behaviour is not considered into this equation. Hu et al. [START_REF] Hu | Study on hot deformation behavior of homogenized Mg-8.5Gd-4.5Y-0.8Zn-0.4Zr alloy using a combination of strain-compensated Arrhenius constitutive model and nite element simulation method[END_REF] applied a straincompensated Arrhenius constitutive model. In that way, relationship between material constants and plastic strain are take into account.

Semi-physical models

As compared to the phenomenological model, the semi-physical one is based on the deformation mechanism. In another hand, the physical model includes the microstructural changes such as the dislocation mechanism and the dynamic recrystallisation -also called DRX. Such changes are complex and requires more test coupled to a microstructural study in order to understand the deformation within the material, under dierent thermo-mechanical solicitation. Several model are available and reliable for the metals and alloys as function of the microstructure.

Zerilli-Amstrong (Z-A) model

Under extreme condition, the material was submitted to dierent mechanism like thermal activation and hence dislocation mechanism. Those phenomena are spearheaded to dislocation motion or dislocation interaction mechanism and completely change the material behaviour. In order to have a good description of the material, it is necessary to take into account those mechanism and consider the athermal ow stress σ α and the thermal component σ th , as described in the Z-A model [START_REF] Zerilli | Dislocation-mechanics-based constitutive relations for material dynamics calculations[END_REF]:

σ = σ α + σ th (15) 
There are two models available for the metal, as function of the atoms organisation in FCC or BCC.

In fact, the most of the FCC alloys showed a thermal activation mainly dependent with the plastic strain. To contrary, the BCC alloys exhibited a plastic ow close to a power law in the case of the athermal component, which provides a high discrepancy between the both behaviour. With regard to this observation, the Z-A model is divided in two dierent equation:

For BCC metals:

σ α = c 5 ε n p + c 6 (16) 
σ th = c 1 exp -c 3 T + c 4 T ln εp ε p0 (17)
For FCC metals:

σ α = c 6 (18) σ th = c 2 ε 1/2 p exp -c 3 T + c 4 T ln εp ε p0 (19) 
which nally leads respectively to:

σ = c 1 exp -c 3 T + c 4 T ln εp ε p0 + c 5 ε n p + c 6 (20) σ = c 2 ε 1/2 p exp -c 3 T + c 4 T ln εp ε p0 + c 6 (21) 
For BCC and FCC metals respectively. 

Rusinek-Klepaczko (R-K) model

The R-K model [START_REF] Rusinek | Shear testing of a sheet steel at wide range of strain rates and a constitutive relation with strain-rate and temperature dependence of the ow stress[END_REF] is based on the internal stress σ µ (ε p , εp , T ) and the eective stress σ * ( εp , T ) with respect to the dislocation motion theory which are activated by the thermal activities. The both terms dened the strain hardening eect and the thermal activation process respectively.

Chapter I

The internal stress σ µ (ε p , εp , T ) is expressed as follow:

σ µ (ε p , εp , T ) = B( εp , T )(ε 0 + εp ) n( εp ,T ) (22) 
with

B( εp , T ) = B 0 T T m log εmax εp -v (23) n( εp , T ) = n 0 1 -D 2 T T m log εp εmin ( 24 
)
where ε 0 is the yield point from the quasi-static tests, εmax and εmin are the maximum and minimum strain rate experienced by the tested material. B 0 and D 2 are material constants, v is the temperature sensitivity parameter and n 0 is the strain hardening parameter at 0K.

As concerned the eective stress σ * ( εp , T ), this function denes the ow stress induced by the thermal activation process using an Arrhenius equation:

σ * ( εp , T ) = σ * 0 1 -D 1 T T m log εmax εp m * (25) 
where σ * 0 is the eective stress at 0K, D 1 and m * are material constant.

The ow stress is dened by the equation:

σ( εp , εp , T ) = E(T ) E [σ µ ( εp , εp , T ) + σ * ( εp , T )] (26) 
The parameter E(T)/E allows the temperature dependent Young's modulus of the material where E(T) is dened by:

E(T ) = E 0 1 - T T m exp θ * 1 - T m T (27) 
where E 0 , T m and θ * are respectively the Young's Modulus at 0K, the melting temperature and the characteristic homologous temperature of the tested material.

Both semi-physical and phenomenological model may be used for the Inconel 718 as described in several studies, and based on the previous model. A quick highlight on the most popular model on Ni-based superalloys will be described below.

Constitutive modelling for Inconel 718

Sseveral studies were investigated in order to predict the behaviour of the Inconel 718 during cutting and forming process to save cost. Nevertheless, the Inconel 718 is widely used in dierent eld, and predict its behaviour under various condition such as high temperature and high strain rates has been demonstrated as very interesting. Moreover, new material behaviour was found regarding the new technologies of Additive Manufacturing.

The most used model for the Inconel 718 is the J-C model, with dierent material constant as referenced in the Nevertheless, several researchers proposed a modied J-C model to connect the thermal softening and the strain rate sensitivity.

Asala et al [START_REF] Asala | Analysis and constitutive modelling of high strain rate deformation behaviour of wirearc additive-manufactured ATI 718Plus superalloy[END_REF] investigated the alloy 718 manufactured by wire-arc additive manufacturing and found the material parameters for the Arrhenius constitutive model and a modied Johnson-Cook, in order to couple the eects of the temperature with the strain rates sensitivity. The modied J-C was reported as following:

σ = (A + Bε n ) 1 + C 1 ln ε ε0 exp λ 1 + λ 2 ln ε ε0 (T -T r) (28) 
where A, B, n, C 1 , λ 1 and λ 2 were material constant, which are reported in the Table 6.

Wang et al [START_REF] Wang | Dynamic behavior and a modied Johnson-Cook constitutive model of Inconel 718 at high strain rate and elevated temperature[END_REF] studied the dynamic behaviour of the Inconel 718 under dierent strain rates ranging from 5000 to 11 000 s -1 and at elevated temperature, in range of 20 • C to 800 • C. At 700 • , a peak in the ow stress was observed, which may be related to the microstructural changes in terms of dislocation and phase transformation. In order to have higher accuracy with the J-C model, the value of C was modied and was linked to the strain rates and the temperature, by the following tting equation:

C = 0.232 -0.00372 + 0.0021sin ε -5000 3000 π sin T -500 150 π (29) 
The other material constant was reported in the Table 6.

A (MPa) B (MPa) C (-) n (-) m(-) New parameters ε0 (s -1 )
Manufacturing process Ref.

632.5 1721.31 0.0658 0.655 - Otherwise, the peak on the ow stress is largely due to the microstructure, which changes under extreme condition, more precisely at elevated temperature. In order to take into account this eect, a Ni-based superalloy was investigated by Wang et al [START_REF] Wang | Anomalous behaviors of a single-crystal Nickel-base superalloy over a wide range of temperatures and strain rates[END_REF], and demonstrated that the strengthening eect at high temperature is due to the microstructure, which contains matrix and Nb precipitates. They developed a constitutive model based on this principle as a function of the temperature and strain rates, dened by this equation:

λ 1 = -0.00191, λ 2 = 1.6172e -4 1 
σ n = σ n m + σ n p ( 30 
)
where σ n m is the ow stress of the matrix and σ n p is the ow stress due to precipitation. This constitutive model is nally able to predict the ow stress of the superalloy allong the [001] direction, which is quite restrictive in terms of microstructure. Such studies are quite complicated and asked numerous studies in terms of microstructure and mechanical tests.

To summarise, the material behaviour can be determine thanks to various mathematical tools by the way of the constitutive modelling. Phenomenological models had a good accuracy for some metals and alloys, such as J-C model which is the most used. However, beyond high temperature and high strain rate, physical mechanism must play a signicant role on the ow stress and the strain hardening. In those case, semi-physical models such as Z-A or R-K model were necessary to predict a correct behaviour of those materials. One of the inconvenient of those model is the time consuming and the number of tests which are required. In the case of the Inconel 718, a physical model is needed only if the studied temperature is above 800

• C and at high strain rate above 5000 s -1 , to consider the dynamic strain aging eect and hence the peak of strain hardening. In most of cases, a J-C model is sucient to have a good agreement between experimental and simulation.

Conclusion

Firstly, a brief review on the additive manufacturing has been made to provide some crucial information on the process and the important parameters. AM is a new technology which has been started to emerge for dierent industries and quite interesting in term of free design and new possibilities of mechanical properties. As function of the process, the material may change of microstructure and hence mechanical properties which has been opened new researches. It was found in the literature that several scanning parameters have signicant eects and has to be taken into account during the manufacturing process and post-treatment. By changes the latter parameters, numerous properties may be aected such as the porosity (e. g. the relative density), the yield stress, the surface roughness and so on. Nevertheless, AM process has been opened the door to new design which were infeasible by the traditional way, like architectured material.

Examples of such material, lattice structures and metallic foams are available. Those kind of structure provides a weight lightening while maintaining the mechanical properties of the material. One of the most interesting structure is the auxetic geometry, which permits to have a structural Negative Poisson's ratio. This particularity enhance some mechanical properties such as the energy absorption, which may be useful in some eld like aerospace, military and automotive, in case of impact. Thanks to additive manufacturing, the study of such structure has been more suitable, coupled with computational modelling.

As this work is focused on the Inconel 718, a review on this superalloys was made, in terms of manufacturing, chemical composition and microstructure. Those informations are important to understand the mechanical behaviour of the additive manufactured Inconel 718, as well as the microstructure.

Finally, an overview on the constitutive modelling was done. Dierent models were reported, which are the most relevant for the Inconel 718. Therefore, some examples of constitutive behaviour for the Inconel 718 were described, with a majority of J-C parameters, found in the current literature.

This rst chapter on the litterature review raised several questions link to the main aim of this thesis:

What are the most inuent geometrical parameters of the selected auxetic structure on the mechanical properties?

What is the inuence of the process parameters of the L-PBF on the Inconel 718?

What is the eect of the L-PBF process on the microstructure of the Inconel 718?

What is the link between microstructure and mechanical behaviour of additively manufactured Inconel 718 ?

Should the additively manufactured Inconel 718 auxetic structure mechanical behaviour be predicted by computational modelling?

To meet the objectives of this thesis, the work was divided in several part. The re-entrant honeycomb structure was chosen as auxetic structure. The geometrical parameters were identied by coupling Taguchi method with computational modelling. Meanwhile, a study on the scanning parameters, focusing on the laser power and the time exposure was performed on printed auxetic structure, in order to found the most reliable printing parameters. With respect to the facilities available to the LEM3 (Laboratoire Chapter II Identication of the geometrical parameters of 2D re-entrant honeycomb structure

Although several geometries for auxetic structure existed, the 2D re-entrant honeycomb structure was selected for this work, with regards to its geometrical simplicity. As seen above in the literature review, the geometrical parameters are signicant on the mechanical properties in terms of energy absorption, eective elasticity modulus and structural poisson ratio. The main aim of this chapter is to identify the geometrical parameters of a 2D re-entrant honeycomb structure. To save cost and time, computational modelling is carried out using Abaqus/Explicit ® software. A Taguchi's method coupled with a parametric study are performed on 2D re-entrant honeycomb structure by varying the geometrical parameters.

This chapter is divided in three parts. Firstly, the numerical model implemented Abaqus/Explicit Software was explained in details. According to this model, a study on the number of cell repetition was made to select the best comprise in terms of number of cell and time of computation. With respect to this result, the geometrical parameters of a 2D re-entrant honeycomb structure was identied based on the mechanical properties (i.e. energy absorption, eective elasticity modulus and structural Poisson ratio) extracted from the computational modelling.

1 Computational modelling for the identication of the geometrical parameters A 3D Finite Element Analysis (FEA) was performed using auxetic structures under compressive loading for intermediate and dynamic strain rates, using Abaqus/Explicit ® software. The Johnson Cook (J-C) model was used to model the material behaviour. The whole model was explained below.

Auxetic structure

The choosen auxetic structure is a 2D re-entrant honeycomb structure, with ve geometrical parameters : the height h, the length l, the thickness t, the cell-wall angle θ and the corner radius R, as shown in the Figure 1. This later parameter is a novelty and was considered regarding the manufacturing process of L-PBF. As the laser has a circle shape, a perfect sharp edge is almost impossible. As results, each edge presents a corner radius, which provides a geometry completely dierent as well as mechanical behaviour.

In several studies, the geometrical parameters h and l are explored as the ratio α = h l . To be consistent with the literature [1,2], we decide in this study to work with this parameter.

The Figure 1 shown the unit cell of a 2D re-entrant honeycomb structure. In order to obtain a whole structure, this shape can be repeated in two directions as displayed in Figure 1b. Then, the distance m between the two points on the middle of the cell as displayed on Figure 4 was calculated to be superior to 0 and hence avoid the contact. In the Matlab ® code, we considered so the following equation:

ρ * = ρ ρ s = t l h l + 2 2 sin θ 0 h l -cos θ
L 0 tanθ < h p 2 (2) 
With h p , L 0 as dened on the Figure 4. As the considered geometrical parameters are l, h, t, θ and R, the parameters h p and L 0 are calculated by using the equations:

h p = H o -2 × t sinθ + t 2 × tanθ (3) L 0 = l + 2 × R tan(θ/2) sinθ (4) 
where H 0 is the parameters corresponding to h (Figure 1) without the radius on corner, as shown on Figure 4. This parameters is dened by:

H 0 = h + 2 × R tanθ/2 (5)
The output of this code is a CSV le with all parameters h, l, θ, t, R, H 0 and L 0 .

With respect to the later CSV le, the dierent possible combination of the geometrical parameters as function of the relative density was sorted out for the parametric study.

Material implementation

As seen in the literature, Ti6Al4V is widely used in the computational modelling on auxetic and lattice structure [4,5]. To have consistent results with the literature, this material was arbitrarily chosen to run the computational modelling. The Table 1 reported the material constants of Ti6Al4V from Kay et al. [6] The macroscopic deformation requested for each geometry is ε = 0.3. A tangential and normal contact between plates and auxetic cells with a coecient of friction µ = 0.36 [4] were considered for both dynamic and intermediate cases. A self-contact on all auxetic structure was also dened with the general contact from Abaqus/Explicit ® .

Mesh dependency study

The auxetic structure was meshed with two dierent kind of mesh in function of intermediate and dynamic case. A 8-node linear brick C3D8R (reduced integration and hourglass control) was used for intermediate while coupled Temperature-Displacement was set up for the dynamic compression.

The mesh dependency of the numerical simulation of the selected auxetic structure was carried out with various mesh element size. The geometrical parameters of the 2D re-entrant honeycomb structure were arbitrary chosen from the literature review, with h=1.36 mm, l=1.24 mm which give α = 1.1, R=0.1 mm, θ=75 • , t=0.6 mm. The velocity was xed to 4 m.s -1 .

The mesh study was realised on a 2 × 2 auxetic cell, as shown on the Figure 1b. Dierent element size was set up to the geometry, which gave dierent number of elements as reported in the Table 3. In addition, we plot the number of element for the ligament with a thickness of 0.6 mm.

The Figure 6 displayed the curve Force-Displacement for each calculation with dierent element size.

It can be noticed that ther is no big discrepancy between each mesh, and a convergence until 1 mm in displacement. The mesh size of 0.12 and 0.14 are slightly divergent at the end of the calculation and should be avoided for the calculation. After a size of 0.10 mm, the force tended to be constant, which means that the simulation converged. With respect to the computational time, the optimised size mesh is comprised between 0.08 mm and 0.10 mm for a rib thickness of 0.6 mm. Nevertheless, the number of element per unit rib thickness had to be considering, with regards to the several change of geometrical parameters induced by the next parametric study. Indeed, the size of the strut as well as the auxetic structure will be modifying by changing the geometrical features such as h, l, θ or thickness t. As results, the element size had to be calculated as function of the thickness rib. In the mesh study, an optimized mesh size of 0.08 and 0.10 mm was found, corresponding to 6 and 7 element per 0.6 mm thickness, hence from 10 to 12 elements per unit thickness. At last, for each auxetic structure, the mesh size will be determined as function of the strut thickness.

Automatic computational modelling builder

To remind, the main goal of this work was to identify the geometrical parameter of a 2D re-entrant honeycomb, by performing several simulations. The 2D re-entrant honeycomb structure should be the same for each simulation, by only modifying the geometry parameters of the structure, thus a Python code was done to permit a quick implementation of the dierent parameters within Abaqus/Explicit ® .

To ease the implementation and the modication of the parameters without opening the Python code, three CSV les were created : geometrical parameters, material and boundary condition / mesh.

Firstly, the geometry of the unit cell was designed through Abaqus/Explicit ® part. The sketch of an unit cell was done, with the geometrical parameters h, l, θ, t and R dened as input in the "geometrical parameters" CSV le. Each parameters were indexed and then implemented in the sketch part.

Then, the material implementation was done with the second CSV le, where the dierent material constants were recorded and assigned to the J-C model as dened in the section .1.2.

At last, the applied velocity and the mesh size were indexed in the last CSV le. Within this later le, the velocity in mm.s -1 was reported as well as the number of mesh element per rib thickness, considering the mesh dependency study. This permit to have a correct mesh through the geometrical parameters and hence the size of the structure.

Results interpretation of the simulation

The main goal of the geometrical optimisation is to nd the better set of geometrical parameters to enhance the following mechanical properties:

the Eective Elasticity Modulus E * = Ẽ Es with Ẽ the Elasticity Modulus of the auxetic structure and E s the Young Modulus of the bulk material, the work done per unit volume or the Energy absorption Ũ , and the Poisson's ratio ν.

After running the computational modelling, engineering stress-strain curves were plotted. The Elasticity Modulus, and then the Eective Elasticity Modulus, was extracted from those curves, as illustrated in The deformation mode was also studied to see how the deformation took place under the compressive loading. In addition, the most important mechanical behaviour of the auxetic structure is the structural negative Poisson's ratio. In order to enhance the mechanical response, the Poisson's ratio ν was also calculated regarding the deformation of the auxetic structure. The initial height H 0 and the initial width w 0 , as shown on Figure 8, was measured before the compressive loading. The value w 0 was calculated from the points P 1 and P 2 . Then, the nal height H and the width w was measured at the end of the deformation. Considering those values, the structural Poisson's ratio ν was calculated following this equation :

ν = ε x ε y = (w 0 -w)/w 0 (H -H 0 )/H 0 (6) 
For each simulation, the Eective Elastic Modulus, the Energy Absorption and the Structural Poisson's ratio were extracted and used to identify the best geometrical parameters of the chosen auxetic structure. As we are looking for the maximal contraction of the cells, the most important property for the geometrical parameter identication was the Poisson's ratio ν, following by the energy absorption and the eective elasticity modulus.

Figure 8: Scheme of an auxetic structure with the height H0 and the point P1 and P2 which serves to calculate the width w0 used in the Equation 14Based on the numerical model, number of cell repetition was investigated in the next section, in order to perform the Finite Element Analysis on the most representative geometry.

Study on the number of cells repetition

It is fairly accepted that the number of cells repetition had an inuence on the mechanical properties as well as the deformation mechanism (i.e. structural Poisson's ratio) [7,8]. As function of the number of cells, the macroscopic deformation will be dierent as well as the mechanical behaviour.

Design of 2D re-entrant honeycomb structure

The same unit cell from the mesh study was used here. A square matrix n × n was designed to have the whole structure with a 2D re-entrant honeycomb. For this study, we arbitrary chose to assemble a structure with n= 2, 4, 8 and 12. An example with n = 2 and n = 12 was shown on Figure 9.

Identication of the number of cell repetition

The design of each structure was implemented on the commercial software Abaqus/Explicit ® following the numerical model explain above. Same boundaries conditions are applied, with an initial velocity of v = 4 m.s -1 , at room temperature. As seen in the literature, the rising of the stress in zone 3 is due to the densication of the cells.

The densication depends on the number of cells. In order to understand the stress-strain curve, the deformation mode at ε = 0, ε = 0.05 (Point 1), ε = 0.10 (Point 2) and ε = 0.15 (Point 3) are extracted from the computational modelling and displayed on Figures 11 and12.

2x2 cell repetition

During the compression, the cell underwent to bending on the horizontal strut while the oblique one is subject to buckling. As consequence, shear band on the oblique strut is noticed as illustrated in Figure 11c by the red dotted line, with a diamond shape. At ε = 0.10, the structure exhibits a symmetric deformation along a 45

• axis from the compression loading, as seen in Figure 11e. This deformation leads to a densication after ε = 0.13 as revealed the graph in Figure 10 regarding the rise in stress level at this point.

4x4 cells repetition

Figure 11d shows the same shear band as observed for the 2 × 2 cells repetition. This shear located on the oblique strut is repeated in several cells, which demonstrated a symmetric deformation under the compression. The deformation then progresses keeping a 45

• axis of symmetry from the loading direction, at ε = 0.10 and ε = 0.15 as illustrated in Figures 11f and11h, with a shrinkage concentrated at the top right and the bottom left of the cells.

8x8 cells repetition

At ε = 0.05, the contraction of the cell under compression is completed by shear band in oblique strut as seen in the structure before. However, the 8 × 8 structure underwent to a densication at the end of the cell, in a middle row, at ε = 0.10. The deformation is symmetric along the compression loading direction, which revealed a dierent behaviour instead the other structure. The, the densication occurs more quickly at the end of the structure as seen in Figure 12g.

12x12 cells repetition

At ε = 0.05, a shrinkage of the structure was began for the 12 × 12 cells repetition on the middle, as displayed in Figure 12d. Soon after, densication occurs at the left top and right bottom, symmetrically from 45

• axis about the compression loading. This densication should appear at ε = 0.07 regarding the rise of the stress on the curve reported in Figure 10. Lastly, the contraction and the deformation were more pronounced at the top for a ε = 0.15, which lead to a non symmetric deformation as well as a cell detachment from the rigud plate on the left top and right bottom corner. In addition, this model counts more than 1 millions of element, as results the time of calculation increases to many hours, which should considerably increase the computational time of the parametric study.

(a) (b) With regards to those observations, the Aux 12 × 12 and Aux 8 × 8 did not exhibit a symmetric deformation after ε = 0.10 with an unrealistic cell detachment from the rigid plate in the case of Aux 12 × 12. In addition, the densication occurs faster for Aux 8 × 8 cells repetition instead the other structure. The Aux 2 × 2 and Aux 4 × 4 demonstrated a similar deformation mode, with shear band and the same symmetrical axis during the deformation. Furthermore, the Aux 2 × 2 exhibits a plateau stress as expected by Ashby et al [9]. for the cellular material. As consequence, the Aux 2 × 2 structure was selected for further study with respect to its symmetrical deformation.

(c) (d) (e) (f) (g) (h)

Identication of the geometrical parameters by computational modelling

Following the results of the previous section, the numerical model for the compression of a 2D re-entrant honeycomb is now completed and can be running to identify the geometrical parameters.

As seen in the literature, the geometrical parameters had an inuence on the mechanical properties and hence on the deformation mechanism of this kind of structure. The parameters α = h l , t, θ and R are dened previously as important parameters to determine. Two methods are developed according to the literature. First, a parametric study was realised, by changing each of the parameters in a range of value, to see the eect of each one on the Eective Elasticity Modulus, the structural Poisson's ratio and the Energy Absorption. In order to reduce the calculation time, a novel approach based on Taguchi's method was proposed and compared to the usual method.

Parametric study

The parametric study permitted to see the eect of each parameters within a range. It is fairly accepted that the following parameters are inuent on the mechanical properties:

The ratio between the height h and l, α = h l ;

The cell-wall angle θ;

The strut thickness t;

The corner radius R;

The relative density ρ * = ρ ρs .

The dierent parameters were modied one by one, while the other were xed. In order to avoid the relative density eect on the results, this value was arbitrarily xed to 0.347, with regards to the equation 1. The Table 5 reports all the value of each of the parameters. First, the cell wall angle values were selected to obtain an auxetic structure, considering the unfeasible domain as shown above. The range of α and radius were arbitrarily selected to cover a sucient hide range of value [10,11]. As concerned the thickness t, AM process allows thin wall from 0.2 mm. With respect to this, we decide to start the thickness of the auxetic wall to 0. The impact of each parameters was discussed in the following paragraphs.

Eective Elasticity Modulus E *

The eect of the four parameters on E * was reported in Figure 13. The higher E * was obtained for the cell wall angle θ = 85 • , α = 3.78 and R = 0.1 mm. However, the eect of the thickness is not strong enough regarding the tendancy in Figure 13c, which means no optimise thickness is identied for this mechanical properties. Considering the tendancy of each of the curves, the cell wall angle as well as the ratio α seem to play a signicant role on the E * instead of the other parameters.

Structural Poisson's ratio ν

The value of the structural Poisson's ratio as function of the geometrical parameters is illustrated in Figure 15 shows the inuence of the geometrical parameters on the Energy Absorption Ũ . The ratio α = h l and the thickness t does not exhibit a signicant impact on the energy absorption as compared to the cell wall angle θ and the radius. However, this highest value of Ũ is observed for α In addition, the strain rate seems not aected the eect of the parameters on the mechanical properties, excepted the radius on the Poisson's ratio. However, the same trend was observed between the two condition, with a lower negative Poisson's ratio for a higher radius on the corner. As consequence, this dierence resulting of the strain rate can be neglected.

Finally, the optimised parameters were summarized in the With regards to the last results, each geometrical parameters play a role on the mechanical properties which can be explained by the macroscopic deformation of the structure.

Cell-wall angle θ

The distance m (Figure 4) between the two hinges in the middle of cell is dependent of the cell wall angle following the equation:

m = h p -2 × L 0 tanθ cosθ (7) 
As consequence, changing the cell wall angle modies the distance m and thus the densication of the structure. Indeed, during compression, the densication occurs when the structure touches itself, and the contact in the middle of cells is one among other. A high value of m (e.g. high value of θ) delays the contact and hence the densication, and inversely for a low m. As results, the cell exhibited a high contraction without densication for a high value of the cell wall ange θ during the compression, thus increased the Poisson's ratio. In addition, the auxetic cell is close to a open-cell with cubic shape for a cell wall angle at 85

• , which allows a high bending moment before starting the collapse and in this case the buckling. Ashby [9] demonstrated that bending-dominated behaviour decrease the material strength as compared to buckling or stretching, which explained this rising of E * . Furthermore, this behaviour led to a higher plateau stress and thus increase the Energy Absorption for a high θ.

Ratio α = h l

Another parameters is the ratio between the height h and the length l as shown on Figure 1, α. This ratio represented the proportionality of the structure, which means that a high α corresponds to a wide structure with a high h coupled to a low l. As results, the horizontal strut was subjected to higher bending under compression and hence delayed the plastic deformation, which provided a high elasticity modulus (e.g. high E * ). However, a high h l ratio can also lead to less shrinkage under compression regarding the geometry of the structure. Indeed, a low α with same length on horizontal and oblique strut can delay the densication and produced a higher negative Poisson's ratio.

Thickness t

With respect to the last results, the thickness does not play a signicant role on the mechanical properties, except for the Poisson's ratio where a thickness of t = 0.3 mm was found to maximize the negative Poisson's ratio. By decreasing the thickness, the horizontal and the oblique strut take more time to touch each other, which allows a greater deformation and hence a higher negative Poisson's ratio for a lower thickness.

Corner Radius R

With a higher radius, the auxetic structure had less sharp edge, which can change the deformation mechanism of the whole structure. Normally, the as-considered deformation kinetic had bendingdominated behaviour in compression [3,9]. However, with high radius, the sharp edge was removed by cylindrical connection as chiral structure does. This geometry implies a rotation of the inclined strut thickness around the hinge, following by a sliding of the auxetic structure. As the structure slides, the collapse was not symmetric and the contraction was completely dierent as compared to the usual deformation mechanism. As results, the negative Poisson's ratio decreases with increasing the value of the corner radius.

Finally, the parametric study revealed that the most inuent geometrical parameters are the cell-wall angle θ, the corner radius R and the ratio α. The inuence of the strut thickness was no signicant on the mechanical properties, except for the structure Poisson's ratio for a value of t = 0.3 mm. To conclude, the optimised geometrical parameters were θ = 75 • , α below 2, the corner radius R = 0.1 mm and any value for the strut thickness.

Taguchi's method

Usually, Taguchi's method is often applied in experimental study because of its eciency. When a study requiered multiple parameters which aect the performance and the results, an experimental design can be usefull. Indeed, those method highlights and quanties the inuence of each parameters, with a respect of the objective, and a good stability.

Traditionally, one by one parameters is modied in a design experiment, as done in the parametrical study above. Such method do not associate dierent level factor, for example the level 2 for a parameter A will never associate of the level 2 for a parameter B. This method does not allow to clearly unravel the eect of combined factors. To have a higher optimisation, a fully factorial design experiments is useful to study all the possible combination of the experiments. However, this kind of methods is time and cost consuming when there is more than 3 or 4 factors. For this reason, fractional factorial design was applied for design experiment, to reduce the number of experiments and each level of each factor is considered.

In this work, Taguchi's method was used to study the combined eect of the geometrical parameters on the mechanical properties. The Taguchi method is based on fractional factorial design, with orthogonal matrix. There is several matrix as function of the number of factor and level factor. As following the orthogonal matrix, the nal number of experiments is proposed. As a consequence, the number of simulation was decreased to 9 as compared to 35 in the case of the parametrical study.

The Taguchi's method was explained in Appendix A.

The main objectives of the Taguchi methods is to optimize the following geometrical parameters: cell wall angle θ, ratio α = h l , thickness t and the radius R as function of the energy absorption Ũ , the Poisson's ratio ν and the eective elasticity modulus E * . The level factor was explained in the next section following by the results.

Design of the Taguchi Method

The same geometrical feature were studied using the Taguchi's method as the parametric study, that means the ratio α = h l , the cell-wall angle θ, the strut thickness t and the corner radius R.

To dene the Taguchi Matrix, the factors and the levels of each factor were required. In this study, four factor were studied (ratio α = h l , the cell-wall angle θ, the strut thickness t and the corner radius R).

Considering the fractional experiment matrix of Taguchi, several array were available to run the Taguchi method. With four factors, the L 9 array are the most used, with three level for each factor. The Table 7 reported the values of each level for each factor, considering the geometric conditions. A relative density of 0.286 ±0.0001 was selected to vary each factor in a sucient range according to the feasible domain as seen above. The calculation of the Signal-To-Noise ratio used as performance indicator is described in Appendix A. For our study, the equation "Larger-the-better" was used to enhance the mechanical properties.

As the S/N ratio calculated, a mean of each value as function of the level of each factor was determined, hereafter called ω. The deviation between the maximal and the minimal mean (Equation 8) is calculated which provides the rank of impact of each factor. The larger the average, the more inuential the factor is.

Rank = max(ω) -min(ω) (8) 
To evaluate the inuence of the parameters on the mechanical properties, the means ω were plotted as function of the factor. When the curve had a high slope (i.e. the dierence between the maximum and the minimum means is higher), it means that the factor is signicant.

In that way, one of the main objectives of the Taguchi's approach is to nd the rank of inuence of each factor, and then chose the optimised parameters as function of the results.

Interpretation of the results from Taguchi's method

The numerical model used for the Taguchi's method is based on the model explained in the section .1.

Regarding the previous Taguchi matrix, 9 simulations were performed in intermediate and dynamic conditions, which induced 18 simulations, corresponding to 75% less than the parametric study (70 simulations).

Eective Elasticity Modulus

The optimised value for each parameters were extracted from the Figure 16, and indexed on Table 9. Based on the graphs in Figure 16, the cell-wall angle θ and the radius R as the most signicant parameters as compared to α and the thickness. For each of the geometrical features, the tend between the intermediate and the dynamic condition were similar, except for the value of α, where the Taguchi method demonstrated that 3.5 is the best value for the intermediate state while Same results as the Poisson's ratio were observed on the Energy Absorption for the rank of inuence of the parameters. The cell-wall angle θ and the radius R appeared as the most signicant parameters as compared to α and the thickness. The optimised value for each parameters were extracted from the Figure 18, and indexed on Table 9. The Figure 18 shows that the strain rate had no signicant eect on the mechanical properties as function of the geometrical parameters. Based on the last results, ranks of each of the geometrical parameters are summarized in the Table 9, with the optimised value from the Taguchi method.

With respect to these results, the cell-wall angle θ and the radius R were the most signicant parameters, which induced high change on the studied mechanical properties, with optimised value of 84 • and 0.1 mm respectively. In comparison, the thickness t and the ratio α = h l did not have great inuence.

The rib thickness t exhibited less inuence in intermediate condition as compared to α. Furthermore, the strain rates do not play a signicant role on the mechanical properties in the case of the 2D re-entrant honeycomb structure. 

Conclusion

The main objectives of this chapter is to identify of the geometrical parameters θ, α, thickness t and radius R using computational modelling.

Two methods were employed : parametric study with 70 simulations and a Taguchi method with 18 simulations. Several observations are done:

The parametric study is time-consuming but provides important results as compared to Taguchi method;

Taguchi method is a robust experimental design and permits to rank the inuence of each studied factor, but it is not sucient to nd the optimised geometrical parameters;

Coupling Taguchi method with parametric study is necessary to identify the geometrical parameters while saving time;

The strain rate does not play a signicant role on the studied mechanical properties;

The mechanical properties are related to the deformation mode and hence to the geometrical parameters.

Finally, the cell wall angle θ and the radius on the corner R are identied as the most inuent parameters as compared to the ratio α = h l and the thickness t.

To conclude, the combination of the both studies identied the following parameters as the optimised:

Cell-wall angle θ = 75 • ,

Corner radius R = 0.1 mm, Ratio α below 2,
Any value for thickness t.

It can be noticed that the thickness t had not any eect on the energy absorption due to the eect of te weak connection between this parameter and the relative density. In addition, the energy absorption was calculated without taking into account the mass of each samples. As results, the thickness seemed to not have a high impact on the energy absorption in this specic study.

However, this nding relies on a theoretical optimisation of the geometry, without the eect of the processing parameters of the L-PBF on thin walled auxetic structure. The inuence of manufacturing parameters on the wall thickness need to be elucidated. This is the subject of the next chapter.

Chapter III

Inuence of processing parameters and mechanical behaviour of auxetic structures produced by additive manufacturing

In the previous chapter, a parametric study coupled with a Taguchi method were performed on computational modelling. The geometrical parameters were identied to optimise the 2D re-entrant honeycomb structure as function of the mechanical properties. With regards to those results, it was found that the strut thickness has not a signicant inuence on the mechanical properties under compression.

The rst aim of this chapter is to nd the optimised thickness strut. By varying the process parameters, the surface nish, the porosity and the dimensional accuracy of the specimens were examined. This objective will be adressed in the rst part. As results, each geometrical parameters of 2D re-entrant honeycomb structure were identied as well as the process parameters in term of energy density of the laser.

Secondly, the mechanical behaviour of the 2D re-entrant honeycomb structure was investigated. The main aim is to understand the deformation mode of the auxetic structure. In addition, the eect of the building direction on the mechanical behaviour was also investigated by printing the auxetic structure in dierent printed orientation. Tensile and compression tests were performed in order to achieve this goal.

Part A

Identication of Process Parameters

In order to identify the optimised thickness, we propose a novel study by an experimental way coupled with the additive manufacturing process. It is fairly accepted that the surface nish and the dimensionnal accuracy were inuenced by the strut thickness, due to the size of the melting pool. By changing process parameters such as the laser power and the time exposure (i.e. the volumetric energy density), the porosity and the surface nish were investigated to nd the optimised couple thickness and process parameters.

The rst part of this chapter is focused on the conception of the 2D re-entrant honeycomb structure, by varying the strut thickness and process parameters. With an optical microscopic study on porosity, surface nish and dimensional accuracy, the thickness t was identied as well as the process parameters.

A.1 Conception of 2D re-entrant honeycomb structure by Additive Manufacturing

In L-PBF process, the dierent printing parameters are important for the printing quality in terms of porosity, roughness, and hence dimensional accuracy. As seen in the litterature, the parameters such as laser power, scanning speed and hence VED had a signicant inuence. In addition, the wall thickness is also an important parameter during the printing considering the scanning strategy and the hatch distance.

In this section, the dierent part of the process was explained for the conception of the 2D re-entrant honeycomb structure produced by L-PBF. Firstly, the selected geometry was described following the results of the previous chapter. Then, the eect of the process parameters as well as the scanning strategy was discussed in order to understand them. J.mm -3 while 185 J.mm -3 for the border. This higher energy on the border improves surface nish [1].

The main objectives of the the upskin scanning is to enhance the surface nish on the top-surface by removing the mark left by the scanning strategy. The VED is lower than the border volume to allow a remelting by avoiding a heat-aected zone (ZAT). In contrary, the downskin scanning, divided in inner and border zones, provides a very low VED (21 and 52 J.mm -3 ) to reduce the laser penetration and thus better surface nish. Those parameters could be change by the users as function of the material and the part piece.

After the AM process, the substrate plate with all samples was stress relieved at an annealing temperature of 982

• C for one hour, slowly cooling down to room temperature in the furnace. Then, the samples were removed from the substrate plate using a wire cut Electrical Discharge Machining process (AgieCharmilles Cut E 350), with a wire diameter of 0.1mm to 0.3mm and an axis speed ranging from 0 to 3000 mm/min, in order to reduce stress during machining. Table A.1: Default printing parameters for the Renishaw ® AM250 machine Furthermore, a meander scanning strategy was employed, as it has been shown to reduce internal porosity, which is more suitable for thinner wall [4]. The pattern of the meander strategy are parallel to each other along two opposite directions for the auxetic wall as used in this study.

In addition, dierent building direction are available in L-PBF process. As seen in the literature, Those defects are also presented for the other thickness, t = 0.6 mm and 0.9 mm but in less quantity.

However, the set up 6 showed those irregularities in much more quantities, as well as aggregate, highlighting in red circles. Those defects were created by the contact between the unmelted powder and the molten pool, during the melting. Due the Marangoni convection [5], some aggregates were formed by the liquid which was attracted by the molten pool. As results, the latter liquid was sphereoidised within the contact regarding the thermal gradient, which induced powder agglomerates or "balling eect".

In addition, the pattern of the laser during the meander strategy is more visible from a thickness of 0.6mm as compared to 0. Figures A.8a and A.8b showed an overage of molten pool on the top of the horizontal strut, highlighting by the yellow arrows, for the thickness 0.3 mm and 0.6 mm. However, this defect is not detected for the thickness of 0.9 mm for the same printing parameters. In addition, powder agglomerates were also noticeable on the horizontal strut, face to the powder bed, on the downskin region.

In comparison with the set up 1, the auxetic wall printed with the set up 5 had a very poor surface nish. Several agglomerates are noticeable on Figures A.8d During the melting, the energy applied by the laser allows penetration into the previous layer to bond the layer together. With the same or higher energy as the volume region applied on the downhard face, the excess of energy will go into the powder bed and hence melt more powder than necessary for the current layer. As consequence, an overmelting takes place with a poor surface nish, as shown on Figure With regards to the last observations, the printing parameters of upskin and downskin region are signicant on the quality surface. Increasing the VED on those regions led to an overmelting on the previous and un-melted layer for the downskin region, while a remelting occured on the previous layer for the upskin region. Finally, it is fairly accepted that the energy had to be reduced for the upskin and downskin region to allow a good surface quality. As results, this previous study showed that the set up 3 to 6 are not convenient to produced auxetic structure, especially in the ZX building direction.

In the next section, the porosity on the auxetic wall printed in both direction with the set up 1 and 2 was investigated, as well as the dimension accuracy.

A.2.2 Porosity and defects

Porosity and defects are commonly observed within additively manufactured specimen regarding the inclusions or gas entrapment during the process. A study on the porosity was performed using optical microphotographs. In this part, the method using image analysis was explained. The results are then discussed considering the process parameters.

A.2.2.1 Methods

Each samples were cut and coated into a resin. For the optical microscopic characterisation, the samples were mechanically polished with 9 µm and 3 µm, following by chemo-mechanical polishing with colloidal silica suspension. Those treatments produced a very at surface and hence permitted a good characterisation of the specimens.

Several pictures were done using a ZEISS optical microscope, to perform a porosity analysis on the 

Results

Since the thickness t was not inuent on mechanical properties (Chapter II, section .3, page 75), an experimental study was performed to choose the most reasonable compromise between the thickness and the printing process as described below. The auxetic structure with three dierent strut thicknesses (t= 0.3, 0.6 and 0.9 mm) were manufactured by L-PBF using both set ups, built in XY and ZX building directions. A link between the printing parameters and the internal porosity was established according to the image analysis. (a

) (b) (c) (d) (e) (f) (g) (h) (i) (j) (k) (l)
Figure A.12: Optical microscopic images of the auxetic cell printed using set up 1 and set up 2 in ZX direction and cut in ZX plane with a thickness of (a,d) 0.3mm, (b,e) 0.6mm (c,f) 0.9mm and printed in set ups 1 and 2 in XY direction and cut in XY plane with a thickness of (g,j) 0.3mm, (h,k) 0.6mm (i,l) 0.9mm with the arrows representing the broken struts and circles highlighting the irregularities in the struts.

As rst observation, the auxetic wall printed in the XY direction had less internal and external defects The combined observation led to the conclusion that the samples with strut thickness 0.3 mm were too small to be considered for the mechanical testing. The auxetic structure with a wall thickness of t = 0.9 mm built in ZX direction exhibited a porosity of 1.71% for the set up 1, that means the lowest VED, as compared to 0.34% for the higher VED (i.e. As concerned the XY building direction, the graph on Figure A.13 showed that each of the samples have a porosity below 0.10 % as compared to those build in ZX direction up to 1.7%. The set up 2 exhibited less porosity in these direction, as seen for the ZX building direction. In contrast with this latter direction, the samples with t = 0.3 mm and 0.9 mm showed the lowest porosity. Nevertheless, the previous observation on the optical microscope pictures led to the conclusion that the sample with t = 0.3 mm were not great enough to be considered as good specimens, with broken horizontal strut as shown in Figures A.12a and A.12d.

With respect to the litterature, porosity below 2% was often reported [START_REF] Schaedler | Designing Metallic Microlattices for Energy Absorber Applications[END_REF] in most cases, with some extra porosity observed for very low energy density (< 50 J.mm -3 ) or high very high VED (> 450 J.mm -3 ) [9]. Regarding those results, the IN718 auxetic wall manufactured in XY building direction exhibited less porosity and irregularities as compared to those printed in ZX building direction. In addition, the thickness of 0.6 mm and 0.9 mm also revealed less porosity and irregularities, except for the set up 1 and thickness t = 0.9 mm.

With respect to the porosity measurement, it appears that the porosity increased by decreasing the VED for the studied range of laser energy density. As preliminary conclusion, the set up 2 provided better printing quality in terms of porosity and irregularities.

A.2.3 Dimensional accuracy

To complete the characterisation, an analysis on the dimension was done on the h, l, cell wall angle θ and the thickness t, as dened on the the measured value revealed a variation related to the building direction and the process. This deviation of the dimension h and l is explained by the geometry of the printed auxetic structure. Indeed, the initial CAD model had not corner radius between each beam, nevertheless, the nal auxetic structure as built presents corner radius, as a results of the shape of the laser beam during the printing process. As consequence, the measure of the h and l exhibited variation as compared to the theoretical value.

With regards to the results from the Figure A.15, it was observed that the set up 2 for the thickness t = 0.6 mm and t = 0.9 mm with less deviation as compared to the theoretical value from the CAD model.

By combining the results from the porosity and the dimension measurement, the best coupled thickness and process parameters was found as the thickness t = 0.6 mm and the set up 2. 

A.3 Conclusion

In this rst part, the identication of the strut thickness was done using an experimental analysis on the inuence of the process parameters. First, the surface nish was analysed with optical micrographs to evaluate the eect of the VED (e.g. power laser P and time exposure t exposure ) on the dierent regions.

Then, the internal porosity and dimensional measurement were measured using image analysis. Two building directions, XY and ZX, was examined with three dierent thicknesses (0.3, 0.6 and 0.9 mm).

Several observations were highlighted:

Decrease the VED on the upskin and downskin region permits a better surface nishing;

The internal porosity decreases with increasing the VED in the studied range of energy;

The internal porosity is lower for the XY building direction as compared to the ZX building direction;

The dimension accuracy depends on the building direction, VED and strut thickness.

As results, it was shown that the better printing parameters is the set up 2 with a VED of 152 J.mm -3 , coupled with a thickness wall of t = 0.6 mm.

Part B Mechanical behaviour in quasi-static and dynamic

According to the last results, several specimens with 2D re-entrant honeycomb structure were manufactured by L-PBF. The main objective of this part is to tackle the mechanical behaviour of these auxetic structures. Several tests were performed in compression and tension under dierent strain states.

Firstly, tensile tests in quasi-static on auxetic structure were conducted to examine the eect of building direction on the mechanical responses. As it is fairly known that the 2D re-entrant honeycomb structure had an anisotropy behaviour under loading [10,11], two cell directions were studied to highlight the impact of the loading direction on a such auxetic structure. This study allowed to select one building direction as well as a cell direction perform the further test in compression.

Then, compression in both quasi-static and dynamic condition were performed on the selected auxetic structure. The deformation mode and the mechanical responses were observed for both conditions in order to highlight the eect of the strain rate on auxetic structures.

B.1 Tensile testing of auxetic structure in quasi-static condition

In this part, tensile testing was carried out to explore the eect of the loading direction and building direction on the auxetic structure on the mechanical properties. The kinematic of deformation of the 2D re-entrant honeycomb structure was also tackled to understand the mechanical response. the last picture, it can be seen that some part was not linked to other part which induced an unsupported material during the printing. As consequences, the design D2 cannot be printed in ZX building direction, in order to provide a study on the eect of the building direction on the tensile loading.

The tensile test was done using a ZWICK tensile test machine, with a maximum force cell of 100 kN, and an applied strain rate at 0.001 s -1 , at room temperature (T=20 • C). Each test was repeated three times to veriy a good repetability.

As seen in the Chapter II, the stress was calculated by dividing the force by the minimal cross section for each design, as dened in Figure B.2. This method allowed to compared the mechanical behaviour of the bulk with those of auxetic structure. Furthermore, the local plastic behaviour can be investigated in the ligaments thanks to this calculation [12,13]. In addition, tensile test on bulk samples printed in the XY and ZX building direction were also conducted in order to compare the auxetic behaviour to the bulk material. Nevertheless, those experiments will be explained in details in the next chapter.

B.1.2 Results and discussion of the tensile test of auxetic structure

In this work, several mechanical properties of the 2D re-entrant honeycomb structure were investigated in order to understand the eect of the building direction as well as the cells direction under the quasi-static tensile loading. Those latter properties were compared to the bulk material, and correlation between the printing quality and the mechanical responses were done to explain the dierences in terms of yield stress, stiness and plastic work. In this part, the eect of the building directions on the mechanical properties were explored in a rst part, then the cells direction were examined.

B.1.2.1 Building direction eect on mechanical properties

Under tensile loading, the D1 cells displayed a similar mechanical behaviour in term of strain hardening for both XY and ZX building direction, as shown in The mechanical behaviour of the D2 cells direction was quite similar to those in D1 direction regarding the eect of the building direction. The XY printing direction had higher yield stress and stiness as displayed in Figure B.4b in comparison with ZX building direction. It can also be noticed that the ZX direction showed a quick fracture at 0.035 strain as compared to 0.12 for the XY direction. However, the both building direction for the D2 cells exhibited progressive failures.

In addition, the plastic work (J.cm -3 ) was also calculated from the area under the conventional stress strain curve of the auxetic and bulk tensile test, up to ε = 0.10. As results, the auxetic structure with the D1 cell direction exhibits a higher plastic work as compared to the bulk material, for the printing direction XY, as shown in For same cells D1 or D2, the horizontal XY building direction presents better surface quality without irregularities, with respect to the building direction as explained in the section A.2.1 (page 96). The horizontal strut for the ZX and XZ building were directly in contact with the unmelted powder bed, which led to a higher thermal gradient and thus surface in tension within the melt pool, as compared to the XY building direction. A balling eect were so created with respect to the Marangoni convection [5].

These poor surface nish as well as the weak interlayer bonding provided a decrease in term of mechanical properties, which explained the dierence between the building direction studied here, as demonstrated in the literature review [14].

Furthermore, it was fairly documented that the building direction is also a signicant parameter which change mechanical performances with regards to the microstructure architecture. Dierents studies revealed that the XY building direction gave equiaxed grain while the ZX and XZ building direction provided more elongated grains [8,15]. In order to fully explain the dierence between the both building direction, SEM images were taken using a ZEISS Supra As function of the loading direction applied on the specimen, and hence grains, the macroscopic mechanical behaviour of the auxetic structure changed thus modied the mechanical performance in terms of yield stress, ultimate tensile strength and ductility [16]. Several studies demonstrated a higher strength when a perpendicular load was applied on the equiaxed grain, as compared to parallel or perpendicular loading on elongated grain. Furthermore, the ductility and the strength were decreased for a load applied perpendicularly to the columnar grain, which induced a faster failure propagation into the grain boundaries. With respect to the microstructure of XY building direction with equiaxed grain, the strength as well as the yield stress were consequently higher as compared to the ZX and XZ building direction. In addition, the catastrophic failure of the D1 XY specimens was partially explain by the decreased in ductility considering the equiaxed grains, compared to the ZX building with the progressive failure. Furthermore, the XZ printing direction had the worst mechanical properties with regards to the microstructure and the applied load on it. In addition, the weak interlayer bonding as seen on Figure B.5d led to a decrease in ductility, yield stress and strength which were lower than the other building direction.

Finally, the building direction was demonstrated as a signicant parameter on the studied mechanical properties regarding the microstructure architecture and the surface quality. With regards to the printing quality of specimens, the porosity as well as irregularities in surface diminished mechanical performances of the ZX building direction. Furthermore, the XY building direction exhibited a better surface nish with less irregularities, as well as less porosity. Combined to the microsctructure architecture, this latter building direction appeared to enhance the mechanical properties of both D1 and D2 cells direction.

B.1.2.2 Re-entrant honeycomb structure eect under tensile loading

As seen in Figures B. 4, the D1 and D2 build in the same direction XY exhibited dierent mechanical performances, with higher yield stress, stiness and plastic work for the D1 cell direction. In order to explain this dierence, the deformation mode was explored by the way of photographs taken after the tensile test and a calculation of the Structural Poisson's ratio by videos analysis. The structure Poisson's ratio was calculated by the following equation:

ν = - ε transverve ε longitudinal (B.2)
where the ε transverve corresponded to the strain in the perpendicular direction of the tensile axis and the longitudinal strain ε longitudinal is the strain in the loading direction. With regards to the images To summarize, the anisotropy of the 2D re-entrant structure was explained by the deformation kinematic and demonstrated by the value of the Structural Poisson's ratio during the tensile loading. In addition, the D1 cells exhibited higher mechanical performances with respect to the bending-dominated behaviour, as demonstrated by Ashby [18]. Also, the deformation of this latter cells was demonstrated as larger than those in the other direction. With regard to the stretching and the necking of the D2 cells, the fracture occured more quickly. To remind, it was also observed that the D1 cells built in XY direction had higher plastic work than the bulk material printed in the same building direction, as compared to the D2 cells which exhibited lower plastic work in each condition (Figure B.4c).

In conclusion, the D1 cells build in XY direction showed the highest mechanical performances as well as the greater deformation in term of structural poisson's ratio. With respect to that results, the next test was only performed on this selected structure.

B.2 Compression test of 2D re-entrant honeycomb structure

With respect to previous results, compression test on the 2D re-entrant honeycomb structure was done in quasi-static and dynamic condition, with same geometrical parameters as previously. Furthermore, the D1 cell printed in the XY building direction was emphasise for those compression tests.

B.2.1 Experimental set up for quasi-static and dynamic compression test on 2D re-entrant honeycomb structure

The compression test in quasi-static condition was done using a ZWICK universal testing machine, with a maximum force cell of 100 kN, for a strain rate of 0.001 s -1 , at room temperature (T≈20 • C). Two blocks with high strength were set between the compressive plateform and the specimen in order to avoid the stamping of the plateform during the compression. The displacement of the specimen was measured using an extensometer put on the blocks. Then, the strain was calculated by dividing the displacement by the initial height of the specimen. As the tensile test experiment, the stress was calculated by dividing the force by the minimal cross section of the specimen. In addition, the experiment was recorded by using an uEye camera with a frequency of 50 Hz.

As concerned the dynamic test, the compression test was conducted with the Split Hopkinson Pressure Bar (SHPB) set-up, as described in Figure B.10, at room temperature (T≈20 • C). A pressure of 1.5 bar was applied on the projectile, in order to reach approximatively 10.7 m.s -1 for each test. Dierent signal were recorded by an oscilloscope from the incident, transmitted and reected wave. Those signals were hence transformed to calculate the engineering strain rate, the engineering strain and the engineering stress into the specimens. Then, the true stress and true strain were obtained by the following equation:

σ true = σ engineering × (1 + ε engineering ) ε true = ln(1 + ε engineering ) (B.3)
In order to record the compression test in dynamic condition, several images were taken using a high speed camera. Typically, the plateau stress domain corresponded to a same stage on the stress level during a long strain. In the case of our auxetic structure, a decrease in stress was observed after the plastic yielding, close to 0.1 strain. By examining the images, a sliding during the compression was detected. This sliding was caused by the intermediate blocks between the specimen and the plateform, with the poor bonding between the both plates. During the compression, the assymmetry of the auxetic structure due to the printing quality induced a dierence on the contact, which provided the sliding of the blocks. As results, the 2D re-entrant honeycomb structure underwent a sliding, thus shear in the middle of the structure.

The compression was then not symmetric. Nevertheless, the compression on auxetic cells contributed to a densication of the structure, which means that the structure comes into a contact with itself. In the case of the foam structure, the densication appeared at the strain densication. It can be noticed that an equilibrium was reached, with a hard contact between the block, the plateform and the specimen.

In addition, the energy absorption was calculated as described in the literature review, which means by calculated the area below the engineering stress -strain curves up to the densication strain. In order to compare the energy absorption of structure with the bulk material, the energy absorption was divided by the density of the auxetic structure. As results, the energy absorption per unit mass (J.g -1 ) [1921] was reported on Figure B.13, and compared to the bulk material. To summarize, the mechanical behaviour and the deformation mode of the 2D re-entrant honeycomb structure was examined under compressive loading in quasi-static condition. The mechanical behaviour showed dierent zones with the elastic deformation, the plastic yielding, the plateau stress and the densication. Those dierent zones were explained by the deformation mode of the 2D re-entrant honeycomb structure. Furthermore, the structural poisson's ratio demonstrated the auxetic behaviour of this geometry, manufactured in Inconel 718 by Additive Manufacturing. This latter behaviour induced a higher energy absorption per unit mass as compared to the bulk material.

To complete the mechanical behaviour study on the 2D re-entrant honeycomb structure, dynamic compression tests were conducted on the same geometry.

B.2.3 Dynamic compression test on auxetic structure

Dynamic compression tests at 600 s -1 were conducted on two samples, using SHPB set up. The true stress strain curves were reported on Figure B.15a.

The both curves were similar in term of stress and strain level. It can be noticed that the second samples presented a uctuation in terms of stress level, due to the waves propagation during the impact of the bar on the specimen and the recording of the signal on the oscilloscope. The energy absorption per unit mass was calculated as done for the quasi-static condition, and compared to the previous results.

In dynamic condition, the energy absorption per unit mass were greater than in quasi-static compression, due to the higher stress level in the dynamic compression test, as displayed on the Figure B.15b.

This dierence was induced by a sensitivity of the strain rates of the Inconel 718 as well as the auxetic structure which did not absorb the energy of the impact in the same way in quasi-static and dynamic compression.

Then, the deformation mode of the structure was observed with regards to the recorded images by the high speed camera. However, image quality was not sucient to perform an automatic object tracking with the position of the point to evaluate the longitudinal and transversal displacement of the structure through the compression test. As consequences, the structural poisson ratio was calculated as done previously in the quasi-static compression study, at the nal stage. The pictures from the dynamic compression test were showed in the Figure B.16.

The structural Poisson's ratio ν for the dynamic compression was calculated at -0.18 and -0.14 for the samples 1 and 2 respectively, with an average of -0.16 for a 0.08 strain. This result is close to the one obtained in quasi-static compression, which showed a similar deformation mode on the auxetic structure despite the strain rate. This observation was in agreement with the conclusion of the Chapter 2, where the computationnal modelling did not display a dierence between the quasi-static and the dynamic compression on auxetic structure in terms of Poisson's ratio.

In addition, the observation on the picture as shown on the 

B.3 Conclusion

The mechanical behaviour of the 2D re-entrant honeycomb structure was explored using tensile and compression test at dierent strain rates. These main conclusions were drawn:

The 2D re-entrant honeycomb structure exhibits a structural anisotropy as function of the loading direction of the cell;

Two kinematic of deformation are identied for the studied auxetic structure;

The D1 cells direction exhibits better mechanical properties in terms of stiness, yield stress and energy absorption;

The building direction inuences the mechanical properties, with higher stiness, yield stress and energy absorption for XY building direction.

Finally, the D1 printed horizontally (XY building direction) exhibited the higher mechanical responses as compared to the other specimens. As results, this loading direction on auxetic as well as the building direction were taken to conduct compression test in quasi-static and dynamic condition.

The energy absorption and the deformation mode under compressive loading were explored to highlight the mechanical behaviour of the 2D re-entrant honeycomb. The main observations are summarize as following:

The deformation of the sample is independent of the strain rates;

The macroscopic behaviour of the auxetic sample revealed a strain rates sensitivy.

In order to develop a numerical model able to reproduce the macroscopic response of the auxetic structure, quasi-static and dynamic tests on bulk material are necessary to determine a constitutive law of the printed Inconel 718.

Mechanical behaviour modelling of the additively manufactured Inconel 718

As seen in the literature review, the mechanical properties of the additively manufactured Inconel 718 is inuenced by the process parameters such as laser energy density and print orientation. In the previous chapter, it was shown that those printing parameters aect the printing quality in terms of surface nish, surface quality and dimensional accuracy. Moreover, the macroscopic mechanical behaviour of the auxetic structure depends on the building direction. According to these results, the main aim of this chapter is to reproduce the macroscopic response of the additively manufactured Inconel 718 auxetic structure. To meet this objective, this chapter is divided into two parts. First, the mechanical behaviour of the bulk Inconel 718 produced by L-PBF is determined by experimental way. In second, a numerical model is developped using auxetic structure to validate the mechanical behaviour found in the rst part.

Part A Determination of the mechanical behaviour of the additively manufactured Inconel 718

The printing parameters were identied in the previous chapter, considering the printing quality of thinwalled auxetic structure. The main objective of this part is to determine the mechanical behaviour of the bulk Inconel 718 printed with the same process parameters as dened earlier. In rst part, the mechanical behaviour compression of the printed Inconel 718 was investigated to establish a JC model as function of the print orientation using quasi static and dynamic loading. In second part, quasi static tensile test was conducted to complete the mechanical properties of the printed Inconel 718.

A.1 Determination of the J-C material model for the printed Inconel 718

First, quasi-static and dynamic compression test were conducted at room temperature in order to explore the eect of the strain rates on the mechanical behaviour the printed Inconel 718. As results, a phenomenological model was determined using the experimental data, to reproduce the mechanical behaviour over a wide range of strain rates.

A.1.1 Material denition and printing parameters

The material used for the dynamic compression test is the printed Inconel as dened in the last Chapter III. To remind, the printing parameters were reported in the Rod bars were printed in ZX and XY building directions with a height of 80 mm and a diameter of 8 mm (ϕ initial = 8mm), as displayed in Figure A.1. After the stress relief, each bar were machining to reduce the diameter to 6 mm (ϕ f inal = 6mm), to remove the poor surface quality and hence determine the mechanical behaviour of the bulk material. Then, cylinder 3 mm high were cut with a wire cut EDM process, for the dynamic test using the SHPB process, in order to reduce friction and inertia eect [1].

Parallel faces of each of the specimens were coated with lubricant in order to avoid buckling eect, and thus provide a uniform stress state through the specimen. To ensure the good reliability of the test, three tests were performed for each condition, then the average curve is calculated to plot the true stress true strain curves. and quasi-static condition is more signicant for the XY building direction as compared to those build in ZX building direction. In addition, no signicant dierence on the strain rate sensitivity is observed for both building directions, with a high mechanical properties whatever strain rates.

Under dynamic loading, the plastic work is usually converted into heat within the material by an adiabatic process. This phenomenon is described by the equation of Taylor-Quinney [5]:

∆T = β C p × ρ σ(ε)dε (A.1)
where T is the temperature in K, β the Taylor-Quinney coecient which assumed at 0.9, ρ the material density (e.g. 8190 kg.m -3 for Inconel 718), and C p the material specic heat capacity in J/kg.K. In the relation of Talor-Quinney, the specic heat capacity is assumed to be constant [5]. However, in case of Inconel 718, the specic heat capacity rise steeply after a temperature of 800

• C [6], from 362 J/kg.K at 20

• to 1073 J/kg.K at 800

• C. As results, the Inconel 718 was not subjected to a high heating under a strain rate below ε = 3000s -1 , and hence no thermal softening occurs at those strain rates. Regarding the competition between the work hardening and the softening, it was clear that the work hardening succed to be the highest which led to a low strain rate sensitivity.

In addition, several tests at high strain rates under 200 Nevertheless, some physical model were used by taking into account the grain size into the microstructure.

However, this kind of model is dicult to implement and contain several parameters in comparison with the J-C model or the Arrhenius model. As seen in the litterature, this model was also often adopted for the Inconel 718 and gave good prediction. As consequence, the material parameters of the J-C model was determined determine from the latest quasi-static and dynamic tests. The J-C model was dened by the following equation: The material constant of the J-C model conrmed the dierence of the mechanical properties for the XY and ZX building direction through the yield stress, or A material constant. The other tting parameters showed that the strain hardening is quite similar in both building direction. Meanwhile, the strain rate parameters C highlighted the dierence for the two print orientations which was inherent to the building direction thus microstructure architecture.

σ(ε, ε, T ) = (A + Bε n p ) 1 + Cln ε ε0 1 - T -T r T m -T r m (A.

XY building direction

As reported in the Figure A.10a, the prediction of the ow stress was included between 0.72% for 10 -3 s -1 and 5.79% for ε = 2050 s -1 , which means that the J-C model was in good agreement with the experimental data with less accuracy for the highest strain rates. Regarding the ow stress for the XY building direction for the latter strain rate, it is noticed that the ow stress had a drop out after ε = 0.07, which induced a high dierence between the J-C model and the experimental The error prediction between the experimental data and the J-C model was calculated for each condition and exhibits errors between 1.27% and 6.21%, with highest values for ε = 1470 s -1 and ε = 2460 s -1 . About the ε = 1470 s -1 prediction, it can be noticed in the Figure A.9e that the deviation between the experimental data and the prediction was located on the begining of the ow stress regarding the discrepancy on the yield strength. With respect to the true strain true stress curve, the yield stress at this strain rates was below 400 MPa, as compared to approximatively 520

MPa for the other strain rates, thus induced the observed deviation. As for the prediction data at ε 2460 s -1 for the ZX building direction, the experimental ow stress is higher than the J-C model with regards to the yield strength which is here higher on the experimental test. Nonetheless, the error prediction is correct and the J-C model seems in agreement with the experimental data. Average of the conventional Stress-Strain curves for printed Inconel 718 build in XY and ZX building directions under tensile loading, with a strain rates of 0.001 s -1 at room temperature as compared to wrought Inconel 718 [10] and aged Inconel 718 [11] The XY building direction presents higher mechanical properties in terms of UTS, Young modulus and yield stress. The plastic behaviour of both building directions are quite similar, which could mean that the building direction has an inuence on the yield stress. Nonetheless, fracture occurs more quickly for the XY building direction, with an elongation of 0.31 as compared to 0.37 for those built in ZX building direction. With respect to these values, the ZX print orientation exhibits higher ductility than the XY building direction. The mechanical behaviour of the as-manufactured Inconel 718 is compared to the wrought forging material [10] and aged rolled Inconel 718 [11]. The conventional stress strain curve of the Inconel 718 presents higher UTS and yield stress as compared to the printed Inconel 718. Furthermore, the ductility is lowest regarding the strain at fracture. The plastic behaviour seems dierent with less strain hardening.

Those dierences can be induced by the additive manufacturing process, regarding the porosity, the surface nish and the microstructure architecture induced by the rapid cooling during process. This latter plays a signicant role in the mechanical properties and needs to be investigated.

A.2.3 Comparison between tension and compression test

With regards to the last results, the mechanical properties of the tensile and the compression test are dierent for both building direction in terms of yield stress and strain hardening. Curves from tension and compression tests at 10 -3 s -1 strain rate at room temperature on the printed Inconel 718 is reported in Figure A.13. This graph shows a slight dierence on the strain hardening between the compression and the tension in same condition with a main dierence on the yield stress, which demonstrates a tension-compression (T-C) asymmetry. Generally, the compression test exhibits the same general nature that in tension, with same elastic modulus and yield strength. The ultimate strength as well as the fracture diers regarding the necking during the tension as compared to the compression. Several reasons can explain the T-C asymmetry such as the internal porosity and defect of the specimen [12,13], the non -Schmid eect [14], the precipitate volume fraction [15,16] or the anisotropy of the grain generated by an external loading regarding the complex microstructure [17].

The rst assumption is the presence of internal porosity into the specimen. Under tensile loading, the porosities became larger, close to each other and can potentially led to void into the material. This phenomenon induces to lower mechanical properties as compared to the compression. Indeed, during compression, the pores size reduces and becomes atten, which induces to a densication of the material, thus led to higher mechanical properties. In the Chapter III, the surface porosity of the Inconel 718 for the auxetic wall was measured by image analysis by using ImageJ, on microscopic picture. The measured porosity was below 0.07% ± 0.01% for the XY building direction while 0.4% ± 0.1% for ZX, which induces a low quantity of porosity. These values are quite lower and hence gave a good relative density to the printed material. However, the surface porosity does not take into account the whole porosity within the samples as well as the microporosity, which can only be observed on microphotograph. As results, this hypothesis can not be excluded to explain the T-C asymmetry. Schmid law denes a constitutive link between the shear stress, the applied stress and the orientation of the slip system. The behaviour of some metals can be explained by the Schmid law, in case of monocrystal and polycrystal. The shear stress is so dened as τ r = F cosλ A with A as the area of the slip plane, and λ the angle between the loading axis and the slip direction. The Resolved Shear Stress τ RSS is produced on a slip system and dened as :

τ RSS = σ cosψ cosλ (A.4)
with σ = F A0 with A 0 the projected slip area. The Equation A.4 is considered as the Schmid's law with the Schmid factor m = cosψcosλ. While the Resolved Shear Stress is superior to the Critical Resolved Shear Stress τ CRSS , a slip system is activated, which means that the plastic strain occurs on the grain.

The Schmid law described the plasticity on the crystal under an uniaxial loading, and any deviation from these law is considered as a non-Schmid eect. These phenomenon is generally the result of two reasons; rst other stress component might inuence the slip activity within the crystal [18], then the hardening of the slip system can occur and modify the slip activity [19]. Nonetheless, dierent methods to nd the non-Schmid eect [20] are quite complicated and required a large microstructure analysis with in-situ and/or ex-situ test in order to model the crystal plasticity and thus nd the critical resolved shear stress needed into the Schmid law. The complex microstructure can also explain the T-C asymmetry, regarding the grain anisotropy.

Cyr et al. [17] showed that Maraging Steel produced by Direct Melting Laser Sintering process had a signicant material anisotropy as function of the print orientation which induced some important changes into the mechanical properties. In their works, the T-C compression asymmetry was revealed with a higher plastic ow for the compression as compared to the tension with a changes into the material ductility, mainly due to defects and hence the hydrostatic pressure. In addition, the anisotropic microstructure of the specimen due to the additive manufacturing process induced dierent mechanical properties, and thus aected the local strain distribution.

Finally, the T-C asymmetry found for the printed Inconel 718 in this work can be explained by dierent reasons and need further investigations to be fully understand. The porosity, the material anisotropy as well as the non-Schmid eect can be both involved into the asymmetry and can not be dissociate with regards to the results and the experimental data. In our work, the microstructure analysis of the printed Inconel 718 is required and addressed on the next chapter, to try to provide some answers on the last observations.

With regards to last results, a new constitutive law is required to reproduce the mechanical behaviour of the Inconel 718 in tension, which is the subject of the next section.

A.2.4 Material model for the printed Inconel 718 under tensile loading

As tensile tests were only performed at room temperature and at only one strain rates, the strain rates sensitivity as well as the temperature dependence were not investigated. With regards to the latter observation, a Ludwig constitutive law was determined for the both building direction, following the equation:

σ = A + B × ε n (A.5)
where A is the yield stress, B and n were constant for the hardening behaviour. This equation is a simpled model of J-C without considering the strain rate sensitivity and the thermal softening.

The material constants were reported on the Table A. Finally, the tensile test of the printed Inconel 718 exhibited an anisotropy of the material as function of the print orientation, with a higher mechanical properties for the XY building direction, as already noticed in the previous chapter. Regarding last results, the elastic modulus was also determined and demonstrated a dierence between the both building direction. In addition, the simplistic Ludwig law appeared to well reproduce the stress ow for the tensile behaviour of the bulk material.

A.3 Conclusion

In this part, two models was found for the tension and compression test of the selectively melted Inconel 718 build in XY and ZX building directions. Several observations are highlighted:

A tension-compression asymmetry of the printed Inconel 718;

A material anisotropy inuencing the mechanical behaviour of the printed Inconel 718 as function of the building direction;

The printed Inconel 718 shows a slight strain rate sensitivity for both building directions, with a higher sensitivity for XY building direction;

A similar strain hardening for both building directions with a deviation on the stress level mainly reected by the yield stress.

As consequence, two sets of material constant of J-C model are determined as function of the building direction, with a higher deviation on the yield stress parameter A.

Each modelling are assessed for XY and ZX building directions by comparing analytical data and experimental data. The comparison demonstrated a good agreement for each model. Thereafter, those models need to be validated by numerical modelling applied on auxetic structure. This is addressed in the next part. during the loading, while a velocity was applied on the second to obtain a strain rates of 600 s -1 as the experimental data. A general contact was put on the model with a coection of friction of 0.05, according to the experimental data.

The mechanical properties of the bulk material from the J-C model and the corresponding material constant were implemented in the model, with a Young modulus of 180 GPa as identied in the section A.2.2 (page 138) and a Poisson ratio of 0.29. The system was considered as isothermal following the previous results on the temperature eect on the Inconel 718.

A mesh dependency study was performed on its model, by applying dierent two-dimensional solid element at dierent size : CPE3 3-node (tet) linear with a size mesh of 0.1 mm, 0.05 mm, 0.02 mm and 0.01 mm and CPE4R 4-node (quad) bilinear reduced integration with hourglass control with a size mesh Moreover, one simulation in the same condition was carried out by considering the thermal eect on the material, with the material constant m = 1.3 as seen in the literature [8,9]. For this computational modeling, the element was converted into coupled temperature-displacement C3D8RT (8-node trilinear displacement and temperature, reduced integration with hourglass control). The stress applied on the cell is calculated by divided the force by the minimal cross section of the auxetic strut, as explained in Chapter III, section B.1.1 (page 109). The minimal cross section is dened as the sum of the area of each ligament cut in the normal plan to the loading axis. The strain is obtained by dividing the displacement of the cell during the compression by the initial height of the specimen, 10.514 mm in the current modelling. Then, the true stress and true strain were calculated from equation:

σ true = σ engineering × (1 + ε engineering ) ε true = ln(1 + ε engineering ) (B .1) 

B.1.1.3 Results and discussion of the numerical modelling for compression test

As results, true stress -true strain curves were reported in the Figure B.4a and compared to the experimental data. With respect to the results, the 2D model and the 3D model with 2 symmetries plane are similar to each other, which demonstrated the eect of the symmetry on the model. However, the both curve had a higher ow stress as compared to the experimental data. Nonetheless, the 3D model with one symmetry plane is in good agreement with the experimental data, showing a similar strain hardening. In addition, the 3D model was also running with the temperature eect by adding the thermal term to the J-C. The results demonstrated that the temperature do not change signically the stress ow during the dynamic compression. Regarding these results, the 3D model without temperature eect was considered for further study.

Finally, it appears that the 2D model is not sucient to carry out the computational modeling of the re-entrant honeycomb, which means that a strain out-of-plane was present during the dynamic compression. To explain this eect, the deformation mode out-of-plane was investigated on the 3D model as shown in the Figure B.5. The equivalent plastic strain (PEEQ) was displayed in this Figure andshowed a strain concentration at the junction between the two oblique structs. In addition, the deformation on the front plane is noticeable with an ination of the structure in one direction. It can be noticed that the other front plane did not present such deformation due to the symmetry condition applied on the face, which prohibited the displacement of the material. In the 2D model, this displacement is also forbidden like for the 3D model with the two symmetry plane. In the end, the 3D model with one plane of symmetry demonstrated a good correlation with the experimental data by reproducing the correct ow and a correct local deformation on the cells. The same CAD model of the tensile test with auxetic structure was implemented on Abaqus, with a thickness divided by two in order to save computational time. In addition, the geometry was slightly modied by adding a corner radius on each edge of the specimen, in order to enhance the CAD model as explained above for the compression simulation.

A velocity was applied on the top of the specimen to obtain the required strain rate (i.e. 0.001 s -1 ) while the bottom end was xed by an encastred boundary condition.

The J-C model (see Table A.2, page 132) as determined in the previous part was implemented with a Young modulus of 180 GPa for the XY building direction and 148 GPa for the ZX building direction, as identied through the tensile test on section A.2.2 (page 138), and a Poisson's ratio ν = 0.29. Isothermal condition was considered for the calculation for the quasi-static condition. As XZ building direction was not investigated with bulk material, simulation corresponding to D2-XZ was not run.

Linear tetrahedral elements of type C3D4 was used for the model. A convergence study on mesh size by using various mesh size was done in order to determine the optimum mesh size in terms of accuracy within reasonable time calculation. The resulting value was xed at 0.15 mm, with 1 617 639 and 1 372 764 elements for D1 and D2 samples respectively. The stress was calculated by divided the force by the minimal cross section as done previously.

B.1.3.2 Results

The Figure B.11 displays the stress-strain curve of the numerical model running with the J-C law as dened in the previous for XY and ZX building direction. In both case, the simulation shows higher yield strength and stress level as compared to the experiment. However, the strain hardening between the simulation and the experiment seems quite similar, which reveales that the yield stress has a high impact on the stress level and hence on the mechanical behaviour of the studied structure. Finally, the results demonstrate that the J-C model found by the compression test is not relevant for the tensile loading on Nonetheless, the same model as explained aboved was used to carry out the computational modeling.

B.2.1 Results and discussion of the numerical modelling for tensile test

The stress-strain curve from the computational modeling for D1-XY, D1-ZX and D2-XY was reported in Figure B.12, which exhibited a good agreement between the numerical and the experimental data. A slight dierence on the end of the curve can be noticed, due to a necking of the struct on the simulation.

As the experimental data, D1 cell showed a high stress level for those built in XY building direction as compared to the ZX.

The deformation mode is also observed in Finally, the kinematic of deformation with the lock point for D1-XY and D2-XY is validated by computational modelling with a deformation mode close to those dened in the previous chapter. The stress-strain curve from the FEM is in a good agreement with the experimental data for the tensile test with auxetic structure by using the data from the tensile test on the bulk material.

B.3 Conclusion

The main objective of this part was to reproduce the macroscopic mechanical behaviour modelling of the printed Inconel 718 auxetic structure. With respect to the results, this part shows that:

Phenomenological model appeared to be sucient to reproduce the mechanical behaviour of the Inconel 718 as well as the re-entrant honeycomb structure;

However, considering the anisotropy of the material, the current model does not relate the microstructure features with the mechanical properties;

The T-C asymmetry requires two distinct models for tension and compression loading with dierents material constant for the plastic ow stress.

With respect to the litterature, the T-C asymmetry had several reasons to happen, linked to the microsctructure (i.e. non-Schmid eect and anisotropy), precipitates in volume fraction and the defect and porosity within the material. Considering this observation and the eect of the building direction on the mechanical properties, the microstructural characterization of the printed Inconel 718 is required to achieve the understanding of the eect of the L-PBF process on mechanical properties.

Chapter V

Microstructural analysis of the Inconel 718 produced by L-PBF With regards to the last results, an anisotropy of the material was observed considering the print orientation during the L-PBF process. The main aim of this chapter is to analyze the microstructure of the Inconel 718 and thus connected it to the mechanical properties. Indeed, the previous chapter had also demonstrated that the level of yield stress diered as function of the printed orientation, with a similar strain hardening. To meet this objective, this chapter is divided into two parts. First, the microstructure of the Inconel 718 is analysed depending on the process parameters. Then, the second part relates the relationship between the microstructure and the macroscopic mechanical modelling of the Inconel 718.

Part A

Microstructural characterization of the additively manufactured Inconel 718

The objective of this part is to characterize the microstructure of the additively manufactured Inconel 718. To achieve this, the microstructure of the printed Inconel 718 is analysed as function of process parameters using several characterization methods. The inuence of the building direction as well as the energy of the laser are studied through this work. The cristal morphology, grain size and the presence of precipitates are discussed regarding the thermodynamic eects of the additive manufacturing process. A micro-tensile test is performed to examine the evolution of the microstructure for both building directions.

In addition, nanoindentation tests are carried out to identify the local mechanical properties as function of the microstructure. Columnar grain along the building direction with some coarse and equiaxed grain are observed. In addtion, some precipates with a needle plate shape are noticed on the micrograph at high magnication, as well as globular precipitates in less volume fraction. The microstructure growth depends on two factors: the temperature gradient (G) at liquid/solid interface and the grain growth rate (R) [9,10]. The product G × R indicates the cooling rate, which has a value from 10 6 to 10 8 K/s [11] during the L-PBF process. The cooling rate determines the grain size within microstructure, where ner microstructure occurs for a high value of the cooling rate. Briey, when the melting pool cools down quickly, the grain growth is stopped by the high grain growth rate.

In an other hand, the solidication rate identied by G R leads to dierent microstructure shape such as columnar or equiaxed grain [10]. A high value of G R promotes columnar grain.

A.2.2.1 Grain size and morphology of XY and ZX building direction AM process is known to have a high cooling rate, which generally leads to a ne microstructure. However, the morphology depends on the building direction as shown above with micrographs. In XY building direction, the thermal gradient G is quite low in the volume region, considering the similar temperature within the melt pool. As results, a low G with a high cooling rates (e.g. high grain growth R) induces a low solidication rate G R and thus equiaxed grain as seen in Figure A.2. For the ZX building direction, the layer by layer process provides a heat ux on the two slices. A new interface is created between the melted previous layer (n-1) and the current layer (n), which leads to a metallurgical bonding [12]. As consequence, grains grow along the preferential growth direction, ZX print orientation. Nevertheless, a slight angle between the building direction and the grain growth should be observed as for the Figures Chapter V A.3b and A.3c, due to the Marangoni convection. In fact, the heat ux is deviated due to the mass transfer of the Marangoni convection during the melting process, which led to a deviation between the elongated grain and the print orientation [13].

In the set up 4, a more ner microstructure is noticed. To remind, a high VED was applied on the upskin and downskin regions, as explained in the Chapter III which led to an overmelting of the previous layers. Regarding the ne microstructure, the high VED applied on the dierent regions caused an overmelting and increase the cooling rate thus promoted ner microstructure.

A.2.2.2 Porosity

The pores size as well as the porosity was calculated and reported on the Table A.2. With regards to the results, any correlation between the VED and the porosity can be found. However, a dierence on the pores size as well as the quantity is noticed between XY and ZX building direction, with higher porosity into ZX building direction samples. Koutiri et al. [14] reported an eect of the building direction on the porosity, with a higher porosity for the building direction with an angle of 35

• between the substrate and the part pieces as compared to those built horizontally (e.g. XY). In the vertical building direction (e.g. ZX), the thermal gradient is higher than those in vertical direction which led to an increasing of porosity [14,15]. However, regarding the size of the image at high magnication, the surface of the study is not representative to the calculation on the quantity of the microporosity within the part piece as it is a too local observation. To have a stastically correct study on the microporosity, numerous images may be required in further study.

A.2.2.3 Precipitates

Two kind of precipitates are observed in micrographs with globular and needle plate morphology. It was already observed that globular precipitates are formed formed due to the microsegregation of the alloying element which precipitated at the position of the grain boundaries [16]. However, the 3 sets of parameters the grain boundaries and to the interdentritic regions. In addition, it seems that all needle precipitates are oriented in the same direction or perpendicular to each other.

As seen in the litterature, precipitates can appear as function of the temperature during the process, such as δ-phase or Laves phases. The rst one is characterized by a needle plate morphology [17] and a composition with 10% wt of Nb [18] with a depletion in Fe and Cr. As concerned the Laves phase, those precipitates are formed into the Inconel 718 at high temperature ranging from 650 • C to 1100

• C [19] and evolve in the interdentric region, with a composition around 20% wt of Nb. The morphology of the Laves phase within the Inconel 718 looks like globular [20]. With respect to the litterature, we assumed that the printed Inconel 718 exhibited the presence of δ-phase and Laves phase with needle plate and globular morphology respectively. The precipitates with a needle and plate morphology have been identied as δ-phase considering the Nb enrichement at 9.2% wt as reported by several studies [18,21]. As results, the Inconel 718 printed by L-PBF was composed by the matrix as well as two main precipitates : δ-phase and Laves phases.

The δ-phase precipitated from the metastable phase after a long thermal exposition between 700 • C and 1000

• C, and was mainly formed at the grain boundaries. During the L-PBF process, high temperature is reached regarding the energy of the laser on the melting pool. With the initial amount of Nb about 5% wt, the δ-phase was formed directly on the Inconel 718. Then, the new amount of Nb about 10% at the grain boundaries from the δ-phase leads to the precipitation of the Laves phase, which required between 10% wt and 12% wt of Nb. In addition, a temperature higher than 650

• C was reached into the melting pool considering the laser process, all requirements were met to allow the formation of the Laves phase.

As seen above in the litterature, a good homogeneisation of the sample by heat treatment helped to reduce the amount of Laves phase [22]. In our case, it appears that the stress relieved was not sucient to remove all the undesired phase, which induces to a detrimental eect on the mechanical properties [22]. Meanwhile, the presence of the precipitates may explain the T-C asymmetry as demonstrated in the last chapter, regarding the change in the mechanical properties induced by the δ-phase and Laves phase.

By heat treatment, the microstructure evolved and became more homogeneous by diusing the precipitates within the matrix. In the case of the set up 4 as seen before, no δ-phase was noticed in contrast to the Laves phase. The high volume fraction of Laves phase means that the temperature was higher for the set up 4 as compared to the other process parameters. With the high VED (167 J.mm -3 ) within the volume, upskin and downskin region, the temperature increases and provide good condition for the formation of Laves phase. Then, the stress relieved appears as not sucient to remove all Laves phase.

As the formation of precipitates is dependent of the temperature within the melting pool during the L-PBF process, the amount of precipitates for ZX and XY building directions changed as function of the print orientation. The rapid solidication during the process was already explained in the last part, and hence showed that the microstructure dierence was due to the heat ux generated by the layer-by-layer process. As consequence, more Laves phase and δ-phase were formed at the grain boundaries for the ZX building direction as compared to XY, where the heat ux is lower.

A.4 Evolution of the microstructure under uniaxial micro-tensile test

A.4.1 Context

The microstructure of the Inconel 718 was explored in the last section by comparing the eect of the process parameters on the architecture, the porosity and precipitates. It was demonstrated that the building direction had a signicant impact on the microstructure and thus induces changes in mechanical behaviour as seen in the Chapter 3 and 4. However, the last study only highlighted the dierence within the volume, without considering the border eect during additive manufacturing. In addition, the material as considered above was studied without any plastic deformation. In this part, we propose to follow the evolution of the microstructure under uniaxial micro-tensile test, for the both building direction.

In order to evaluate the microstructural deformation of the Inconel 718 made by L-PBF, micro-tensile test coupled with SEM micrograph and EBSD map was performed for XY and ZX building direction.

However, only the specimen built with the default printing (VED = 53 J.mm -3 parameters were used for this study, considering the similar microstructure between the set up 2 and the default parameters.

zone (2 and 4) presents coarse grain without growth along the building direction. The center zone (3) shows elongated grain along the building direction (ZX) with a heterogeneous microstructure.

In comparison, the XY building direction micrographs display a completely dierent architecture within the three zones. At rst, the border zones (1 and 5) reveal ner and equiaxed grain while the transition zones (2 and 4) exhibit elongated grain from the border to the center, with a growth direction perpendicular to the border. Then, the center (3) presents equiaxed grain with ner grain at local place. This peculiar microstructure with gradient was already observed on stainless steel [10] and gold sample [23], made by additive manufacturing. Furthermore, Yang et al. [24] reported the eect of the scanning speed on thin wall on the microstructure, with two dierent microstructures architecture on the border edge and the center zone. With regards to the results and the litterature, it appears that the L-PBF process promoted a gradient on microstructure from the edge to the center, with dierent grain size and morphology. This gradient is visible for both building direction, which means its not an eect of the building direction but on the L-PBF process.

The dierence between the morphology of each zone for both building directions was explained by the heat ux and the rapid cooling during the L-PBF process. To remind, the two factors thermal gradient G and the grain growth rate R promots particular microstructure as function of the cooling rate (G × R) and the solidication rate ( G R ). Each of the zones are concerned by a particular thermal gradient at the liquid/solid interface as well as grain growth rate.

The zones 1 and 5, or the border zones generated by the outer contour, present a rapid cooling regarding the liquid/solid interface between the melting pool and the unmelted powder bed. This high cooling rate promotes ne microstructure on the XY building direction with equiaxed grain as shown in Figure A.6. ZX building direction exhibits ne and columnar grain in the zones 1 and 5, due to the layer-by-layer process which causes a superposition of the melting pool in the ZX building direction and hence promotes a higher solidication rate as compared to the XY building direction.

Thereupon, the zones 2 and 4, named here "transition zone", exhibit a coarser microstructure as shown in Figure A.6, for both building directions, located between the outer contour and the volume.

However, the melting pool present into the volume had still displayed a high temperature, which induced a high thermal gradient between the volume and the border. As consequence, a new region was created enclosed by the two latter areas, corresponding to the transition zone (2 and 4). Hunt et al. [25] reported the existence of a similar region named CET "Columnar Equiaxed Transition", depending on the thermal gradient (G), the solidication velocity of the columnar front (V) and the number of potent nucleant. In addition, numerical study was carried out on the heat transfert and the solication rate for Inconel 718 made by Electron Beam Melting [26]. Based on the results, the microstructure as well as the CET was aected by the process parameters of the additive manufacturing, due the thermal gradient, the solidication and the liquid/solid interface velocity inherent to the process. Indeed, regarding the thermal gradient at the adjacent area, the transition zone evolved from equiaxed to columnar grain during the crystal growth. As result, a complex microstructure with coarse grain tended to grow and join the center zone from the outer contour. Nevertheless, the dierence of shape between ZX and XY building direction as a result of the layer-by-layer process, where the high solidication rate led to coarser grain for the ZX building direction.

Finally, the microstructure of the center zone (3) was explained by the cooling rate and the solidication rate related to the building direction and the VED as explained above, in the section A.2.2 (page 164).

A.4.3.2 Eect of the process parameters on the microstructure gradient Then, EBSD analysis was performed on ZX and XY building direction samples produced with the set up 2 (VED = 152 J.mm -3 ), and reported in Figure A.7. In order to reduce the time of the EBSD analysis, half-sample was analysed considering the symmetric microstructure. In addition, it appears that the samples produced with a dierent VED from the default parameters also exhbited a microstructure gradient with three zones (border, transition and center). The border zone was measured at 83 µm and 74 µm for XY and ZX building direction. Those measurements were close each other as well as close to those for the sample built with default parameters (between 67 and 69 µm for ZX building direction and between 52.5 µm and 90 µm for XY building direction). As concerned the transition zone, the size of this region is also similar for the default process parameters and set up 2 samples. As consequence, we conclude that the microstructure gradient is independent of the process parameters in terms of proportion on the wide sample, with 70 µm border zone wide and 160 µm for the transition zone. The XY building direction printed with the set up 2 exhibited ner and equiaxed grain in the border zone and equiaxed grain in the center zone. However, it can be noticed that the sample from the set up 2 (Figure A.7) displayed bigger grain as compared to those build with the default parameters. About the transition zone, similar microstructure was observed between the samples manufactured with the set up As for the ZX building direction, the border zone presented elongated grain with a growth direction along the print orientation, with no deviation as observed for the same sample printed with the default parameters. As explained above, the deviation during the grain growth was due to the Marangoni convection and its heat-mass transfert eect during the melting, thus may induce a deviation of the heat ux. Then, the transition zone presented coarse grain morphology, generated by the thermal gradient between the center zone and the outer contour. With regards to the results, the dierence of the grain orientation can be explained by the VED, which modied the heat ux and hence the temperature into the melting pool durint the printing. As results, the grain growth direction appears dependant on the VED. Finally, the center zone presented elongated and coarse grain with a heterogeneous microstructure.

To summarize this section, the EBSD analysis revealed:

a microstructure gradient divided in three regions: border, transition zone and center zone, with a region size independant on the process parameters (e.g. VED and building direction); elongated grains with a growth along the building direction for the ZX orientation in the border and center region;

equiaxed grains for the XY building direction, in the border and center region; and coarse grain in the transition zone, showing a CET (Columnar to Equiaxed Transition).

Regarding this results, micro-tensile was only performed on the sample produced with default process parameters, in XY and ZX building directions, in order to evaluate the evolution of the gradient microstructure under a plastic deformation. We assumed that this latter evolution should be similar whatever the VED.

A.4.4 Reorganization of the gradient microstructure

The specimen printed with the default parameters in XY and ZX building direction were analysed under SEM before and after deformation in order to compare the microstructure by EBSD analysis and hence highlighted the evolution of the gradient microstructure. The same area is considered before and after the deformation, thus permit the comparison of the size and the morphology of the grain. In specic location, the corresponding grain before and after deformation are highlighted by black ellipse for both building directions, as shown in Figure A.8.

The Figure A.8a focused on the ZX building direction displayed high changes into the microstructure as compared to the XY building direction which did not exhibit serious change for the same deformation (ε = 0.017). Indeed, the comparison between the two maps highlights an evolution of the border zone 5

for the ZX building direction, with twice the width after deformation. The other zones slightly changed in terms of proportions, with a decrease of width for the zone 1 and 2. In order to analyze the changes into the microstructure, the grain size for each zone before and after deformation was extracted and reported in a chart as shown in Figure A.9. The median of the area fraction is highlighted by the red dotted line for the sample before deformation (i.e. 50% before def.) while those after deformation was identied with the red line (i.e. 50% after def.). This median permits to highlight the evolution of the grain size on each zone.

First, it can be noticed that the border zone 1 and the transition zone 2 had not been submitted to high change into the microstructure considering Figures A.8, A.9a and A.9b. The grain size distribution as well as the median showed that grains had not evolved and are quite similar in term of size before and after the applied loading. However, the width of the latter zone presented a slight decrease after the deformation, due to the expansion of the zone 3, 4 and 5. Regarding Figures A.8 and A.9c, the center zone (3) exhibited higher grain size with a median from 46 µm to 64 µm due to deformation. In addition, the grain seemed more elongated after the applied load. Furthermore, the center zone (3) became slightly larger, with a width of 546.3 µm after the deformation as compared to 517.5 µm earlier. Meanwhile, the transition zone 4 also provided higher grain size after the applied stress, with a similar region size as before.

( A non-equilibrium in grain boundaries could led to a special rotational deformation [27] and more precisely in nanocristalline creamic and metal as reported by Morozov et al. [28]. Under a generated stress, unconstrained grain may rotate to reduce their energy to obtain an equilibrium state, by adjusting two boundaries misorientation. As consequence, a grain boundary moved to allow a change into the grain misorientation, producing the rotation under tensile loading. In the case of polycristal as Inconel 718, this type of deformation within the microstructure is a novelty and need to be explored to understand the kinetic of deformation at the microscale as well as its role on the mechanical behaviour. The grain rotation was only observed for ZX building direction which oered a complex microstructure with elongated, coarse and heterogeneous microstructure. This latter observation implies a strong eect of the building direction on the deformation at macroscale but also in microscale with complex plastic deformation of the microstructure. The conservative kinetics concerned the grain boundaries while the non-conservative kinetics is more concentrated on the defects of the grain boundaries and lattice deformation. Here, no defects were detected on grain boundaries, which means that the grain boundary migration is stress-driven due to the generated stress on the microstructure, thus micro-tensile test. This latter evolution can be associated to a Stress Induced Boundary Migration (SIBM) phenomenon explained by the Energy Density Jump (EDJ) [27,3032]. Dierent conditions led to the EDJ, such as the excess defect density and the surface energy.

First, regarding the excess of the defect within the microstructure, a non-equilibrium energy is present with a high energy between grains. As consequence, the totale energy can decrease by migrating the grain boundary and nally tend to an equilibrium with the defect and the microstructure. Alternatively, the grain boundary can migrate which allowed to the grain with a lower energy to grow up while those with a greater energy had to go down [29]. In addition, an additional grain rotation can occur if the equilibrium is not reached, which was observed for the border zone 5 for the ZX building direction [27].

As results, the grain rotation might led to a growth of the grain, which induces to an increasing of size or an agglomerate of several grain. Nonetheless, this kinematic is not yet fully understood considering the minimal triple junction on the polycristals, while some molecular dynamic (MD) simulation) were carried out for the nanocristal or bicristal with less complex hypothesis.

Finally, the evolution of the microstructure gradient of the Inconel 718 was governed by grain rotation and grain boundary migration, induce by the stress of the micro-tensile test. Under tensile loading, particular region underwent to sucient stress to activate the grain migration and the grain rotation to obtain an equilibrium state. However, this reorganization was only observed for ZX building direction Chapter V with a quite complex microstructure gradient with elongated, coarse and heterogeneous architecture. XY 

A.5 Conclusion

In this part, the Inconel 718 build by L-PBF was analysed to highlight the eect of the building direction as well as the VED on the microstructure architecture. This analysis highlights several observations: XY building direction exhibits equiaxed grain as compared to elongated grain for ZX building direction;

SEM micrographs and the EDS analysis demonstrate the presence of δ-phase and Laves phase, due to the high temperature during the process of the L-PBF;

It was also found that for a higher VED, the Laves phase are more present as compared to the δ-phase, due to the overmelting induced by the laser energy and the solidication rate;

A microstructural gradient is observed using EBSD map orientation. The microstructure is divided into three zones symetrically distributed with (i) border zone, (ii) transition zone and (iii) center zone;

This gradient is independent on the building direction. The cooling rate and the solidication rate justied this microstructure, mainly by the thermal gradient (G) inherent to the L-PBF process;

The nanoindentation test performed in the transition and center zone demonstrated that the local hardeness and the elasticity are close each other for both area.

In rst assumption, the nanoindentation test might mean that the microstructural gradient are not inuent on the macroscopic mechanical properties.

The reorganisation of this gradient under micro-tensile test was explored and highlighted a peculiar kinetic of deformation at microscale. The EBSD map orientations aquired before and after the tensile loading show:

A grain rotation and a grain boundary migration for ZX building direction, while XY building direction does not exhibit this deformation at microscale;

The elongated grain observed for the ZX building direction as well as the microstructure gradient seems to be an inherent condition to this kinematic and need to be explore deeply in further microstructural study.

This complex microstructure might partially explained the T-C asymmetry highlighted in the previous chapter. In addition, the precipitates volume fraction should also explained this asymmetry, as well as the microporosity. However, the available data did not permit to prioritize any hypothesis without conducted more investigations.

To summarize, the printed Inconel 718 provides a gradient of microstructure. This peculiar architecture must be implemented into the numerical modelling to well reproduce the macroscopic mechanical behaviour of the printed Inconel 718 auxetic structure. This is the subject of the next part.

Part B

Modied constitutive modelling accounting for microstructure A microstructural gradient is observed due to the thermal gradient, from the border to the center. Three part are revealed with (i) border, (ii) the transition and (iii) center zones. The grain size and grain shape depend on the building direction and energy of the laser on the powder bed. Those three regions provide dierent grain size and grain shape as function of the building direction. Regarding the EBSD map orientation, a high dispersion on the grain size is also noticed for both building directions. The main aim of this part is to enhance the numerical model on the auxetic structure developped in the Chapter IV, Part B, by accounting the gradient of microstructure of the additively manufactured Inconel 718. To meet this objective, this part is divided into two sections. First, the numerical modelling using auxetic structure is improved by considering the microstructure gradient. Secondly, a novel approach of modelling the yield stress is proposed according to the grain size dispersion.

B.1 Modied numerical model

In the Chapter IV, part B (page 145), computational modelling of auxetic structure was carried out to validate the determined JC model. Even if the current model predicts the mechanical behaviour and the macroscopic deformation of the auxetic structure, it clearly suers from a correlation between the microstructure and the mechanical properties. To improve the numerical model of the additively manufactured Inconel 718 auxetic structure, the specic mechanical properties for the plastic ow are required as function of the microstructure features.

With regards to the result of the microstructural study, the border zone is composed of ner and equiaxed microstructure as compared to center zone for XY building direction. It exists a relationship between the mean grain size diameter and the yield stress through the Hall-Petch [33,34]. This relationship is widely used for polycristaline metals for a grain size above 100 nm [35]. This equation implies a higher yield stress for small mean grain size diameter with the following equation:

σ y = σ 0 + k y √ d (B.1)
with σ y as the yield stress, σ 0 a material constant for the starting stress for dislocation movment, k y the strengheting coecient and d the average of the grain size. However, this equation is used for a homogeneous microstructure with a low standard deviation on the grain size distribution within the material. In the case of the Inconel 718, the studied microstructure showed a high grain size dispersion, with a non-representative average of the mean grain size diameter. Nevertheless, the prediction of the yield stress as function of the arithmetic grain size diameter can not be used at this stage, considering the high grain size dispersion. According to this observation, the next part is focused on a novel approach to predict the yield stress accounting the grain size dispersion.

B.2 Modelling approach of the yield stress according to the grain size dispersion

In the Chapter IV, an anisotropy on the both building directions was highlighted, mainly reected on the level of the yield strength. The microstructural analysis shows a signicant dierence on the grain size and the grain shape as function of the building direction, which partially explained this anisotropy.

In addition, the statistics of the grain size demonstrated a high dispersion grain size for both building direction. Considering these two observations, a novel modelling approach of the yield stress is proposed in the next section.

B.2.1 Constitutive equation

The Hall Petch equation is widely used for polycrystalline metals to reproduce the increase of the yield strength as function of the arithmetic grain size diameter [33,34]. Homogeneous grains are considered to apply the Hall-Petch equation, with a low standard deviation. Kurzydowski [36] suggested that for a same mean grain size, the ow stress may change considering the grain size distribution in the polycristal. Each In this work, the software ATEX [3] was used to extract the EBSD map orientation data. The surface of each individual grain is calculated, delimitated by the grain boundary. The diameter of the equivalent circle area is calculated from d = 2 × S π . Finally, each grain size diameter is associated with a surface.

To consider the heterogeneity of the microstructure, the main objective is to include the volumic fraction of each grain on the Hall Petch equation.

For this purpose, some fundamental assumptions are necessary. First, the micromechanics induced by the ellipse axis of the columnar grain are not considered in this modelling. As consequence, the grain are assumed to have a spherical shape. Secondly, only the grain size as well as the volumic fraction are taken into account to predict a yield stress as function of the grain size and the grain size dispersion.

The aspect ratio of each grain was not tackled to characterize the grain size.

To tailor the Hall Petch equation on the heterogeneous microstructure of the Inconel 718, a representative grain size diameter D r was found based on the study of Raesinia and Sinclair [38]. This new geometric property aims to consider the grain size distribution.

First, the yield strength based on the grain size of a polycristal is formulated by:

σ y = σ 0 + Kd -1/2 mean (B.2)
where d mean is the arithmetic mean of grain size distribution, and K and σ 0 are constants. At micro scale or grain scale, we assumed that the Hall Petch equation is given as:

σ i = σ 0 + kD -1/2 i (B.3)
where D i is the grain size diameter of each grain i and the Hall Petch coecient k is the same of each grain. Then, the macroscopic yield stress is discretized on each grain i by:

σ y = n i=0 f i σ i (B.4)
where f i is the volume fraction of the grain i dened by: The Table B.2 summarizes the mean grain size diameter in µm with the standard deviation and the value of the representative grain size D r in µm. The standard deviations for both building directions are high as compared to the mean diameter.

f i = V i V T ≈ A i A T (B.
These high deviations mean that the dispersion of the grain size is signicant. The ZX building direction exhibits a higher standard deviation as compared to the XY building direction. According to those results, we can assume that the mean diameter is not sucient to consider the grain size of the microstructure.

The representative grain size for the XY building direction is comprised between 14.45 and 21.65 µm, while those build in ZX building direction is enclosed between 27.15 and 33.32 µm. 

Conclusion

The main objective of this work was to develop a numerical model of the additively manufactured Inconel 718 auxetic structure. A 2D re-entrant honeycomb structure was selected to enhance mechanical properties such as the energy absorption of the Inconel 718 under dynamic loading. This mechanical behaviour improvment should be useful for several eld of application such as transport vehicle, military or aerospace.

To achieve this objective, this work was divided into three main topics:

(i) the identication of the geometrical features of a 2D re-entrant honeycomb structure printed by additive manufacturing, (ii) the determination of the mechanical behaviour of the additively manufactured Inconel 718 as well as the studied auxetic structure, (iii) and the microstructural study on the printed Inconel 718 to connect the eect of the L-PBF process to the model. First, the litterature has been reviewed in Chapter I. The additive manufacturing process has been described to highlight the eect of the process parameters on the mechanical properties, defects and microstructure. Then, the architectured structure has been dened by specifying the mechanical behaviour as well as the deformation mode of those structures under compression and tension loading.

The auxetic structure, more precisely the 2D re-entrant honeycomb has been introduced. Thereafter, the Inconel 718 has been characterized in terms of chemical composition, microstructure and mechanical properties. It was found that the mechanical behaviour of the Inconel 718 was often simulated with the phenomenological model Johnson-Cook, with a high accuracy on the predicted value.

Chapter II was focused on the geometrical optimisation of a 2D re-entrant structure by numerical simulation. The eect of the geometrical parameters θ as the cell wall angle, α as the ratio length on height ( h l ), the struct thickness t and the radius on corner R was examined under dynamic and intermediate compression loading. Simulations demonstrated that the strain rate did not play a signicant role on the studied mechanical properties. By using a parametrical study and a Taguchi method, the cell wall angle θ and the radius R was found as the most inuent parameters on the mechanical properties of the structure in terms of eective elasticity modulus, energy absorption and Poisson's ratio. The optimisation by numerical way has been identied θ = 75 • , R = 0.1 mm and α < 2 to enhance the mechanical properties.

However, the struct thickness t was considered as the less inuent parameter.

With regards to the results about the struct thickness t, an experimental study on this latter geometrical parameters coupled to the eect of the AM process has been investigated through the Chapter III, Part A. Dierent Volumetric Energy Density (VED) in two building directions were employed to print auxetic wall in Inconel 718, with three dierent thicknesses 0.3 mm, 0.6 mm and 0.9 mm. It was demonstrated that the process parameters on the upskin and downskin region played a signicant role on surface nish, with a poor quality for a high VED. Two values of the VED on volume regions were applied on the three struct thicknesses, build in XY and ZX building direction (e.g. horizontal and vertical print orientation). It was found that the porosity was inuenced by the building direction. Less porosity for the XY building was found as compared to those built in ZX building direction. In addition, the lower VED provided less porosity within the auxetic wall, in both building directions. Finally, the thickness of 0.6 mm coupled to the VED at 152 J.mm -3 presented a sucient print accuracy of thin-walled cellular structure, with a low porosity.

According to the last results, these latter parameters were selected for the Chapter III, Part B.

The main objective of this part was to examine the macroscopic mechanical behaviour of additively manufactured Inconel 718 auxetic structure. Compression and tensile tests were conducted on Inconel 718 2D re-entrant honeycomb. The mechanical behaviour as well as the deformation mode was analysed as function of the printed orientation. It was found that the D1 cell direction coupled with the XY building direction exhibited higher mechanical properties, by improving the energy absorption as compared to the bulk material.

Regarding the last results, the mechanical properties of the printed Inconel 718 as function of the building direction are required to model the mechanical behaviour on the auxetic structure found in the chapter III. In Chapter IV, dynamic and quasi-static compression tests as well as quasi-static tensile tests were performed at room temperature. It was shown that the XY building direction exhibited a higher yield stress as compared to ZX building direction, with a similar strain hardening. Those results demonstrated an anisotropy of the additively manufactured Inconel 718. In addition, a tension- Chapter V is focused on a microstructural analysis of the Inconel 718 produced by additive manufacturing, to understand the dierence on the mechanical properties induced by the AM process. The study has been revealed that the VED and the building direction played a signicant role on the microstructure architectured and on the precipitates. Equiaxed grains mainly composed the XY building direction samples while elongated and columnar grain were observed for ZX building direction. This difference between both microstructure explained the mechanical anisotropy. In addition, a microstructural gradient with three zones was also discovered from the border to the volume, induced by the cooling rate and the solidication rate during the L-PBF process. This three zone were dened by dierent grain shape and grain size as function of the building direction. The deformation of the Inconel 718 at a microscopic level was also analysed using a uni axial micro tensile test. It was noticed that the gradient of microstructure for ZX building direction promoted grain rotations as well as grain boundary migrations. This mechanism allowed to the microstructure to achieve an equilibirum state under the tensile loading. However, this phenomenon was not observed for XY building direction, which remained a similar microstructure architecture before and after deformation. The dierence on the macroscopic mechanical behaviour, mainly reected by the level of the yield stress, was supported by this observation, with a dierent micro-mechanism behaviour for both building directions. In that respect, the yield stress was predicted as function of the grain size and the building direction by a novel modelling approach. The previous microstructure analysis highlighted a high grain size dispersion within the dierent area. As consequence, this novel approach considered the grain size dispersion as function of the building direction.

As results, the microstructural gradient was implemented on the previous numerical model, by partitionning the auxetic structure in three zones. In Chapter V Part B, a model of additively manufactured Inconel 718 auxetic structure nally combined:

the optimisation of the geometrical parameters of the 2D re-entrant honeycomb structure, the mechanical behaviour of the additively manufactured Inconel 718 as function of the process parameters, and the microstructure gradient inherents to the AM process, a modelling approach of the yield stress considering the grain size dispersion as function of the building direction.

To highlight the dierent results, we now attempted to provide some answer to the raised question at the beginning of this work (Chapter I).

What are the most inuent geometrical parameters of the selected auxetic structure on the mechanical properties?

By computational modelling, the geometrical parameters of a 2D re-entrant honeycomb structure were optimised using Taguchi method and parametric study. It was found that the cell-wall angle θ and the corner radius R are the most inuent geometrical parameters. For a high cell wall angle θ, the ective elasticity modulus and the energy absorption are maximal, which is the main goal of this structure. In contrary, the optimised value of the corner radius R is the lower one in order to enhance the eective elasticity modulus and energy absorption. The signicant inuence of these geometrical parameters are explained by the deformation mode. A high cell wall angle θ allows a higher deformation of the structure before the densication, which induced an increasing of the eective elasticity modulus and energy absorption. In the case of the corner radius R, a high radius implies a rotation of the oblique strut. As result, the deformation is not symmetric which reduces the eective elasticity modulus and energy absorption.

What is the inuence of the process parameters of the L-PBF on the Inconel 718?

In this work, the eect of the Volumetric Energy Density (VED) and building orientation was investigated. It was shown that both process parameters aects the surface nish, the porosity, the defect and the dimensional accuracy. On the upskin and downskin region, a high VED lead to a poor surface nish.

However, a higher VED on the volume region provides less porosity considering the range of VED studied.

Then, the building direction plays a signicant role on the printing quality and mechanical properties of the Inconel 718. The printing quality was examined in term of porosity, surface nish and dimensionnal accuracy. The current work demonstrated that the XY building direction provides less porosity, better surface nish and an accurate dimensional printing as compared to ZX building direction. XY building direction exhibits higher mechanical properties in term of yield stress, young modulus and energy absorption. However, it has to be noticed that both building directions have similar strain hardening and a slight strain rate sensitiviy.

What is the eect of the L-PBF process on the microstructure of the Inconel 718?

Through microstructural analysis, it is showed that the microstructure of the Inconel 718 depends on the building direction. Equiaxed grains are found for XY building direction as compared to columnar grains for ZX building direction. The VED also aects the microstructure of the Inconel 718, in term of grain size. It has to be noticed that the microstructure in both building direction is heterogeneous with a high grain size dispersion. A microstructural gradient is observed whatever the building direction and VED. This observation demonstrated that this gradient is related to the L-PBF process and the induced thermal gradient. The thermodynamic eects during the process implies dierent solidication and cooling rates, which generate dierent microstructure architectures.

What is the link between microstructure and mechanical behaviour of additively manufactured Inconel 718 ?

Several aspects of the microstructure play a role into the mechanical behaviour of the additively manufactured Inconel 718. In this work, we only consider the morphology, the grain size and the grain size dispersion to explain the changes of mechanical behaviour of the Inconel 718. The main mechanical properties impacted by the microstructure are the yield stress and the strain sensitivity. By a Hall Petch relationship, it is possible to connect the mean grain size diameter to the yield stress with material constant. In the case of the printed Inconel 718, the grain size dispersion needs to be take into consideration regarding the high standard deviation on the mean grain size diameter. However, only considering the grain size to predict the yield stress is not sucient. The crystallographic texture as well as the precipitates fraction is required to understand the plasticity at a microscale.

Is it possible to reproduce the additively manufactured Inconel 718 auxetic structure mechanical behaviour by computational modelling?

The J-C model determined for the printed Inconel 718 is embedded to a computational modelling on auxetic structure. The mechanical behaviour of the auxetic structure under dynamic compression loading is in good agreement with the experimental data. However, the phenomenological J-C model suers from a correlation between microstructure and mechanical properties of the Inconel 718 produced by L-PBF.

To enhance the numerical model, the CAD model of the auxetic structure was partionning considering the microstructural gradient. By this way, the yield stress of each zone was modied to have a more accurate mechanical behaviour. Nevertheless, the approach modelling of the yield stress accounting the grain size dispersion showed that the yield stress of each zone is not so dierent as compared to the reference zone.

Finally, this current work demonstrates that the numerical modelling of the auxetic structure is in good agreement with the experimental data, and could be enhanced by connecting the microstructure with the model.

Perspectives

Regarding the large subject treated in this thesis, numerous future work can be done. The perspectives will be divided into three parts : additive manufacturing process, mechanical behaviour of the printed Inconel 718 and microstructure study.

Additive Manufacturing Process

As seen in this work, the volumetric energy density plays a signicant role on porosity, defect, surface nish, microstructure and hence mechanical properties. Only two dierent values of the VED were explored, while numerous should be applied to well understand its inuences. Some researches reported the eect of the VED by modifying the power laser, the scanning speed and the hatch distance for several materials. A experimental design is required to conduct a robust study and hence identify the optimised parameters to print thin-walled cellular structure. In addition, the process parameters of the upskin and downskin regions could also be analysed to well understand their eect and hence enhance the surface nish of the part pieces.

Then, the litterature showed that post-processing heat treatments can partially reduce the porosity as well as the undesirate phase. Indeed, by changing the VED, none the printing quality changed but also the microstructure and the precipitates volume fraction. With a great heat-treatment, the Laves phase, mostly detrimental for the material, can be reduced by homogeneisation. We saw in the chapter 5 that Laves phase still remained after a stress relief of the part piece. With respect to this results, it appears that the current heat treatment is not sucient to improve the microstructure and reduce the porosity and precipitates. A novel study on the heat treatment is required in order to enhance the mechanical properties of the Inconel 718.

Mechanical behaviour modelling of printed Inconel 718

As seen in this work, the mechanical behaviour of the printed Inconel 718 depends on the print orientation.

Some researches also demonstrated that the process parameters such as power laser, scanning speed and volumetric energy density had an inuence on mechanical properties of the printed part. With regards these observations, material constants from the phenomenological model JC could be determined using quasi-static and dynamic compression tests, in order to correlate the process parameters with the mechanical behaviour. Based on a large database, a nal constitutive law should be developped with the process parameters as mathematical functions. As consequence, it would be sucient to enter the process parameters such as the VED and the print orientation to obtain the correct constitutive law to then simulation the mechanical behaviour of bulk or more complex geometry.

On another hand, the relationship between the process parameters, the microstructure and the induced mechanical properties should be established. AM process is subject to a high cooling rate, which promotes ner microstructure with elongated and equiaxed grain as function of the print orientation. This cooling rate, connected to the thermal gradient G and the grain grow rate R is comprised from 10 6 to 10 8 K/s, and evoluates as function of the VED (e.g. scanning speed and power laser). Changes this latter parameters modied the cooling rate and hence the microstructure. In order to well understand the eect of the VED on the cooling rate, a thermal and high speed camera could be set up within the AM chamber to measure the temperature within the melting pool and thus correlate the process parameters to the microstructure.

Combined such experimental data and thermodynamics features, computational modelling on multiphysic software should be developped to predict the microstructure and hence mechanical behaviour.

At the end of the chapter 5, a new model with mechanical gradient was developped to take into consideration the thin-walled microstructure observed on the Inconel 718. However, this model suers from an identication of the mechanical properties of the dierent zones, which needed further microstructure and mechanical study. In addition, porosities are not implemented into this model, but the eect of porosity should explain the T-C asymmetry of the printed Inconel 718. By applying Gurson model, the plastic deformation for porous material is approximated, in case of spherical and cylindrical voids as observed in the printed Inconel 718.

Microstructural analysis

In this work, a gradient microstructure was reavealed on the printed Inconel 718, inducing by the L-PBF process regarding the thermal gradient at solid/liquid interface. This microstructure led to mechanical gradient, with dierent mechanical properties on the dierent regions. As seen in this work, the print orientation plays a signicant role on the microstructure, which changes the mechanical behaviour, mainly reected by the level of the yield strength. Consequently, we assumed that each region of the microstructure gradient presents dierent mechanical properties. To determine mechanical behaviour of each region, new experimental study is required, by mechanically tested thin wall of less than 70 µm, and by removing the transition zone from micro-tensile test pieces by a wire-cut. Meanwhile, the microstructure characterization using SEM and EBSD are also required to link the grain size and grain morphology to the mechanical behaviour.

The modelling approach of the yield stress considering the grain size distribution shows that other features in microstructure are implied in the mechanical behaviour of the Inconel 718. The crystallographic texture needs to be investigated in both building direction.

In the Chapter 5, the evolution of the microstructure gradient was analysed using micro-tensile test and EBSD mapping to obtain de grain orientation, grain size and grain morphology. Grain rotation and migration were observed on the border zone, for the ZX building direction. To go further, a complete microstructure analysis coupled with tension and compression should be done to well understand the evolution of the microstructure as function of the building direction. This study could explain the T-C asymmetry of the Inconel 718 and understand the micromechanics of the specimen build in L-PBF. 
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 221 Modèles numériques La structure en nid d'abeille inversée, avec ses diérents paramètres géométriques, est montré en Figure 1. Pour identier l'inuence de chaque paramètre, une étude numérique a été proposée par le biais d'une méthode de Taguchi et d'une étude paramétrique. Le logiciel Abaqus/Explicit a été utilisé pour simuler la compression de la structure étudiée, où deux vitesses de déformation ont été appliquées. Pour optimiser les paramètres géométriques, trois propriétés mécaniques ont été examiné : le module d'élasticité eective E * , l'énergie d'absorption Ũ en J.cm -3 et le coecient de Poisson structural ν. Le module d'élasticité eective E * et l'énergie d'absorption Ũ sont obtenus grâce aux courbes de contrainte-déformation obtenues par la simulation [11].

Figure 1 :

 1 Figure 1: Cellule d'une structure en nid d'abeille inversée avec la hauteur h, la longueur l, l'angle θ, l'épaisseur de ligament t and le rayon de congé R

  ont été étudié : XY et ZX, avec XY la direction horizontale par rapport au plateau et ZX la direction verticale, comme montré sur la Figure 2.

Figure 2 :Figure 3 :

 23 Figure 2: Schéma des direction d'impressions XY, ZX et à 45 • dans un environnement de fabrication additive

2. 4

 4 Analyse microstructurale An de comprendre le lien entre le procédé et les propriétés mécaniques, une analyse microstructurale est nécessaire pour dénir la microstructure du matériau. Diérentes techniques de caractérisation ont été utilisées. Dans un premier temps, des micrographies ont été faites à l'aide d'un Microscope Electronique à Balayage (MEB). Ces images mettent en lumière la microstructure, les grains et les précipités présents dans le matériau. En complément, la spectroscopie de rayon X à dispersion d'énergie permet d'analyser localement la composition chimique d'un échantillon. Ces deux méthodes ont été utilisées pour caractériser l'Inconel 718, en fonction des paramètres procédés (VED et direction d'impression). Pour aller plus loin, des cartes d'orientation cristallographiques ont également été acquises par diraction d'électron rétrodiusé ou electron backscatter diraction (EBSD) en anglais. Ces cartes fournissent plusieurs informations sur la microstructure telles que l'orientation des grains, la texture, la taille et la morphologie des grains. Dans ces travaux de thèse, les cartes EBSD acquises ont été utilisées pour quantier la taille des grains ainsi que leurs morphologies, en fonction de la direction d'impression.
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 45 Figure 4: Quantité de porosité des structures en nid d'abeille inversée en fonction de la densité d'énergie du laser (VED) en J.mm -3

Figure 6 :

 6 Figure 6: Figures de Pole Inverse(IPF) des échantillons imprimés dans les directions d'impressions (a) ZX and (b) XY avec une VED = 152 J.mm -3

3. 5

 5 Modèle numérique d'une structure en nid d'abeille inversée imprimé par L-PBF en Inconel 718 Les précédentes parties répondent à plusieurs objectifs dans le but de modéliser numériquement le comportement mécanique d'une structure en nid d'abeille inversée, imprimé par fabrication additive en Inconel 718. Pour cela, les résultats suivants ont été obtenus : l'identication des paramètres géométriques de la structure étudiée, l'identication de la densité d'énergie du laser (VED) optimale pour imprimer les cellules auxétiques, l'inuence de la direction d'impression sur la porosité et sur la microstructure, la présence d'un gradient de microstructure sur la largeur des ligaments imprimés par fabrication additive. Ces diérents résultats nous permettent de développer un modèle numérique sur le logiciel Abaqus/Explicit an de reproduire le comportement mécanique de la structure étudiée sous un chargement en compression dynamique. Pour être au plus proche de la réalité, le gradient de microstructure a été rajouté en partitionnant le modèle CAO utilisé durant la simulation. Ainsi, il est possible de faire varier le comportement plastique de chaque zone et ainsi voir l'eet du gradient sur le comportement mécanique à une échelle macroscopique. Cette étude nous a montré que les propriétés mécaniques, telles que la limite d'élasticité ou l'écrouissage, doivent être fortement diérent des propriétés mécaniques initiales pour inuencer le comportement macroscopique de la structure en nid d'abeille. Suivant les prédictions de la limite d'élasticité obtenues par la loi d'Hall Petch modié, il apparait que le gradient de microstructure n'inuence pas le comportement macroscopique de la structure. Une simulation est alors réalisée, reproduisant la charge dynamique ( ε = 600s -1 ) en compression, sur la structure en nid d'abeille inversée.La loi de J-C de l'Inconel 718 imprimé dans la direction d'impression XY est implémentée dans le logiciel. La courbe de contrainte-déformation vraie issue de la simulation est alors comparée à celle obtenue expérimentalement. La gure 7 montre que les deux courbes sont en concordance. Ces résultats démontrent que la loi de comportement J-C permet de prédire le comportement mécanique de la structure en nid d'abeille inversée.
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 7 Figure 7: Courbes de contraintes -déformations vraies comparant le modèle numérique et l'essai expérimental de la compression en dynamique ( ε = 600s -1 ) à température ambiante de la structure en nid d'abeille inversée

are classied in seven categories: 1 . 4 . 6 . 7 .

 1467 Polymerization of resin, 2. Material drop projecting, 3. Spraying a binder on a powder-type substrate, Powder bed fusion (laser or electron beam), 5. Directed Energy Deposition (via laser or plasma), Fused modelling deposition, Sheet lamination.
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 1 Figure 1: The evolution of the Additive Manufacturing through the history

Figure 2 :

 2 Figure 2: Schematic of the Laser-Powder Bed Fusion process with the dierent equipment

Figure 3 :

 3 Figure 3: Schematic of (a) the Time exposure texpo and the Point distance P dist and (b) the scanning strategy with the printing path, outer contour and hatch distance

Figure 5 :

 5 Figure 5: Schematic of the samples building direction of the Additive Manufacturing build volume

Figure 8 :

 8 Figure 8: Unit cells from Magics Materialise® (a) Cross, (b) Ameliorated Cross, (c) Ameliorated Cross 2, (d) "G-structure 6", (e) "G-structure 8", (f) Body diagonals with nodes rounded, (g) body diagonals with nodes, (h) Diamond, (i) Dode, (j) Octet truss, (k) Rhombic dodecahedron, (l) Trunc Octa

Figure 9 :

 9 Figure 9: Schematic of (a) Honeycomb structure with a cell wall angle θ > 90 • and (b) Re-entrant honeycomb structure with a cell wall angle < 90 •

Figure 11 :

 11 Figure 11: Design parameter of a 2D unit cell of re-entrant honeycomb structure with (a) geometric parameters, (b) loading direction along x and (c) direction loading along y

Ẽ 2 .

 2 Zone 2 : Plateau stress with σpl 3. Zone 3 : Densication, dened by the densication strain εd .Through the stress-strain curve, several mechanical properties can be sorted out like the elasticity modulus Ẽ, the absorbed energy per unit volume Ũ dened by the equation 6, the plateau stress σpl and the densication strain εd .

Figure 14 :

 14 Figure 14: Schemes illustrating the deformation of an open cell under tension

  Manufacturing process by Powder Bed Fusion or Direct Energy Deposition. This process allows to keep the good properties of the Inconel 718 and controls the microstructure by optimising the process parameters of the machine. Finally, the mechanical properties are close to those obtained by traditional way, as shown by Trosch et al[START_REF] Trosch | Microstructure and mechanical properties of selective laser melted Inconel 718 compared to forging and casting[END_REF] (Figure15).

Figure 15 :

 15 Figure 15: Comparison of Ultimate Tensile Strength (UTS), Yield strength adn elongation to failure at dierent temperature between wrought Inconel 718 produced by forging and gasting and Selective Laser Melting process (SLM)[START_REF] Trosch | Microstructure and mechanical properties of selective laser melted Inconel 718 compared to forging and casting[END_REF] 

Figure 16 :

 16 Figure 16: SEM micrographs of (a) a spray-formed Inconel 718 after a heat treatent at 850 • C during 24h [114],showing the δ-phase and (b) a weld Inconel 718, showing the Laves phase[START_REF] Radhakrishna | The formation and control of Laves phase in superalloy 718 welds[END_REF] 

Figure 17 :

 17 Figure 17: Time-temperature-transformation (TTT) diagram of the Inconel 718 [123]

Figure 18 :

 18 Figure18: Microstructure of hot-rolled Inconel 718[START_REF] Mei | Eects of cold rolling on the precipitation kinetics and the morphology evolution of intermediate phases in Inconel 718 alloy[END_REF] 

Figure 19 :

 19 Figure 19: Microstructure of the Inconel 718 made by Laser Powder Bed Fusion, shown in the paper of Zhang and al[START_REF] Zhang | Comparison of microstructures and mechanical properties of Inconel 718 alloy processed by selective laser melting and casting[END_REF] 

1 dynamic condition after 500s - 1 .

 11 1 s -1 , intermediate mode between 1s -1 and 100s -It exists a zone not dened between the intermediate mode and the dynamic condition. During the creep, quasi-static and intermediate condition, the inertia can be neglected, and the curves are assumed as isotherm. In contrary, the dynamic condition reveals new eect within the material such as inertia force, and a transition from the isotherm to adiabatic condition for a strain level ε > 0.1. Under a dynamic loading, the thermo-viscoplastic coupling is necessary to well reproduce the mechanical behaviour of the material. Dierent constitutive modelling are available to consider this problem and are divided into three categories: Phenomenological model Semi-physical model Physical model Those three kind of models are determined by several experimental tests at dierent strain rate and temperature. Universal compression and tensile machine was used to perform mechanical test in quasistatic. High strain rates over 100 s -1 were attained by the Split Hopkison Bar [130].

c 1 ,

 1 c 2 , c 3 , c 4 , c 5 and c 6 and n are material constants. In the case of c 1 , the value is in relation with the dislocation activation area, the Burgers vectors and the Taylors factor. Constants c 3 and c 4 are related to the nano and micro physical quantities of the material. This model was widely used and some researchers proposed modify equation by introducing new component in order to give more accurate calculation of the stress ow[START_REF] Abed | A consistent modied Zerilli-Armstrong ow stress model for BCC and FCC metals for elevated temperatures[END_REF].
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  Etudes des Microstructures de Mécanique des Matériaux) in Metz and in the University of Derby, in United-Kingdom, compression and tensile test were carried out on auxetic structure, with the identied parameters and printing set up. The deformation mechanism as well as mechanical properties were explored for both conditions. Then, tensile and compression tests on printed Inconel 718 were done, under dierent strain rates to determine material constants of a J-C model. Simulations were performed to validate the model with respect to the experimental part. In addition, microstructure study was realised on thin wall Inconel 718 to understand the eect of the additive manufacturing on mechanical properties, and bring new insight between the microstructure and the mechanical behaviour of the as-manufactured material.

Figure 1 :

 1 Figure 1: (a) Unit cell geometry of a 2D re-entrant honeycomb structure with the dierent geometrical parameters the height h, the length l, the cell-wall angle θ, the thickness t and the corner radius R and (b) example of multiple auxetic cell with 2 × 2 cells repetition

( 1 )

 1 With respect to this equation, dierent set of geometrical parameters are available for a xed value of ρ * . Although the theoretical equation gave several combination, some of them are incorrect and induced an unfeasible geometry as shown on Figure2.

Figure 2 :

 2 Figure 2: Example of CAD model for (a) feasible auxetic structure and (b) unfeasible auxetic structure

Figure 3 :

 3 Figure 3: Example of unfeasible domain for a range of relative density ρ * , a xed thickness and radius, as function of θ and α To avoid a wrong set of parameters, a Matlab ® code was realised to take into account some geometrical conditions, as function of the range of value of each parameters. The input of the Matlab ® code are the range of values of each geometrical parameters as well as the minimum and maximum of relative density.

Figure 4 :

 4 Figure 4: Scheme with the new geometrical parameters for the calculation of the feasible geometry of a 2D reentrant honeycomb.
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 3 Boundary conditions applied on the computational modelling During the compression loading, the auxetic structure was maintained between two rigid plates, as shown in the Figure 5. The bottom plate was embedded while the initial velocity was applied on the top. Two constant loading speed were used for the intermediate and the dynamic case, which are respectively 0.1 m.s -1 and 4 m.s -1 .
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 5 Figure 5: Boundaries conditions on auxetic structure along Oy direction

Figure 6 :

 6 Figure 6: Force-Displacement curve of several model changing the element size on the mesh

Figure 7 .

 7 Figure 7. In addition, the Energy Absorption (or the work done per unit volume) in J.cm -3 was calculated by the area under the stress strain curves.

Figure 7 :

 7 Figure 7: Scheme with the dened mechanical properties on engineering stress-strain curve, Elasticity ModulusẼ
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Figure 9 :Table 4 :

 94 Figure 9: Examples of auxetic re-entrant structure with (a) n=2 and (b) n=12 cells repetitions

Figure 10 :

 10 Figure 10: Engineering stress-strain curve of the structure with n=2, 4, 8, 12 cells repetition

Figure 11 :Figure 12 :

 1112 Figure 11: Plastic deformation of dierent auxetic structure with n=2, 4 cells repetition

Figure 13 :

 13 Figure 13: Inuence of (a) the cell wall angle θ, (b) α = h l , (c) thickness t and (d) radius on the Eective Elasticity Modulus E *

Figure 14 .Figure 14 :

 1414 Figure 14. The Poisson's ratio shows a negative value for each geometry, except for high values of R where its close to 0, which demonstrated a contraction during the compression as expected for an auxetic structure. The highest negative Poisson's ratio is reached for a cell wall angle of 75 • , an α = 1.58 and a thickness of 0.3 mm, in both dynamic and intermediate condition. However, the radius provides a higher negative Poisson's ratio for 0.1 mm and 0.2 mm in dynamic and intermediate case respectively. With regards to the curves in Figure 14, the three parameters inuence the Poisson's ratio considering the deformation mode associated to eah one.
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 115 Figure 15: Inuence of (a) the cell wall angle θ, (b) α = h l , (c) thickness t and (d) radius on the Energy Absorption Ũ (J.cm -3 )
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 151617 Figure 16: Graph of mean of S/N ratio for the Eective Elasticity Modulus

Figure 18 :

 18 Figure 18: Graph of mean of S/N ratio for the Energy Absorption
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 11 Design of auxetic wallRegarding the results of the Chapter II, the unit cell for the auxetic structure was designed with a cell wall angle θ = 75 • . The internal h and the l were xed as displayed on Figure A.1. The main objectives of this part is to nd the optimised wall thickness as function of the printing process. To do it, three dierent thickness were studied : 0.3 mm, 0.6 mm and 0.9 mm to be consistent with the Taguchi approach in the previous chapter.

Figure A. 1 :Figure A. 2 :

 12 Figure A.1: Unit cell of 2D re-entrant honeycomb structure with geometrical parameters with h, l, the cell wall angle θ and the thickness t.

Figure A. 3 :

 3 Figure A.3: SEM images of starting powder at (a) low magnication and (b) high magnication

Figure A. 4 :

 4 Figure A.4: Schematic of the volume, Upskin and Downskin region [1]
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  building direction had a signicant inuence on the mechanical properties and on the densication, due to the inuence of the layer by layer process and hence melting pool. In order to investigate the eect further, XY (horizontal) and ZX (vertical) building directions, as dened in the Chapter I (page 25), were selected and compared in terms of porosity, printing quality and dimension accuracy. An example of auxetic wall in the two building direction is shown on Figure A.5.

Figure A. 5 :

 5 Figure A.5: Building direction of the auxetic wall

Figure A. 6 :

 6 Figure A.6: Optical microscopic images of the auxetic cell printed using sets up 1 and 5 in XY direction with a thickness of (a,d) 0.3mm, (b,e) 0.6mm (c,f) 0.9mm with the arrows representing the unmelted powder on the strut and circles highlighting the aggregate of powder in the struts.

Figure A. 7 :Figure A. 8 :

 78 Figure A.7: (a) Beam compensation denition and (b) Beam compensation of 0.06 mm applied on a strut thickness of 0.3 mm

Figure A. 9 :

 9 Figure A.9: Scheme representing the dierent region of printing parameters for the both building direction (a) XY and (b) ZX for auxetic wall

AFigure A. 10 :

 10 Figure A.10: Scheme representing (a) the overmelting of the Down Skin for high energy input as compared to (b) a correct printing parameters of Down Skin region by reducing the energy from [1]

specimen printed with sets 1 and 2 ,

 2 Figure A.11: (a) Optical microscope images of the auxetic samples (b) transformed in black and white (c) following by the analysis particle from ImageJ software

Figure A. 12

 12 Figure A.12 a-f represents the auxetic structures manufactured using set up 1 and set up 2, in the ZX direction, while Figure A.12 g-l displays the dierent auxetic structures manufactured in the XY direction.

(

  Figures A.12a and A.12d, the auxetic wall with a thickness of t = 0.3 mm revealed several broken strut as pointed by the arrows for the ZX building direction, while irregularities in the struts for the XY building direction are highlighted by circles in Figures A.12g and A.12j. As concerned the auxetic structures with t = 0.6 mm, the building direction XY (Figure A.12h and A.12k) exhibited less irregularities as compared to those built in the ZX direction (Figure A.12b and A.12e). Similar observations were made for the samples with t = 0.9 mm (Figures A.12c, A.12f, A.12i, A.12l). Then, the porosity calculated from the open source software ImageJ was plotted on Figure A.13. Withregards to the latter graph, the porosity for the auxetic structure with a thickness t = 0.3 mm was low when built in both directions, with 0.05% ± 0.004 for XY and VED = 106 J.mm -3 , 0.04% ± 0.004 for XY and VED = 152 J.mm -3 ; and 0.10% ± 0.001 for ZX and VED = 106 J.mm -3 and 0.04% ± 0.001 for ZX and VED = 152 J.mm -3 . Nevertheless, due to the missing of the majority of horizontal struts for the ZX building direction on the OM pictures, the samples with a thickness of 0.3 mm had less material in general than the other samples, which minimised the porosity measurements and hence were voided.

Figure A. 13 :

 13 Figure A.13: The porosity of the auxetic samples with respect to the Volumetric Laser Energy Density in J.mm -3

set up 2 )

 2 . Similar observations are done for the thickness t = 0.6 mm for the ZX building direction, with a higher porosity for the set up 1. It was observed that the majority of the porosity (for set up 1) was on the upper left side of the auxetic structure as shown in Figure A.12c, which means that the porosity in the structure were randomly distributed.

Figure A. 14 .

 14 Each dimension were measured and compared to the CAD model with respect to the theoretical value, as reported on the graph A.15. Several measurements were performed on the auxetic structure in order to calculate the mean of each dimension.

Figure A. 14 :

 14 Figure A.14: Scheme representing the measurement of the strut for each dimension

Figure A. 15 :

 15 Figure A.15: Graphs represented the mean deviation of measurement for each parameter (a) thickness t, (b) cell wall angle θ, (c) height h and (d) length l

B. 1 . 1 Figure B. 1 :

 111 Figure B.1: Design of 2D Auxetic Tensile Test in (a) D1 and D2 cells direction, (b) substrate plate with dierent building direction for each specimen and (c) D2 build in ZX direction showing unsupported strut during slicing

Figure B. 2 :

 2 Figure B.2: Images of minimal cross section for (a) D1 cells and (b) D2 cells

Figure B. 3 :

 3 Figure B.3: Picture of an auxetic tensile test specimen with tracked points from "Tracker" Software

  Figure B.4a. Nevertheless, the XY building direction exhibited a higher Ultimate Tensile Strength with 925 MPa as compared to ZX with 625 MPa. Same observations were done for the Yield Stress and the Stiness, as seen in Figure B.4b, where the XY building direction had higher values in the both case. As for the fracture, the XY building direction for D1 occured at a later stage, which induced a greater ductility in comparison with the ZX building direction. However, the failure of the XY building direction appeared as catastrophic, as shown in Figure B.4a while the fracture for the vertical printing direction exhibited a progressive and multiple fracture.

Figure B. 4 :Figure B. 5 :

 45 Figure B.4: The mechanical properties of the auxetic (D1 XY, D1 ZX, D2 XY, D2 XZ) and bulk (Bulk XY and Bulk ZX) samples, under tensile loading, with (a) the most representative engineering stress-strain curve for each sample, (b) the average yield stress and structural stiness for each sample and (c) the plastic work for each samples

Figure B. 6 :

 6 Figure B.6: Microphotographs of microstructures of auxetic samples manufactured using printing parameters in set up 2 in (a) horizontal building direction (XY) and (b) vertical building direction (ZX)

  analysis with Tracker Video Analysis and Modeling Tool open source software, the Poisson's ratio was calculated at each step of time, thus providing the structural Poisson's ratio during the whole tensile test, as reported in Figure B.7.

Figure B. 7 :

 7 Figure B.7: Graph of the Structural Poisson's ratio calculated from the images analysis for each specimens

Figure B. 8 :

 8 Figure B.8: Schematic of kinematic of unit cell deformation with (a),(c),(e) D1 cells direction and (b),(d),(f) D2 cells direction

Figure B. 9 :

 9 Figure B.9: (a) Example of cell wall angle θ measurement for D1 cells direction and (b) Graph with the median, rst and third quartile value for cell wall angle θ of D1 XY, D1 ZX, D2 XY and D2 XZ, after tensile fracture

Figure B. 10 :Figure B. 12 :

 1012 Figure B.10: Schematic of the Split Hopkinson Pressure Bar set up

Figure B. 13 :Figure B. 14 :

 1314 Figure B.13: Energy absorption per unit mass of the auxetic structure in comparison with the bulk material

  Figure B.16b exhibited a shrinkage on the middle of the auxetic structure, in the same place as those under quasi-static compression. Finally, the auxetic structure was deformed in the same way independently of the strain rates. Neverthless, the stress level and hence the enegy absorption were sensitive to the strain rate, which was certainly induced by the mechanical properties of the Inconel 718.

Figure B. 15 :Figure B. 16 :

 1516 Figure B.15: Schematic of the results for the dynamic compression test, with (a) average true stress and true strain curves of the two dynamic compression test, (b) comparison between the compression under quasi-static and dynamic condition for the 2D re-entrant honeycomb structure (average curves) and (c) energy absorption per unit mass (J.g -1 ) for the dynamic and quasi-static compression test

Figure A. 1 :- 1 .

 11 Figure A.1: Scheme representing the substrate with the rob bars printed in XY and ZX building directions for the compression test

Figure A. 2 :

 2 Figure A.2: Picture representing the quasi-static compression test set up with contact extensometer

Figure A. 3 :

 3 Figure A.3: Schematic of the Split Hopkinson Pressure Bar set up

Figure A. 4 :

 4 Figure A.4: Example of a pulse signal from the incident and transmission bar of the SHPB set up with the transmitted, incident and reected waves [3]

Figure A. 5 :

 5 Figure A.5: The average true stress -true strain curves for the L-PBF Inconel 718 built in (a) XY building direction at dierent strain rates, and room temperature and (b) 200 • C ; (c) ZX building orientation at dierent strain rates, and room temperature and (d) 200 • C

2 )Figure A. 6 :

 26 Figure A.6: Determination of the material constant C for the (a) XY building direction and (b) ZX building direction at ε = 0.04.

Figure A. 8 :

 8 Figure A.8: Comparison between experimental data and J-C model for a strain rate (a) 10 -3 s -1 , (b) 10 -2 s -1 , (c) 10 -1 s -1 , (d) 1025 s -1 , (e) 1380 s -1 , (f) 1650 s -1 and (g) 2050 s -1 at room temperature for XY building direction in isothermal condition based on experimental average true strain -stress curves

Figure A. 9 :Figure A. 10 :

 910 Figure A.9: Comparison between experimental data (average) and J-C model for a strain rate (a) 10 -3 s -1 , (b) 10 -2 s -1 , (c) 10 -1 s -1 , (d) 1270 s -1 , (e) 1470 s -1 , (f) 2050 s -1 and (g) 2460 s -1 at room temperature for ZX building direction in isothermal condition

Figure A. 11 :

 11 Figure A.11: Tensile test piece geometry and size in mm

Figure A. 12

 12 Figure A.12: Average of the conventional Stress-Strain curves for printed Inconel 718 build in XY and ZX building directions under tensile loading, with a strain rates of 0.001 s -1 at room temperature as compared to wrought Inconel 718[10] and aged Inconel 718[11] 

Figure A. 13 :

 13 Figure A.13: Comparison between tension and compression test on printed Inconel 718 for ZX and XY building direction in quasi-static condition at room temperature based on average true strain -stress curves

Figure A. 14 :

 14 Figure A.14: Scheme describing the dierent terms of the Schmid's law with the (a) shear stress denition and (b) the slip plane and the movment of dislocations on the slip system which deforms the material under an unixial load

4 :

 4 Material constant of the Ludwig constitutive law for the Inconel 718 under quasi-static tensile loading With respect to the material constant, a comparison between experiments and predicted stress-strain curves using the Ludwig law was done and showed in Figure A.15. The prediction error for the Ludwig law are respectively 1.87% and 1.39% for XY and ZX building direction for the the quasi-static tensile test. With regards to the results, the prediction was in agreement with the experimental data.

Figure A. 15 :

 15 Figure A.15: Comparison between experimental (average) and predicted value from the Ludwig model for the quasi static tensile test ( ε = 10 -3 s -1 )

Figure B. 1 :

 1 Figure B.1: Images of the 2D model of the (a) 2D re-entrant honeycomb structure on Abaqus/Explicit software (b) with a focus on the corner radius as compared to the printed auxetic wall (see Chapter III)

Figure B. 2 :

 2 Figure B.2: Force -displacement curve showing the mesh dependency for the 3-nodes tet and 4-nodes quad, with dierence mesh size

Figure B. 3 :

 3 Figure B.3: Images from CAD model of auxetic structure used for (a) the 3D model with 1 mm wide and for (b) the experimental compression tests

Figure B. 4 :Figure B. 6 :Figure B. 7 :Figure B. 8 :

 4678 Figure B.4: True stress -true strain curves of the computational modeling of the (a) 2D and 3D model as compared to the experimental data at a strain rates of 600 s -1 (b) 3D model with and without considering the thermal term in the J-C temperature (m=1.3)

Figure B. 9 :Figure B. 10 :

 910 Figure B.9: True stress -true strain curve for the dynamic compression of the re-entrant honeycomb structure with the J-C parameters from ZX and XY building direction

Figure B. 11 :

 11 Figure B.11: Deformation mode for (a) D1 XY and (b) D2 XY made by numerical modelling, showing the equivalent plastic strain (PEEQ) with the J-C material constant

Figure B. 12 :Figure B. 13 :

 1213 Figure B.12: Stress-Strain curves of (a) D1 XY and D1 ZX and (b) D2 XY from numerical modelling with the material constant from Ludwig law for XY and ZX building direction as compared to the experimental data

Figure A. 2 :Figure A. 3 :

 23 Figure A.2: Micrographs of the ZX building direction for (a) default printing parameters VED = 53 J.mm -3 , (b) set up 2 VED = 152 J.mm -3 and (c) set up 4 VED = 167 J.mm -3 with a magnication on microporosity and precipitates

Figure A.2c

  Figure A.2c exhibits micrographs of sample printed in XY building direction and set up 4 (VED = 167 J.mm-3). Small and equiaxed grains are observed with globular precipitates in the grain boundaries. Then, micrographs of the sample printed in ZX building direction with default parameters is displayed in Figure A.3a, showing elongated grain along the building direction. Precipitates are noticed on grain boundaries with globular and needle plate morpholgy as shown in the micrograph at high magnication. The set up 2 printed in ZX building direction is represented on the micrographs in Figure A.3b.

Finally

  , Figure A.3c illustrates micrographs of the specimen printed with the set up 4 in ZX building direction. The micrograph at low magnication presents columnar grain, along a deviated direction as compared to the building direction. At high magnication, globular precipitates in interdentritic region are observed. Each of the micrographs at high magnication indicates microporosities. The surface porosity measured by image analysis with ImageJ software was reported on

  do not present the same precipitates volume fraction which demonstrated the eect of the VED on the formation of precipitates during the L-PBF process. With regards to the latter results, the composition and the identication of the precipitates are needed to understand the eect of the process parameters on the chemical composition of the Inconel 718.A.3 Chemical composition of the additively manufactured Inconel 718With respect to the last results, dierent precipitates were apparent on both building directions ZX and XY printed by default parameters. The Figure A.4 highlights precipitates which look like island by the yellow dotted circle and the needle plate precipitates by the red full circle, for XY and ZX building directions. Regarding micrographs, we observed that the ZX building direction had more precipitates in presence instead of XY building direction. Moreover, the needle plate precipitates seem to exist in high quantity as compared to the other precipitates. In the Figure A.4a, the most of the precipitates is located into the grain boundaries with some needle one into the subgrains boudaries. By comparison, the needle plate precipitates on the micrograph for ZX building direction (Figure A.4b) are positioned to

Figure A. 4 :

 4 Figure A.4: BSD pictures for (a) XY plane (b) ZX plane with precipitates looks like island in interdentritic region showed by dotted arrow, and needle plate morphology pointed by full arrow

Figure A. 6 :

 6 Figure A.6: Inverse Pole Figure of ZX and XY building direction samples before deformation, printed with the default parameters

Figure A. 7 :

 7 Figure A.7: Inverse Pole Figure of (a) ZX and (b) XY building direction samples produced with the set up 2 (VED = 152 J.mm -3 )

Figure A. 8 :Figure A. 9 :

 89 Figure A.8: EBSD mapping of the (a) ZX building direction samples and (b) XY building direction samples, before and after deformation on the same area

Figure A. 10 :

 10 Figure A.10: Schemes representing the angle β between the grain growth axis and the building direction ZX (a) before deformation and (b) after deformation

Figure A. 11 :Figure A. 12 :Figure A. 13 :

 111213 Figure A.11: Chart of grain size in µm as function of the area fraction in the case of XY building direction for (a) border zone 1, (b) transition zone 2, (c) center zone 3, (d) transition zone 4 and (e) border zone 5.

B. 1 . 1

 11 Numerical model To enhance the current model, eect of the microstructural gradient was included by partitioning the CAD model of the auxetic structure. The Figure B.2 illustrates the CAD model with two partitions within the re-entrant honeycomb structure. A model was generated with a partition representing the border zone, at a distance of 70 µm from the edge while the remaining part is the center.

Figure B. 1 Figure B. 2 :

 12 Figure B.1 Figure B.2: CAD model with 2 partitions representing the border and center zone observed in the microstructure organisation of the Inconel 718

Figure B. 3 :Figure B. 5 :Figure B. 6 :

 356 Figure B.3: True stress -True strain curves of the computational modelling to compare the model with and without partition, at strain rates ε = 600 s -1 at room temperature

  grains are supposed to have the same size and shape. With these statments, he proposed a stochastic model to analyze the eect of the grain size distribution on the ow stress of polycristal. Finally, he demonstrated that the distribution function of the size grain inuence the plastic ow. As consequences, heterogeneous microstructures implie a deviation from the Hall-Petch relationship[36]. To consider this inuence, Berbenni et al.[35] introduces a relative grain size dispersion in a micro-macro model to highlight the eect of the grain size dispersion on the plastic ow. Lehto et al.[37] proposed a modied Hall Petch equation by adding the volume-weighted average grain size as function of the relative grain size dispersion and the mean grain size diameter, to capture the inuence of the heterogeneity of the microstructure.

5 ) 2 r(

 52 with V i and A i as the volume and the area of the grain i and V T A T the total volume and area for n grains, respectively. By replacing Eq. B.3 in Eq. B.4, we obtain:σ y = n i=0 f i (σ 0 + kD -1/2 i ) (B.6)The Equation B.6 can be re-written as:σ y = σ 0 + kD -1/Finally, the representative grain size diameter D r is dened as

  Figure B.7 displays the distribution of the grain size diameter d i as function of the area fraction for the center zone of both With respect to the last results, the representative grain size diameter D r does not exhibit a signicant change on the ow stress of the Inconel 718. According the available data and current assumptions, we can conclude that the microstructural gradient has not a signicant impact on the macroscopic mechanical behaviour of the Inconel 718. B.3 Conclusion In this nal part, a modied numerical model is proposed, considering the microstructural gradient observed in the last part. By partitionning a CAD model on Abaqus, it is possible to implement dierent mechanical properties on the dierent area and hence reproduce the microstructural gradient response of the printed Inconel 718. Furthermore, a relationship between the microstructural feature and the mechanical properties, and more precisely the yield stress, is suggested based on the Hall Petch equation. At the end of the part, several observations is highlighted: Partitionning the auxetic structure considering the microstructural gradient is required to reproduce with accuracy the mechanical behaviour of the structure, as function of the features of the microstructural gradient; Signicant dierence on the mechanical properties (i.e. yield stress and strain hardening component) are required to considerably impacted the mechanical behaviour of the auxetic;The arithmetic mean grain size diameter d i is not representative of the grain size of the microstructure, regarding the high standard deviation and hence high grain size dispersion;A new modelling approach on the yield stress based on a representative grain size was proposed. It appears that the volumic fraction has a signicant impact on the prediction of the yield stress for the microstructural gradient of the Inconel 718; By only considering the representative grain size diameter, the microstructural gradient does not seem to aect the macroscopic mechanical behaviour; Crystallographic texture, volume fraction of precipitate and dislocation mechanisms are required to enhance the prediction of the ow stress as function of the microstructural feature.

  compression asymmetry was observed for the printed Inconel 718. Material constants from J-C model were identied to reproduce the mechanical behaviour of the Inconel 718, considering the XY and ZX building directions. These constitutive model has been implemented on a numerical modelling on auxetic structure in the Chapter IV, Part B. As results, it was found that the J-C model was sucient to reproduce the macroscopic behaviour of the auxetic structure under dynamic compression. However, regarding the anisotropy and the T-C assymmetry of the studied material, this model suers of a clear correlation between the microstructure induced by the AM process and the mechanical properties.

Figure B. 1 :

 1 Figure B.1:Optical microscopic images of the auxetic cell printed using sets up 3 to 6 in ZX direction with a thickness of (a, d, g, j) 0.3 mm, (b, e, h, k) 0.6 mm (c, f, i, l) 0.9 mm with the arrows representing the unmelted powder on the struct and circles highlighting the aggregate of powder in the struts.

Figure B. 2 :

 2 Figure B.2:Optical microscopic images of the auxetic cell printed using sets up 3 to 6 in XY direction with a thickness of (a, d, g, j) 0.3 mm, (b, e, h, k) 0.6 mm (c, f, i, l) 0.9 mm with the arrows representing the unmelted powder on the struct and circles highlighting the aggregate of powder in the struts.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Constantes matériaux de la loi de comportement de Johnson-Cook pour l'Inconel 718 imprimé par L-PBF avec une VED = 152 J.mm -3 et les deux directions d'impression XY et ZX Une anisotropie du matériau a été observée en fonction des directions d'impressions XY et ZX. Cette anisotropie a également été remarqué lors des essais de traction sur les structures auxétiques, démontrant que cet eet est inhérent au procédé de fabrication. An de mieux comprendre cette anisotropie, une étude microstructurale a été réalisée. Les principaux résultats de cette étude sont reportés dans la partie suivante.

	3.4 Microstructure de l'Inconel 718
	Dans cette partie, seule la microstructure de l'Inconel 718 imprimé avec une densité d'énergie de 152
	J.mm -3 est reportée, selon les deux directions d'impression XY et ZX. Les micrographies réalisées au

MEB montre une diérence de microstructure en termes de morphologie de grain. Pour aller plus loin, des cartes d'orientation de grain ont été acquises par EBSD, permettant de calculer la taille de grain et l'ellipticité de chaque grain dans la zone étudiée. La Figure

6

montre les cartes d'orientation pour les échantillons imprimées dans les directions XY et ZX.

Table 1 :

 1 Composition of alloys used in the Jet engine by General Electric

	alloys were used in those elds such as the iron base, the Ni/Fe alloys and nally the Ni-based
	superalloys. At the beginning, General Electric company mainly used super alloys for the jet engine such
	as the Rene 41, Ni-Cr super alloy and the A286 a Ni-Fe super alloy [106]. The compositions of each
	superalloy are given in the Table 1.			
	Elements	Rene 41	A-286	Alloy 718
	Ni	Bal	26.0	52.5
	Cr	19.0	15.0	19.0
	Fe	5.0	Bal.	Bal.
	Nb	-	-	5.3
	Mo	9.75	1.3	3.0
	Ti	1.5	2.1	1.0
	Al	3.15	0.3	0.5
	Co	11.0	-	-
	Mn	1.5	0.1	0.45
	Si	0.7	0.5	0.45
	V	0.3	-	-
	However, those superalloys had a bad weldability, which led to crack in the weld. In 1959, Herb
	Eiselstein from the company Huntington Alloy Product Division introduced a novel Nickel based super-
	alloy, named Alloy 718 in order to enhance the pre-existed superalloys. This superalloy commonly called

Table 2 .

 2 

	ρ	Density (g.cm	-3 )	8.19
	k	Thermal conductivity (W/mK)	6 to 12
	C p Specic Heat Capacity (J/g. • C)	0.435
	T M Melting range ( • C)	1260 to 1336
	σ 0.2 Yield stress (MPa)	1375
	E	Young Modulus (GPa)	200

Table 2 :

 2 Mechanical and thermal properties of wrought Inconel 718[109] 

Table 3

 3 

	summarizes the mechanical properties of the Inconel 718 printed in XY and ZX building
	direction by L-PBF. Those properties are obtained by tensile testing at ambient temperature following
	the ASTM standard. Specimens were machined before testing. Those data are provided by the supplier
	Renishaw[110], which is the machine used in this work.	
		XY (Horizontal direction)	ZX (Vertical direction)
	Yield Strength (MPa)	758 ± 4	636 ± 19
	Elongation at break	30% ± 1	36% ± 1
	Modulus of elasticity (GPa)	186 ± 5	158 ± 18
	Hardness (Vickers)	277 HV 0.5 ± 9	302 HV 0.5 ± 8

Table 3 : Mechanical properties of additively manufactured Inconel 718 by Renishawusing 30 µ m in layer

 3 

	thick-

Table 4 :

 4 Chemical composition (in wt%) of the Inconel 718Few other elements are present in the composition as traces, like Manganese, Silicon, Copper, Carbon, Boron, Phosphorus. Each additional element contributes to the good mechanical properties in terms of high strength, good oxidation resistance, creep properties and hot corrosion resistance, as explained below

Table 5

 5 

	A (MPa)	B (MPa)	C (-)	n (-)	m(-)	ε0 (s -1 )	Process	Reference
							Rolled +	
	450	1798	0.0312	0.9143	0	1	Annealed heat	[138]
							treatment	
	450	1700	0.017	0.65	1.3	0.001	Solution Annealed	[139]
	1241	622	0.0134	0.6522	1.3	1	Bar aged and forged	[140]
	1200	1284	0.006	0.54	1.20	0.001	Rolled + aged	[141]
	567	1121	0.01535	0.4721	0.967-1.404	1	As cast	[142]
	532	1276	0.01218	0.6309	0.984-1.271	1	Laser Deposited Metal	[142]
	519	1397	0.02006	0.6314	1.038-1.447	1	Laser Deposited Metal	[142]

Table 5 :

 5 

The J-C model parameters for Inconel 718

Table 6 :

 6 The modied J-C model parameters for Inconel 718

Table 1 :

 1 for the J-C model implemented into Abaqus/Explicit. Parameters of Ti-6Al-4V alloy material for Johnson-Cook model

	A (MPa)	B (MPa)	C	n	m
	1097.76	1091.96	0.014	0.93	1.1

The computational modelling was performed for intermediate and dynamic strain rate. The adiabatic eect was considered for the dynamic case but not for the intermediate strain rate. The complementary mechanical properties was reported in the Table

2

.

Table 2 :

 2 Parameters of Ti-6Al-4V alloy material for elastic domain and heating parameters

Table 3 :

 3 Number of elements for the mesh study

Table 5 :

 5 Value of geometrical parameters for the parametric study 3.1.1 Results on the mechanical properties

	3 mm, in order to have a margin of error for the printing of the auxetic
	structure. Finally, 35 simulations were performed for each applied velocity (0.1 m.s	-1 and 4 m.s	-1 for
	intermediate and dynamic conditions), with a total of 70.		

As explained above, the Eective Elasticity Modulus, the structural Poisson's ratio ν and the Energy absorption (J.mm -3 ) were extracted from the simulation, for both intermediate and dynamic condition.

Table 6 :

 6 Table 6 for each mechanial properties. Optimised geometrical parameters as function of the mechanical properties 3.1.2 Eect of the geometrical parameters on the mechanical properties

		Ũ	Poisson's ratio ν	E	*
	θ ( • )	85	75	85
	α	3.78	1.58	1.38
	t (mm)	-	0.3	-
	R (mm)	0.1	0.1	0.1

Table 7 :

 7 Value of geometrical parameters for the Taguchi matrixUsing the standard orthogonal array L 9 showing in[12], the Taguchi's matrix is reported on the

Table 8 .

 8 

	Samples	α = h l	t	R	θ
	1	1.5	0.3	0.1	84
	2	1.5	0.6	0.7	67
	3	1.5	0.9	1.3	58
	4	2.5	0.3	0.7	58
	5	2.5	0.6	1.3	84
	6	2.5	0.9	0.1	67
	7	3.5	0.3	1.3	67
	8	3.5	0.6	0.1	58
	9	3.5	0.9	0.7	84

Table 8 :

 8 L9 array as Taguchi's matrix for the identication of the geometrical parameters

Table 9 :

 9 Rank of the inuence of the geometrical parameters on the mechanical properties

Table B .

 B 1: Value of Structural Poisson's ratio ν for each samples under compression quasi-static condition

		Longitunal strain	Structural Poisson's ratio
		ε longitudinal	ν
	Sample 1	0.07	-0.17
	Sample 2	0.08	-0.14
	Sample 3	0.08	-0.19
	Average	-	-0.166

Table A

 A 

				.1. The substrat plate was stress
	relieved at an annealing temperature of 982	• C for one hour and then slowly cooling down to room
	temperature in the furnace.				
	Designation	Laser Power (W)	Exposure time (µs)	Scanning Speed (mm.s -1 )	VED (J.mm -3 )
	Set up 2	175	164	427	152

Table A

 A 

.1: Printing parameters for the L-PBF process for the Inconel 718

  Table A.2, as well as the average pores size.

	Building direction	Set up	VED (J.mm -3 )	Porosity (%)	Mean size (µm 2 )
		Default	52	0.097	0.004 ± 0.002
	XY	Set up 2	152	0.031	0.002 ± 0.001
		Set up 4	167	0.050	0.003 ± 0.001
		Default	52	0.198	0.008 ± 0.004
	ZX	Set up 2	152	0.233	0.011 ± 0.008
		Set up 4	167	0.144	0.011 ± 0.006
	Table A.2: Porosity (%) and mean size of the pores (µm 2 ) calculated for XY and ZX building direction

Table A

 A 

						.3. The chemical analysis
	as well as the EDS was in concordance with the chemical composition given by the supplier, which showed
	the correct analysis from EDS.						
		Ni	Cr	Fe	Nb + Ta	Mo	Ti	Al
	Supplier	50.00-55.00	17.00-21.00	Balance	4.75-5.50	2.80-3.30	0.75-1.15	0.30-0.70
	EDS	53.6	18.8	18.6	5.02	2.95	1.04	0.46
	Chemical Analysis	53.4	18.3	18.0	5.27	3.24	0.95	0.48

Table A .

 A 3: Chemical composition (in wt%) of the Inconel 718 powder and the printed samplesThe EDS analysis pointed on the globular and needle shape was reported on the TableA.4.The results indicate an enrichment in Nb against a depletion in Cr and Fe for both precipitates. By focus the globular precipitates, the chemical composition demonstrated a higher concentration in Ni, Nb and Ti and a depletion on Cr and Fe. The Nb concentration reached 15.6% wt as compared to 4.7% for the matrix, which indicate the presence of the Laves phase considering the morphology and the composition.

			Chapter V				
	Morphology	Ni	Cr	Fe	Nb	Ti	Al	Identied phase
	Globular	57.7	11.9	11.6	15.6	1.7	0.3	Laves phase
	Needle and plate	52.8	16.8	16.2	9.2	1.3	0.4	δ-phase
	-	53.5	19.1	18.8	4.7	1	0.5	Matrix
	Table A.4: Chemical composition (in wt%) on precipitates and matrix of printed Inconel 718
				169				

Table B .

 B 2: Mean grain size diameter dmean with its associated standard deviation, the representative grain size diameter in µm and the known yield stress as determined in the Chapter IV

			d mean (µm)	Standard deviation on d mean	D r (µm) σ y (MPa)
		Border zone	6.86	6.24	14.45	Unknown
	XY	Transition zone	7.69	8.84	21.65	Unknown
		Center zone	7.75	7.21	16.77	720
		Border zone	6.85	10.26	29.29	Unknown
	ZX	Transition zone	6.99	10.88	33.32	Unknown
		Center zone	8.2	10.53	27.15	520

Remerciements

A.1.3 Printing parameters

As seen in the literature review, the layer thickness had a signicant inuence on the density and hence porosity of the samples [2]. In some papers, the layer thickness of 30 µm was found to have less irregularity with a good density of the specimen [3]. However, other parameters such as laser power, scanning speed and the VED were signicant on the densication and the roughness. The VED is calculate by the following equation:

With P as the laser power in Watt (W), v as the scanning speed in mm.s -1 , h as the hatch spacing in mm xed at 0.09 mm and l the layer thickness xed at 0.03 mm. The scanning speed is calculated by the point distance P dist divided by the time exposure t exposure . As results, changing the point distance P distance and / or the time exposure t exposure will change the scanning speed v, which is fairly accepted as an important parameter. In this work, the L-PBF process was studied to optimise the process parameters as function of the printing quality of the re-entrant honeycomb structure, focusing on the time exposure t exposure (i.e. scanning speed) and the laser power P. The other parameters as hatch distance, point distance and layer thickness was xed as the default parameters prescribed by the supplier (see Table A. 1).

First, a study on the eect of printing parameters on the inner volume was investigated by only applying the sets as shown in the Table A.2. To complete these sets of printing, the parameters applied on the upskin and downskin region were those dened in the Table A Then, the laser power and the time exposure of the upskin, the downskin region as well as the border were also changed to see the eect of those parameters on the printing quality. The parameters were reported in the Table A.3. The VED changes as function of the printing region due to the change of the P dist and the hatch distance which remain the same as the default parameter set by the supplier (see The Figures A.8 and A.9 reported the predicted ow stress as compared to the experimental data for both building direction. It has to be noticed that the experiments have an adiabatic heating eect.

However, regarding the thermal sensitivity of the Inconel 718 for the studied strain rates (up to 2500 s -1 ), the predicted ow stress is considered as isothermal for both building directions, and calculated for each strain rates. In order to evaluate the accuracy of the J-C model and the experimental data, the prediction error was calculated by the following equation.

where N is the number of value and i the i th value. Each of the error predictions were plotted as function of the strain rate as shown in In order to characterize samples under microscops, a metallographic preparation is required to reduce the roughness of the surface. Each part piece was coated into a conductive resin before the polishing. Then, each sample was polished with 9 µm, 3 µm and 1 µm diamond pasted, followed by chemo-mechanical polishing with colloidal silica suspension (OPS). The samples were then cleaned using ultrasond for at least 5 min in order to remove the maximum of impurity.

A.1.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) coupled was used to characterize the microstructure of the printed Inconel 718. An electron beam is produced in an electron gun to scan the sample under a vaccum chamber.

Under the eect of the electron beam, several interactions between the electron and the material occurs and hence provides a characterization of the material. As shown in Then, backscattered electron (BSE) comes up with the elastic scattered electron, regarding a highest energy of the electron beam on the material surface due to the similar direction of the electron with the incidence direction. As results, those back scattered electron give more information on the material, by entering more deeply into the material and hence depend of the element of the material. As consequence, the BSE micrographs can bring topological and composition contrast imaging, which allows to see the microstructure of the samples. As function of the atomic number Z, the dierent elements from the sample produce a "Z-contrast", which allows to the element with high Z to sort out with a white color as compared to the other element.

At the end, during the interaction electron-mater, some electron were ejected from the outer shell of the atom, permitted the emission of photon X. Those photons have a certain energy corresponding to a peculiar element. As results, the analysis of the X-Ray energy provides the chimical composition of the sample by identifying the element through the energy in atoms percentage (at%) or weight percentage (wt%).

With respect to the SEM volume interaction displayed in the Figure A.1, it is important to notice that each interaction takes place on a certain depth. The maximal depth is approximatively calculated from 1 µm [2], with an interaction volume about micron cube for the X-Ray. As concerning the secondary electron, the depth was approximatively 5 to 50 nm with respect to the low energy [1].

To characterize the Inconel 718 manufactured by L-PBF, two SEM were used:

Zeiss Supra 40 Scanning Electron Microscope, operating at 20 kV coupled with EDS analysis, Zeiss Auriga Scanning Electron Microscope, operating at 10 kV using Electron Channeling Contrast Imaging (ECCI) mode.

Each of the micrographs were analysed with the open source software ImageJ in order to enhance the brighness, the constrast and carried out the particle analysis. The entire methods to determine the porosity was already described on the Chapter 3 (page 89).

A.1.3 Electron Back Scattered Diraction (EBSD)

In addition, Electron Back Scattered Diraction (EBSD) was also used to characterize the microstructural crystallographic of the material, to obtain the grain orientation as well as the grain size for the studied material. This characterization was conducted using the Zeiss Supra 40 equipped with an EBSD detector which acquired the diraction pattern. Then, EBSD map were analysed using ATEX Software [3] to nd the crystal orientation and the grain size.

A.1.4 Chemical composition

The chemical composition of the samples was obtained using two methods : the EDS analysis and the Inductively Coupled Plasma and Optical Emission Spectrometry (ICP-OES). The rst one was described earlier regarding the material characterization using the SEM, with emission of X-Ray. The ICP-OES allows the characterization of the chemical composition of the sample, using contaminant free sample obtained by drilling the initial samples. Then, the solution was treated in acid and digested by microwaves.

The liquid solution as well collected was ran in the plasma which permitted to optically observe each element. By comparison with a calibration curve, the nal chemical composition was obtained.

The EDS analysis permits a local identication of the chemical composition, as compared to the ICP-OES which provides a general analysis.

A.1.5 Nanoindentation

Nanoindentation on samples was carried out by using a nanoindenter XP equipped with a Berkovich-BK06. A rst calibration on the machine was done with a standard specimen in fused silicium. Then, an ADO (Adjust Depth Oset) was realized on our specimen Inconel 718 printed with the default parameters in order to adapt the correct depth between the indenter and the specimen.

The calibration of force was performed on the specimen by applying several load from 1200 µN to 500 000 µN with a loading of 30 second following by a break of 5 second and an unloading of 30 seconds. As results, the load of 160 000 µN with an approach speed of 320 000 µN/min was used. Using Oliver Chapter V and Pharr method [4,5], the hardness (HIT) and the elasticity modulus (EIT) is calculated from the beginning of the unloading part of the load-depth curves from the nanoindentation test.

A.2 Eect of the process parameters on the microstructure As seen in the Chapter 3, the Volumetric Energy Density (VED) and the print orientation play a significant role on the porosity and the printing quality. Then the Chapter 4 highlighted dierent mechanical behaviours as function of the print orientation. As results, an anisotropy of the material was showed as function of the print orientation, which evidently had an inuence on the yield stress. Nonetheless, the microstructure was not investigated until now, which is the subject of the current part.

A.2.1 L-PBF Process parameters

As seen above in the litterature, several process parameters in the L-PBF process inuenced the microstructure, the porosity and the mechanical behaviour of the material [START_REF] Schaedler | Designing Metallic Microlattices for Energy Absorber Applications[END_REF]. We propose to study the eect of the Volumetric Energy Density (VED) on the volume of the part piece on the microstructure in terms of grain morphology and porosity with micrographs performed by SEM with backscattered electron. Three dierent set up of process parameters were selected regarding the study on the Chapter III, and reported on the Table A To remind, the default parameters were the printing parameters recommended by the supplier Renishaw ®

for the used machine and Inconel 718 powder. The set up 2 are the process parameters used to print the bulk material and the auxetic structure, as tested in the Chapter III and IV. As concerned the set up 4, those printing parameters were aborted regarding the poor quality surface and the over melting of the UpSkin and DownSkin region. Nevertheless, the porosity was not studied in the Chapter III, and the investigation of the process parameters through these parameters seemed interesting to understand the process of L-PBF and those eects on the microstructure. After L-PBF process, all samples were stress relieved regarding the heat treatment described in the Chapter III [START_REF] Alderson | Elastic constants of 3-, 4-and 6-connected chiral and anti-chiral honeycombs subject to uniaxial in-plane loading[END_REF], and remove from the substrate with Electrical Discharge Machining (EDM) process. Futhermore, XY and ZX building direction were observed to look the inuence of the building direction on the microstructure and porosity.

A.2.2 Microstructure analysis

The micrographs at low and high magnication for the default printing parameter, the set up 2 and set up 4 were displayed in (VED =53 J.mm-3). At low magnication, equiaxed grain are observed with precipitates at grain boundaries. The micrograph at high magnication shows two shapes of precipitation with needle plate and globular morphology. In addition, some islands with small grain are noticed within the equiaxed grain.

A.4.2 Experimental method

The geometry of the samples is illustrated in A on the border zone, the yield strength decreased too. The same trend was observed for a higher value of A, where the yield strength was enhanced.

The eect of the strain hardening exponent n was examined by changing the value of 0.6535 by 0.3 and 0.9.With respect to the strain hardening term of J-C (A + Bε n p ), it is fairly accepted that modifying the exponent n should modify the trend of the curve, with a more linear curve for a high value of n. Nevertheless, the change in this latter parameter did not exhbit the expected behaviour. With an exponent of 0.9, the strain hardening looks the same as for the initial value of n, with just a slight decrease on the stress level. In comparison, the value of n = 0.3 displayed the expected behaviour, with a strain hardening higher than those with 0.6535. 

Meanwhile, the dierence of yield stress can also be expressed by introducing Equation B.7 in B.9:

Pei et al. [39] characterized the mechanical properties of the Inconel 718 made by SLM (i.e. L-PBF) with a microstructural study to assess the inuence of the building direction. By considering the aspect ratio of the grain size, they found the material constant of the Hall 

The gure B.8 illustrates the prediction of the yield stress as function of Equation B.12.

This graph shows that the yield stress is not only related to the representative grain size. The trends of the yield stress as function of the representation grain size demonstrates the signicant impact of the volume fraction of each grain. Regarding the high dispersion of grain size in ZX and XY building direction, two Hall-Petch relationship are dened with two dierent σ 0 . In fact, the σ 0 is determined for each building direction, which means that other microstructural eect described the plastic ow stress.

In the current model, aspect ratio of the grain (i.e. grain shape) is not take into consideration. Spherical shape grain was considered to build this model, which implies error prediction of the grain size diameter.

In addition, the crystallographic texture is not including in the prediction of the ow stress. Nicaise et al. [40] demonstrates that the plasticity of each grain is widely dependent on the grain orientation and had to be coupled with the grain size dispersion. The previous part also demonstrated the presence of precipitates within the Inconel 718. The volume fraction of δ-phase and Laves phase seem to be involved as function of the building direction. The strengthening of the phase could also inuence the yield strength of the Inconel 718 [41] .

Finally, the current constitutive model is a simplistic relation between the grain size and the yield stress of the material. To be more accurate, further investigations on the microstructural features are required to enhance the model.

B.2.2 Results

By only assuming the eect of the grain size on the yield stress, the Table B 

XY Building direction

The Figure B.9a presents the true stress curves vs the plastic strain for the border, transition and center zone. Considering the center zone as the reference, the transition and the border eect show an error of 3.23% and 2.08%, respectively. The transition zone seems to be more inuent on the macro-mechanical behaviour of the material, regarding the predicted value of A and its proportion into the microstructural gradient.

ZX building direction

The where y i is the experimentally detected value of i th and n is the number total of each test, and s the variance.
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