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Résumé

Mots-clés : Matériaux cellulaires, Tomographie aux rayons X, Comportement mécanique, Eléments finis Les matériaux cellulaires sont des échantillons à très forte porosité qui peuvent être décrits principalement à deux échelles : la mésostructure et la microstructure. La mésostructure correspond à l'architecture du matériau : distribution de la phase solide et des porosités et peut être caractérisée par la tomographie aux rayons X à basse résolution. Le lien entre l'architecture des matériaux et les propriétés mécaniques a déjà été largement étudié dans la littérature. La microstructure désigne les caractéristiques intrinsèques de la phase solide. Les caractéristiques microstructurales (par exemple présence d'une autre phase ou de défauts dûs à la mise en oeuvre) peuvent avoir une influence importante sur les propriétés macroscopiques. Le but de ce travail est de relier les caractéristiques architecturales et microstructurales des matériaux cellulaires à leurs propriétés mécaniques grâce notamment à la tomographie aux rayons X. Une nouvelle approche combinant l'imagerie 3D à plusieurs résolutions, le traitement d'images et la modélisation éléments finis a permis de prendre en compte la microstructure de la phase solide. Quatre matériaux cellulaires, faisant office de matériaux modèles, ont ainsi été étudiés : des mousses d'aluminium fabriquées par un procédé depuis l'état liquide, des structures cellulaires périodiques en alliage de cobalt-chrome réalisées par fabrication additive, des échantillons de β-TCP réalisés par un procédé faisant intervenir des porogènes et des composites hydroxyapatite/β-TCP obtenus par fabrication additive (robocasting). Les matériaux métalliques ont été fournis par des collègues d'autres laboratoires, tandis que les matériaux céramiques ont été fabriqués dans le cadre de cette étude. Pour chaque type de matériaux (métaux et céramiques), une structure régulière et une stochastique ont été comparées. Pour utiliser la méthode multi-échelle développée dans ce travail, les échantillons ont d'abord été scannés grâce à la tomographie locale dans laquelle l'échantillon est placé près de la source de rayons X. La tomographie locale permet de scanner la petite partie irradiée de l'échantillon et d'obtenir une image agrandie par rapport aux images à plus basse résolution. Ces images permettent d'observer certains détails de la phase solide non visibles à plus basse résolution. Différentes étapes de traitement d'images ont ensuite été mises en oeuvre pour obtenir une image à basse résolution incluant les informations provenant des images à haute résolution. Ceci a été réalisé grâce à une série d'opération de seuillage et sous-résolution des images à haute résolution. Le résultat de ces différentes étapes de traitement d'images donne une image de l'échantillon initial à basse résolution mais qui inclut l'information supplémentaire décelée à haute résolution. Ensuite, des essais mécaniques in situ ont été réalisés dans le tomographe pour suivre à basse résolution l'évolution des échantillons pendant la déformation. Les images initiales citées plus haut ont été utilisées pour produire des maillages éléments finis. Des programmes Java ont été adaptés pour créer des fichiers d'entrée pour les modèles éléments finis à partir des images initiales et des maillages. Les images initiales contenant les informations à propos de la phase solide, les images des essais mécaniques et les modèles éléments finis ont permis d'expliquer le comportement mécanique des échantillons en reliant les sites d'endommagement expérimentaux et les lieux de concentrations de contraintes obtenus par simulation.
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Introduction

In the last decades, highly porous materials have received more and more interest. First of all, a lot of natural materials, such as bone, nacre, sponge or wood, are porous materials which exhibit a combination of interesting properties. Therefore, observation of these materials led scientists to be inspired and to fabricate porous samples with polymer, ceramic or metallic solid phase. As their natural counterparts, man-made porous materials are multifunctional: organisation of solid phase brings a high specific strength and stiffness whereas the high volume fraction of interconnected pores is responsible for a high permeability. For this reason, man-made cellular structures have been progressively developed. Cellular polymers were firstly created and they are nowadays widely used, especially in packaging industry. Then, ceramic and metallic materials were used to create cellular samples. They allow one to combine interesting properties of these classes of materials (for ceramics: corrosion resistance, high stiffness and hardness and use at high temperature; for metals: high electrical and thermal conductivity, high strength, toughness and good ductility) with the lightweight of porous structures. Now, cellular samples are used in many industrial fields, among which energy absorbing devices (for instance in helmet), building materials (with cellular concrete), catalyst supports for chemistry or biomaterials (prostheses and bone substitutes) [GIB-1997], [SCH-2005].

The main properties of cellular materials are linked to their architecture, i.e. the particular arrangement of solid phase and pores. A wide variety of properties can be obtained when varying the different architectures: relative density, random or periodic arrangement of porosity, open or closed pores, pore shape and size, cell strut or wall dimension, tortuosity. The architecture of the samples has been extensively characterized in literature. For this purpose, X-ray tomography has become the most popular means of characterization because it is non destructive and it enables to image the sample in three dimensions. The different architectural parameters referring to solid and porous phases have to be measured in three dimensions because two dimensional information are insufficient to characterize correctly highly porous samples. The link between mechanical properties and architecture of the samples has also been the subject of many papers, especially for metallic samples. In or ex situ mechanical tests were developed to follow the deformation of the samples by X-ray tomography. Finite element models completed the work to determine the stress concentrations inside the samples.

In the MATEIS laboratory, cellular samples have been studied for around ten years. The first works dealt with the characterization of the architecture and the mechanical properties of aluminium and polyurethane foams [YOU-2004] and stainless steel hollow sphere structures [CAT-2008-1]. In or ex situ mechanical tests were carried out in laboratory and synchrotron tomographs thanks to home-made devices. Finite element models were built from tomographic images using different methods to generate meshes from tomographic images. Meshes made of cubic, beam or tetrahedral elements [MAI-2003] were produced thanks to softwares like Avizo ® . This was accompanied by the development of programs to create Abaqus ® readable input files from the mesh files. These studies succeeded to develop meshes reproducing fairly the actual structures and finite element models from these meshes. Introduction M. Peroglio fabricated alumina by replication of a polyurethane foam and calcium phosphate by porogens [PER-2008], whereas M. Lombardi processed porous alumina by sacrificial template method [LOM-2009].

The influence of the internal microstructure of the constitutive materials of highly porous samples on their mechanical behaviour has rarely been taken into account in literature. Some authors characterized the microstructure of the constitutive material using microscopy or tried to test mechanically the solid phase of the sample, but no papers were found in literature related to the use of local tomography or to the development of finite element models taking into account the microstructural features. In MATEIS, a first study was conducted by T. Zhang [ZHA-2013]. He developed local tomography to image cellular samples at high resolution. Aluminium foams and stainless steel hollow sphere structures were scanned at high resolution and this allowed to observe microstructural features in the cell walls or struts: inclusions in aluminium foams and small pores in the walls of hollow sphere structures. In-situ tensile test enabled to understand that these microstructural features had an influence on the mechanical behaviour of the samples. The finite element models were only based on the mechanical behaviour of the main alloys (aluminium or stainless steel) and did not include the presence of the inclusions. They did not predict correctly the rupture of the samples. The conclusion of this work was the importance to take into account the microstructural features of the solid phase into the mechanical models. Thus, it opened the way to go further into finite element modelling.

In this context, this work can be considered as the logical continuation of the above quoted work and especially of the approach initially developed by T. Zhang. The main objective of this work was the development of a complete methodology to study the mechanical behaviour of cellularsamples from their characterization by X-ray tomography to the creation of finite element models and the estimation of the mechanical properties. Local tomography was used to scan the samples at high resolution and to observe microstructural features non visible at lower resolution. Different processing steps were applied to modify the images and use them as an input for finite element modelling. Characterization of the samples was done thanks to tomographic images and other means of characterization such as scanning electron microscopy. In situ mechanical tests were performed in the tomograph. For the creation of finite element modelling, special programs were developed in order to create Abaqus input files taking into account the microstructural features of the solid phase in the model.

To apply this approach, different cellular materials were chosen as model materials, both metal and ceramic-based. For each of these two classes, one material was made by a relatively common fabrication process and exhibited a random porosity and the other was made by newer additive manufacturing processes and had a periodic porosity. This allowed to fulfil the objective of applying a similar approach to samples with different morphologies and made of different classes of materials. First, the aluminium foams studied by Zhang et al. were logically studied in order to complete the previous work. They were made by investment casting technique, a liquid state process. In situ tensile test was performed because it is the common mechanical test for metallic materials. A periodic sample composed of cobalt-based alloy and made by additive manufacturing (electron beam melting) was the second metallic sample. Then, two ceramic-based samples made of calcium phosphate were selected: one with a random porosity made by a standard fabrication process (sacrificial template method) and another with a periodic structure made by additive manufacturing (robocasting). These three latter samples are used in biomedical devices: orthopaedic devices (i.e. femoral stem in hip prostheses or knee prostheses) for cobalt alloys and bone Introduction substitutes for ceramic samples. That is why compression test was chosen as the mechanical test for these samples.

The first chapter of the manuscript is dedicated to a general presentation of cellular materials: a first part presents their definition, the different fabrication processes of cellular metals and ceramics and their mechanical properties; then a second part reviews the use of X-ray tomography and finite element modelling to study the mechanical properties. In the second chapter, the approach used in this work is presented step by step. The four model materials used are first presented in more details. Afterwards, the methodology from the characterization by X-ray tomography to the creation of finite element models is thoroughly explained. Along the chapter, schemes and illustrations taken from the example of the aluminium foam are added in order to make the explanation easier. Chapters 3 to 6 of the manuscript are aimed at presenting the application of the approach to the four materials. Each chapter corresponds to one sample: the third and fourth chapters to the metallic materials and the fifth and sixth one to the ceramic materials. For each type of materials, those which were made by conventional fabrication technique are first presented (third chapter: aluminium foam and fifth chapter: β tricalcium phosphate or β-TCP) and those made by additive manufacturing are treated in the following chapters (fourth chapter: cobalt samples and sixth chapter: hydroxyapatite/β tricalcium phosphate or HA/β-TCP). Each chapter is built in the same way. A first introduction reminds general features about the materials considered, their main properties and applications. Next, the processing of the samples is described. It is especially detailed in the case of the β-TCP samples as they were processed in this work. Afterwards, the initial sample is characterized in terms of architecture and solid phase features thanks to tomography at two resolutions. Then, the behaviour during the mechanical test is explained. Finally, the creation of the finite element models is detailed and the experimental and simulated results are compared. After these four chapters, general conclusions end this manuscript and different prospects are suggested.

1.1) Introduction about cellular materials

1.1.1) Presentation and definition

For the last two decades, highly porous materials (i.e. having a volume fraction of pores higher than 60 %) are gaining interest in the Material Science community. This is due to their unique combination of mechanical and physical properties. The presence of voids in the materials brings some special features: low density, low thermal conductivity, high surface area, high specific strength, high permeability.

Polymer-based cellular materials were first developed historically. Nowadays, they are widely used in many applications: packaging, thermal insulation in buildings, comfort layers in seats… Cellular ceramics are also an important class of materials. In this case, the properties of porous materials are combined to the main advantages of ceramics: high melting point, corrosion and wear resistance, biocompatibility. Consequently, a lot of applications can be found: filtration (molten metals, particulates, water treatment), catalyst supports, construction materials (plaster, cellular concrete), biomaterials (scaffolds for bone replacement), solid oxide fuel cell electrodes. Cellular metallic materials have attractive properties over polymer and ceramic foams: high thermal conductivity and elasto-plastic mechanical behaviour. Now, the main metallic alloys are used to create metallic foams: aluminium, steel, copper, nickel, titanium, cobalt.

Generally, porous materials are described as pores surrounded by solid phase walls, named cells. Different parameters are used to characterize their architecture: pore size and shape, cell wall shape and thickness. The pores can be closed if they are completely isolated or open if the pores are all interconnected. Porosity can be randomly or periodically arranged. [ERG-2015] and (c) aluminium foam with random and closed porosity [SON-2008] Chapter 1: Bibliography

1.1.2) Manufacturing processes

The large variety of highly porous materials implies the existence of several manufacturing processes. In this part, conventional processing for cellular ceramics and metals will first be exposed. Then, additive manufacturing will be presented.

1.1.2.1) Processing of cellular ceramics

The production of a network of pores in ceramics can occur during sintering or during forming processes (followed by a thermal treatment). Fig. 1.2 sums up the different methods of fabrication. Forming methods enable a better control of porosity than techniques based only on thermal treatment.

The easiest technique is to sinter uncompletely ceramic powders. Partial sintering involves a low sintering temperature or duration. Different parameters as sintering temperature and duration, atmosphere, powder agglomeration, compaction pressure, can play an important role [DEN-2002], [HAS-2006], [ISO-2012]. However, the main drawback is the difficulty to control pore shape or size. Reactive sintering is based on the thermal decomposition of a powder mixture. The yielded gaseous phase enables the development of pores [SUZ-2000]. Microwave sintering can also be used to create nanopores with lower temperature and duration than conventional sintering [WAN-2006]. Replica technique consists in impregnating a polymer foam by a ceramic slurry. After impregnation, it is covered by a thin ceramic suspension. Excessive ceramic slurry has to be removed. Finally, thermal treatment burns out polymer and sinters ceramic. The final ceramic sample constitutes the positive morphology of the polymer sponge. Several requirements are necessary for this method. First, ceramic slurry must have a low viscosity to coat the polymer in a homogeneous manner. But, after impregnation, a high viscosity of ceramic coating is needed because coating must be retained on the polymer. Therefore, ceramic slurry has to exhibit a low viscosity for high shear rate and a high viscosity for low shear rate (shear thinning behaviour). This special behaviour can be obtained thanks to thixotropic and thickening additives (e.g. silica [ZHU-2002], organic phase [MON-1998], [TUL-1999]). The polymer for the supporting foam has to be carefully chosen: it has to evaporate at low temperature and without creating residual stresses in the ceramic. The most used polymers are polyurethane, polyvinyl chloride or polystyrene [COL-2006]. Replica technique enables to create open porosity with range of porosity fraction from 40 to 90 % and pore size from 100 µm to some milimeters [STU-2006]. The main drawback is the presence of cracks and holes in the struts, which were created during heat treatment. Stress concentrations are also present due to triangular shape of cells. It is also possible to use natural cellular structures as preforms. Wood is first transformed into carbon preform by pyrolysis. Infiltration by liquid or gas at high temperature produces cellular oxides [CAO-2004] or carbides [LOC-2009]. Wood can also be impregnated by preceramic polymer. Pyrolysis treatment transforms wood in carbon preform and preceramic polymer in ceramic. Carbon and ceramic phase then react to create porous oxynitride and oxycarbide [COL-2010].

Sacrificial template method consists in using a sacrificial phase to create pores. Porous material has the negative shape of the original template. Fabrication can be made by dry or wet route [CHE-2008]. In dry route, ceramic powder and pore former are uniaxially or isostatically pressed at room or high temperature [PEC-2010], [WAN-2005], [YAO-2005]. In wet route, a slurry is prepared from the components and then cast. A binder can be added to avoid collapse of the ceramic phase during removal of pore formers. Ceramic powder and sacrificial phase have to be carefully mixed to obtain a homogeneous distribution of porosity in the final sample. Organic phase is removed by thermal treatment. Metals, ceramics and salts are commonly removed with chemical leaching. Different types of pore formers can be used: organic phase (polyethylene [MEI-2012], PMMA [DES-2008], polystyrene, graphite [SAR-2013], yeast [XU-2015], naphtalene [PEC-2010], sucrose [WAN-2005]), metals (nickel removal by acid leaching to produce zirconia [KIM-2002]), ceramics, salts (as NaCl [HU-2012]), liquids. Finally, sintering enables to densify the remaining 9 Figure 1.3: Scheme of the three main forming methods to obtain cellular ceramics [STU-2006] Chapter 1: Bibliography ceramic phase. The main advantage of this method is the possibility to control precisely pore morphology and size. Consequently, the samples obtained with this method can have a wide range of pore volume fraction (20 to 90%) and pore sizes.

Foaming technique is based on formation of bubbles by gas in a ceramic suspension. Gas can be directly introduced in the ceramic slurry or produced from a foaming agent. Wet foams are thermodynamically unstable because of a high gas liquid interfacial energy. As a consequence, bubbles coalesce and create larger ones, being deleterious for the structural properties. That is why air bubbles have to be stabilized. Presence of surfactants or solid particles improve stability. Surfactants adsorb at gas liquid interface and reduce liquid gas interfacial energy [WAN-2009]. But, their low adsorption free energy results in a reversible adsorption. Solid particles also adsorb at liquid phase interface and replace a part of the gas liquid area by a solid liquid one. Solid particles can be ceramic particles with surface modification by amphiphiles molecules. These molecules modify the ceramic particle surface and enable particle adsorption at air liquid interface (as alumina particles modified by propyl gallate [SAR-2015] or by short chain carboxylic acids [GON-2007]). It provides a long-term stability whereas a foam stabilized with surfactants collapses after few minutes. Due to incomplete stabilization provided by surfactants or solid particles, different processing routes have been developed to produce porous ceramic via direct foaming. Sol/gel is a method in which a sol is transformed into gel [GON-2007], [TOM-2004]. Viscosity increase due to gel formation induces foam stabilization. Gel casting is based on in situ polymerization of monomers [SEP-1999]. Polymer enables stabilization of air bubbles. Direct foaming technique enables to obtain closed or open porosity with volume fraction between 40 % and 90%. Pore size is ranged from microns to few millimetres. But, pore size is lower with solid particles (pore sizes of 10 µm are achievable with particles).

Freeze casting is a relatively recent process to create porous ceramics [DEV-2008]. Fig. 1.5 (a) shows a pressure versus temperature diagram and indicates the different steps of freeze casting. A ceramic slurry is first poured into a mould to be frozen. Directional solidification enables growth of aligned crystals of solvent. During this stage, ceramic particles are rejected towards the solidification front and entrapped between the crystals. Then, sublimation transforms frozen solvent into gas. Finally, ceramic green body is sintered to obtain desired strength and stiffness. Fig. 1.5 (b) presents a typical structure of a freeze-cast material with long parallel pores. Many ceramic materials have been processed by freeze casting: calcium phosphate [DEV-2006], [MAC-2009], alumina [ZHA-2010], zirconia [HAN-2010]. Pore size which can be obtained depends on the solidification front speed. It has to be noted that freeze casting has also already been used to 10 (a) (b) (c) Figure 1.4: (a) Porous SiC made by replica of a wood preform [LOC-2009], (b) porous alumina obtained by sacrificial template method with polyethylene porogens [MEI-2012] 

and (c) porous

TiAl 2 O 5 obtained by foaming [SAR-2015] Chapter 1: Bibliography produce metallic materials (e.g. titanium scaffolds made by freeze casting of titanium hydride followed by thermal treatment to decompose it into titanium [JUN-2009]).

1.1.2.2) Processing of cellular metals

The conventional methods to create porous metals can be classified in four groups (fig. 1.6). Each one depends on the state of the metal at the beginning of the process: liquid state, solid state, ion and vapour [BAN-2001].

Liquid state techniques create cellular solids from melted metals. Direct foaming is the same method as for ceramic materials. It consists in injecting gas bubbles (often air, nitrogen or argon) in melted metal. Alcan ® process consists in introducing 10 to 20 vol% of ceramic particles (silicon carbide or alumina with a particle size of 10 µm). They increase melt viscosity and this slows down bubble rise. But, to avoid brittleness brought by ceramics, submicrometer and nanometer sized particles are tested as TiC or TiB 2 for aluminium foams [BAB-2007]. Instead of injecting gas, bubbles can be created by a blowing agent. This compound decomposes and releases gas in the melt [SON-2008]. For aluminium alloys, this process is named Alporas ® : aluminium is melted with 11 (a) (b) Figure 1.5: (a) Description of the steps of freeze casting [DEV-2008] and (b) Scanning Electron Microscopy (SEM) image of a hydroxyapatite sample obtained by freeze casting [DEV-2006] Figure 1.6: Summary of the main methods to obtain cellular metals [BAN-2001] Chapter 1: Bibliography metallic calcium (fig. 1.8 (a)). Viscosity of the melt increases thanks to calcium oxide formation. Titanium hydride (TiH 2 ) is added as blowing agent. Other components have also been used: CaCO 3 , [BYA-2014] .

Gasar refers to metals which form eutectic with hydrogen. When melted metal and hydrogen are cooled down to eutectic temperature, a solid/gas mixing is formed [SHA-2004].

Powder compact melting technique starts with metallic powder and blowing agent. Both are mixed and compressed. Heat treatment at a temperature near the melting point is the next step. During heat treatment, the blowing agent releases gas which provokes expansion of the metal [BAN-1995].

Spray forming is another method which uses metallic droplets. A spray containing melted metallic droplets and powders is sent to a substrate and forms a deposit. Pores are created by gas released by reaction between powder and metal.

Investment casting method is the equivalent of replica technique for ceramics (fig. 1.7). An open porous polymer sponge is impregnated by a ceramic slurry. Thermal treatment enables to burn out organic phase and melted metal is cast into the cellular ceramic. Finally, the ceramic mould is removed (for example, by pressurized water). Resulting metallic foam has the same morphology as the initial polymer foam. Duocel ® aluminium alloys used in this work are produced with this method (fig. 1.8 (b)). Liquid metal can also be poured directly on an organic (polymer sponge) or inorganic preform (as nickel alloys infiltrated in sodium aluminate [BOO-2008]) which is then removed by thermal treatment or leaching.

Due to its low melting point, aluminium is often prepared by liquid state methods. Other metals as copper, magnesium, zinc are also produced. Various range of porosity fraction (from 10% to 90%) and pore size (from few microns to few millimeters) can be obtained.

12 Figure 1.7: Steps of the investment casting [BAN-2001] Chapter 1: Bibliography Solid state methods designate methods in which a metal powder is used. These techniques are close to the ones used for ceramics. Metallic powder is isostatically or uniaxially compressed and sintered. Formation of pores can be done by: partial sintering, introduction of gas or use of a space holder. Partial sintering involves a low sintering temperature as for ceramic [OH-2002]. Foaming can be performed at solid state by introduction of an inert gas which creates bubbles. Gas is entrapped in the metal powder [MUR-2003]. As for ceramics, a sacrificial phase can also be used: organic phase, salts (NaCl [JHA-2013]), metals (as magnesium [ESE-2007]). By choosing spherical space holders, it is possible to create metallic hollow spheres. Chapter 1: Bibliography a sacrificial template which is removed by thermal treatment. The porous metals obtained by eletrodeposition have generally micrometre sized pores. Nanoporous structures can be fabricated by electrodeposition of metals on nanoporous organic network [HSU-2011].

Vapour deposition of a metal on a polymer foam is also possible. The difference with electrodeposition is that metal is in its gaseous state. Metallic vapour is produced in a vacuum chamber and condenses during deposition on the polymer foam. Production of Incofoam nickel foam is made by Chemical Vapour Deposition (CVD). Nickel tetracarbonyl Ni(CO) 4 decomposes at low temperature (150°C) in nickel and carbon monoxyde. This allows deposition of nickel on a polyurethane sponge [PAS-2004].

Dealloying is a more recent method to obtain nano-porous metals. Dealloying in an aqueous solution is based on selective corrosion of one component of an alloy. A multicomponent alloy contains a less noble metal. This latter is selectively dissolved by an acid or alkali solution. The remaining element forms an interconnected nanoporous structure (fig. 1 

1.1.2.3) Additive manufacturing

The two previous parts dealt with traditional methods to produce cellular metals and ceramics. Although extensive research has been conducted, conventional manufacturing techniques still exhibit some limitations about control of pore size or morphology. To overcome these drawbacks, Additive Manufacturing (AM) has been proposed in the last decades. It has first been used with polymers. It can be defined as a layer by layer building of structures following a Computer Aided Design (CAD) model. It enables to fabricate new porous structures with complex shape and tailored mechanical properties. In most cases, these techniques are used to fabricate periodic structures but random foams can also be made as it can be seen in fig. 1.11. Several 14 Figure 1.10: SEM image of nano porous titanium alloy obtained by dealloying [WAD-2007] Chapter 1: Bibliography advantages over conventional methods are remarkable: repeatability of process, absence of high costly tools (such as die or moulds), obtaining of samples without subsequent machining, short production times. However, some drawbacks still exist: high cost and high energy consumption of machines. Different techniques exist for metal and ceramic materials.

Different AM techniques have been studied for porous ceramics: 3D printing, stereolithography, selective laser sintering, robocasting. Generally, the process consists in a first step of layer by layer building of structures followed by a thermal treatment allowing removal of organic phase and sintering.

-3D printing consists in spreading a ceramic powder on a building surface and using a printer to selectively spray the powder with a binder which links the particles together [COX-2015], [FAR-2015]. Organic or inorganic binder [VOR-2007] have already been used.

-Stereolithography consists in polymerization of a suspension containing ceramic and photosensible resin by a laser [CHA-2002]. An ultra-violet laser scans selectively layers and resin polymerizes. Fabrication of photocurable paste is the key point because it requires suitable rheology or UV reactivity.

-Selective laser sintering designates a process in which a powder layer is sintered by a laser beam. It can be direct (laser sintering of a ceramic powder [SHU-2013] or slurry [TIA-2012]) or indirect (sintering of a polymer/ceramic composite powder and subsequent debinding treatment [SHA-2014]).

-Robocasting is a robotic deposition of a ceramic paste by a nozzle [HOU-2013], [LIU-2013], [MIR-2007], [SCH-2013]. It differentiates from other AM techniques because it uses ceramic inks with lower amount of organic additives. A ceramic ink containing ceramic powder, water and organic additives is first prepared and then deposited by a nozzle. Important work has been dedicated to the development of ceramic paste with appropriate rheological behaviour [DEL-2007]. Organic phase has to be carefully chosen because the ceramic ink must flow through the nozzle during deposition by the nozzle and be sufficiently viscous after deposition to avoid deformation of the rods. Solid concentration of the suspension is also optimized to minimize shrinkage during 15 Properties of ceramic samples made by 3D printing, stereolithography and selective laser sintering are highly dependent of powder and binder characteristics. High roughness is visible at the surface of samples made by 3D printing (fig. 1.12 (a)). Thermal treatment is also a critical step in order to remove organic additives.

Fabrication of metals by AM is based on selective melting of powders by electron beam (Electron Beam Melting: EBM) or laser (Selective Laser Melting: SLM) [MUR-2012-2]. In EBM system, a focused electron beam is created by an electron gun and electromagnetic lenses. The beam first scans the powder bed to pre-heat it to a temperature lower than melting point. Then, a melt scan melts only selected areas according to CAD model. Once a layer is built, the powder is raked on the building platform. SLM uses a laser beam which is focused on the powder bed by a rotating mirror. SLM is the equivalent of selective laser sintering of ceramics. Different metallic alloys have been used to fabricate cellular structures: titanium [MUR-2011], [PAR-2010], [SER-2015], [TAM-2015], cobalt [GAY-2010], [HAZ-2013], [RIV-2011], [TAK-2013], copper [RAM-2011], stainless steel [FAC-2010]. Fig. 1.12 (c) and (d) show SEM images of metallic structures made by AM. Some imperfections are noticeable on the outer surfaces of the struts: thickness variation, roughness. It can be due to partially melted powder particles which are attached to the surface. Various parameters can be optimized to improve the sample characteristics: powder preparation, electron or laser beam characteristics, scanning parameters, choice of the geometry of the sample [ VAN-2011].

Chapter 1: Bibliography

1.1.3) Mechanical behaviour of cellular solids

Cellular materials exhibit particular properties linked to their architecture. Monotonic and cyclic mechanical behaviour of cellular ceramics and metals will be presented.

1.1.3.1) Monotonic mechanical behaviour

Cellular materials are loaded in compression in many applications. Fig. 1.13 presents typical compression stress/strain curves for cellular metals and ceramics [GIB-1997]. Both show three domains, each corresponding to a mechanism of deformation. The first domain corresponds to linear elasticity. Cell struts deform by bending in open cell foams and by face stretching and edge bending in closed cells samples. When a critical stress is reached, a stress plateau appears. It corresponds to a progressive collapse of the cells, with different phenomena for metals and ceramics. In metals, plastic collapse of the cells is mainly due to bending and buckling. Deformation is localized in a band perpendicular to the compression direction. The stress plateau allows high energy absorption for the constant load. The length of plateau region depends on the Chapter 1: Bibliography porosity content: the higher the porosity content, the longer the plateau region. In ceramics, progressive crushing is due to fracture of solid walls. The load drops visible in the plateau domain are explained by the brittle behaviour of ceramics (i.e. small cracks propagate in the solid phase). The third domain is the densification stage. The cells collapse sufficiently to provoke contact between opposing edges and walls. Further strain compresses the constitutive material of the sample itself, which gives the high increase of stress which observed at high deformation. In some cases, densification is not reached because cell failure can occur previously.

Compressive behaviour of cellular metals and ceramics is clearly different from that of dense materials. An elastic/brittle behaviour which is characterized by propagation of large cracks parallel to the loading axis is observed for dense and low porous ceramics. A transition between brittle and cellular like behaviour exists for a volume fraction of pores of around 50 % in the case of mono-dispersed spherical pores [MEI-2012].

Even if cellular materials are most often loaded in compression, understanding their tensile behaviour is also important [GIB-1997]. Tensile stress/strain curves of different aluminium foams (fig. 1.14) show a linear elasticity followed by a post-yield phase. Linear elasticity phase has the same characteristics as in compression. Cell edges bend and closed cell faces undergo bending and stretching. However, the post-yield behaviour in tension differs from compression. In metals, when the strain increases, cell walls or edges tend to align in the loading axis until failure. Cellular ceramics have an elastic brittle behaviour in tension. After elastic stage, they fail rapidly by brittle rupture controlled by the largest defects (as for dense ceramics).

(a)

(b) Figure 1.13: Typical compression stress/strain curves of cellular samples: (a) a metallic material [NOU-2010] and (b) a ceramic material [CAT-2011] Chapter 1: Bibliography Shear behaviour of metallic foams is important because they undergo shear loading when used as core of sandwich structures. The typical shear stress/strain curve (fig. 1.15) shows a first linear elastic domain followed by a plastic part. At maximum stress, a crack propagates in a direction parallel to the loading axis, in the middle of the sample. Rapid decrease of the stress after peak stress indicates a rapid failure of the sample [BLA-2004], [SAE-1998], [VON-1998].

1.1.3.2) Cyclic mechanical behaviour

In many applications, metallic foams are subjected to cyclic loadings. Typical curves giving strain versus number of cycles for aluminium foam are presented in fig. 1.16. For tension/tension (fig. 1.16 (a)) and compression/compression (fig. 1.16 (b)), the curves can be divided into three steps [GIB-2000], [HAR-1999], [MCC-2000]. During the first cycles, the strain increases by localization of plastic deformation. Then, a plateau is observed: the samples deform at a slow rate. The third stage is characterized by a sudden increase of the strain. The knee characterizing the transition between slow and rapid shortening (or lengthening) of the sample defines the fatigue life. It occurs at a strain of around 0.5 % for tension and 2 % for compression, which is comparable to yield strain of compression and tensile test. For tension/tension experiments, it corresponds to failure of the sample by propagation of a main crack across the sample section. In compression/compression, one or several crush bands propagate.
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1.1.3.3) Influence of the architecture

Beyond the general description given above, it is important to note that mechanical behaviour of cellular samples primarily depends on architectural parameters: relative density, cell and pore shape and size, local variation of density or curvature of cells, anisotropy of the cells [AND-1999]. It has to be noted that the most important work in this domain seems to have been done about metallic foams and especially aluminium foams.

The most important parameter appears logically to be the relative density. The main properties (Young's modulus, compression plateau stress, tensile strength, etc) decrease when the volume fraction of pores increases. Different models have been developed to quantify this influence. Among them, Gibson and Ashby [GIB-1997] proposed simple equations relating Young's modulus or plateau stress to relative density for open-cell and closed cell idealized foams. Decrease of mechanical properties with increasing pore content is also often described by an exponential law [RIC-1998]. One of these relationships is given in the section 1.2.4 of this chapter. Experiments showed that relationships between mechanical properties and relative density can be more complicated due to the influence of other parameters and the complex shape of the real foams [AND-1999], [OLU-2000].

Different studies have been conducted on the effect of cell size and morphology on the mechanical properties. No general trend about the influence of cell size could be observed. Li et al. [LI-2015] investigated the effect of the cell size on compression properties for a constant sample size. They found that when the cell size decreased, Young's modulus decreased and plateau stress increased. They linked it to the influence of the ratio of the thickness to the length of cell walls. Xia et al. [XIA-2013] studied magnesium foam obtained by direct foaming from melt and found that yield stress decreased with increasing pore size. But they also observed that the plateau stress first increased then decreased when pore size increased. Aluminium foams with spherical pores processed by space holder technique had higher plateau stress with the biggest pores [JIA-2007]. The highest Young's modulus and compressive strength were also found for aluminium foams with intermediate cell size by Cao et al. [CAO-2006]. Nieh et al. [NIE-2000] was interested in the difference in compressive behaviour of aluminium foam as a function of the cell morphology. The distribution of the solid phase in the sample can also greatly influence the mechanical properties. For instance, the presence of curved edges (so-called Plateau borders) instead of straight ones at the intersection of struts can change Young's modulus and strength is modified by a change in cell wall thickness [SIM-1998]. An influence of pore shape was also observed to have influence on compressive properties on titanium foam: presence of random spatial pore distribution or random pore size decrease Young's modulus and yield stress compared to periodic arrangement of pores [LI-2004]. This tendency was also observed by Jiang et al. with aluminium foams with spherical pores which exhibited higher compression strength than samples with strip-shaped pores [JIA-2005]. The ratio of specimen size over cell size also has an influence. Some properties such as Young's modulus or compression plateau stress decrease if this ratio decreases [AND-2001]. The reduced Young's modulus is due to a higher area fraction of cells located at the stree-free edge of the sample which are less stiff than the cells in the bulk (which are restricted by other cells) [ONC-2001]. This effect is more important in open-cell foams because the cut cell edges and walls are a bit more constrained in closed-cell specimens due to the presence of faces. The reduced compression strength comes from the layer of non loaded cell walls at the boundary of the samples. Concerning shear loadings, the zones near the plateaus are rotation constrained and give an enhanced resistance to the sample. The area fraction of these zones increases when the sample size decreases. Consequently, the shear strength increases for a higher specimen size over cell size ratio [TEK-2011].

Fewer work has been done on cellular ceramics. Some studies indicated a decrease of compressive strength when the pore size increases. It was the case for scaffolds [HOU-2013] or for samples with random spatial pore distribution [BIG-2003], [MEI-2012]. For stochastic structures, this confirms the fact that mechanical behaviour of ceramics is governed by the largest defects.

Besides taking into account architecture, mechanical properties of the solid phase material are of great importance. It is particularly important as the microstructure of the material can be modified by the specific fabrication process of the cellular samples. Thus, Alporas ® aluminium foam contains Al-Ti-Ca second phase due to the incorporation of Ca and TiH 2 as blowing agent [BAN-2001]. But, up to now, few studies focused on this aspect [AMS-2005], [ZHA-2013].

Because of the high number of parameters to consider, it is impossible to find general equations describing the influence of architecture on mechanical behaviour of cellular materials. For this reason, there is a need to combine experimental characterization and modelling of mechanical behaviour for each studied sample. From this point of view, X-ray tomography is more and more used to characterize architecture of the samples and to perform in situ tests. The second part will review literature about study of cellular materials using X-ray tomography and finite element modelling. The text corresponds to a review written by C. Petit, E. Maire and S. Meille and published in the Journal of Materials Research [PET-2013]. A part of the introduction of the published review (section 1.2.1) has been removed in the chapter for the sake of clarity.

Chapter 1: Bibliography 1.2) Cellular solids studied by X-ray tomography and finite element modelling: a review

1.2.1) Introduction

The highly porous nature of cellular solids induces experimental difficulties in terms of 2D characterization. Different morphological parameters, such as density distribution and cell and pore size, are difficult to measure because of sample preparation problems. Non-destructive 3D images can help to overcome this difficulty, explaining why X-ray Computed Tomography (XRCT) has recently become a widely used technique to study cellular materials. X-ray tomography aims to obtain 3D images of the samples. The technique being non-destructive, it is also possible to follow the microstructure of cellular materials during in situ mechanical tests, which in turn gives us information on deformation, damage and fracture behaviour. Different in situ mechanical tests have been developed so far [BUF-2010]: compression, tension, fatigue, hydrostatic pressure, double torsion... The availability of 3D images of cellular materials also allows the numerical calculation of their mechanical properties through Finite Element (FE) modelling. Specific approaches have been developed in the last 20 years to calculate the average elastic modulus and stress concentrations during loading of cellular materials. Combined with in situ testing, a comparison of experimental and modelled behaviour is now possible. This review will present the most recent articles dealing with cellular solids studied by Xray tomography and finite element modelling.

1.2.2) X-ray tomography applied to cellular solids

1.2.2.1) Principle of XRCT

The principle of XRCT has been described in many reviews [BAR-2000], [STO-2008]. It is derived from X-ray radiography where an X-ray beam is sent onto a sample and the attenuation through the sample is measured by an appropriate detector. In XRCT, this sample rotates along an axis and a radiograph is taken for different angular positions of the sample. Reconstruction software uses all of these radiographs to recalculate a 3D image from all the 2D projections. As postprocessing, it is possible using image analysis software to visualize slices of the sample or a 3D image.

A standard laboratory tomograph allows the acquisition of good quality images with a minimum resolution of 1 µm. Such setups are available commercially. Tomographs based on a synchrotron source are also available. These are more powerful and allow a better resolution.

Tomography is able to provide 3D images of all types of cellular solids. The following sections present different examples of cellular solids observed by XRCT, reproduced from recent publications. These examples are classified regarding the nature of their solid phase.

1.2.2.2) Examples of cellular polymers

Polymeric foams were the first developed cellular solids. Their large energy absorption capacity enables us to use them for packaging or for protection against shock (such as helmets).

Chapter 1: Bibliography This explains the large number of recent studies on the compressive behaviour of this type of foam: PVC [FIS-2009], polyurethane [YOU-2005], polypropylene [VIO-2007] (see fig. 1.17 for 3D renderings of these materials). McDonald et al. also studied the tensile behaviour of a polyurethane foam [MCD-2011] during an in situ tensile test . . Polymer foams are also widely used as templates to process ceramic or metal foams [BUR-2012] as illustrated in the next section.

1.2.2.3) Examples of cellular ceramics

Cellular ceramics are used in a wide range of applications: filters, solid oxide fuel cells, construction materials (cellular concrete, plasterboards), biomaterials. Some authors used XRCT to characterize the morphology of the samples [MAI-2007] or their fracture processes under load, [DAN-2012], [MEI-2012], [ZHA-2012] (fig. 1.18). Many publications deal with bone substitutes: XRCT is used to compare their mechanical properties with bones [LAC-2006], or to follow the interaction between bone substitutes and natural bone [OKA-2012], [REN-2013]. Fig. 1.18 (a) shows an example of a solid strut in a SiC foam [DAN-2012] produced by coating a polymer cellular template with the ceramic slurry. During the sintering step at high temperature, the polymer precursor subsequently burns and then disappears, leading to the observed hollow strut structure.

(a)

(b) Figure 1.17: X-ray tomography image of (a) a polypropylene foam [VIO-2007] and (b) a polyurethane foam [YOU-2005] Chapter 1: Bibliography

1.2.2.4) Examples of cellular metals

Metal foams are a relatively recent class of cellular solids. As polymeric foams, their lightness and energy absorption capacity is extremely interesting but they can be used at higher temperatures. Moreover, cellular metals are stronger compared to cellular polymers and tougher compared to cellular ceramics. This combination of properties is very interesting in load-bearing applications (sandwich cores), or in applications that require shock absorption (automobile, helmet, packaging, cushion). Several authors have thus investigated the mechanical behaviour of aluminium alloy foams because of their set of interesting properties: low weight, high strength, ductility, corrosion resistance, recyclability [GIO-2000] Chapter 1: Bibliography

1.2.2.5) Image processing

X-ray tomography is an appropriate method to observe the mesostructure of a sample, i.e. the architecture of the cell walls and the distribution between the materials and the pores. The images can also be quantitatively used to calculate important descriptors of the cellular structure: tortuosity of the different phases, density distribution, pores and cell size distribution [MAI-2007], [SAA-2009], [ VAN-2011]. Fig. 1.20 shows an example of pore size distribution measured on porous metals. Tariq et al. [TAR-2011] determined the pore distribution in cellular ceramic catalysts thanks to tomographic images and compared it with mercury porosimetry measurements. Numerous softwares (ImageJ ® , Imorph [IMO]) have been developed to improve 3D image analysis. For example, Morpho+ [BRA-2011] has recently been improved to enable a rapid analysis of larger datasets.

One advantage of XRCT is its ability to characterize large samples, but this implies a limitation in the size resolution. To overcome this limitation, local tomography allows the imaging of the solid phase of cellular materials at a higher magnification. In this mode, the sample is placed near the X-ray source. Only a small part in the middle of the sample is irradiated by the X-rays. As a consequence, finer details of the microstructure in the material can be observed, as illustrated in fig. Chapter 1: Bibliography

1.2.2.6) In situ experiments

Some rigs can be mounted on the rotation stage of tomographs to perform mechanical tests during scanning. The aim is to scan the sample when it undergoes a deformation. The test can be done in situ (the rig is placed in the tomograph) or ex-situ (the sample is deformed outside of the tomograph and observed after loading). The images obtained during the deformation of the samples enable to better understand the damage mechanisms occurring inside the material. Chapter 1: Bibliography

1.2.3) Finite element modelling

Different analytical models were developed to analyse the mechanical behaviour of cellular solids, the most famous being by Gibson and Ashby [GIB-1997]. These analytical approaches link the mechanical properties of the cellular solids to its relative density. For instance in the case of the Young's modulus, the following relation is proposed:

( E E s ) =C ( ρ ρ s ) n (1-1)
where ρ and ρ s are the density of the cellular solid and the dense constituting material respectively, E and E s are the Young's modulus of the cellular solid and the dense constituting material respectively. C and n are constants and depend on the architecture of the material i.e. open or closed cells. Similar relationships exist for the evolution of fracture stress or fracture toughness of cellular solids versus relative density. This relation is based on the hypothesis that deformation in cellular materials is governed by bending. It is mostly used for periodic structures. However, the microstructure of cellular materials is usually not perfectly periodic. This can lead to the limitation of the predictive capacity of the above models. Several approaches have been developed so far to take into account the presence of imperfections on the mechanical behaviour of cellular solids [FLE-2001], [GRE-1999] using periodic structures and adding randomly dispersed imperfections. Nevertheless, such methods are not specific to a given structure and the representation simplifies the actual microstructure of cellular materials. Numerical models and especially finite elements models adapted to XRCT volumes allow the mechanical simulation of a material taking into account a realistic microstructure.

1.2.3.1) Meshing

Before modelling, the tomographic image has to be binarized. The binarized image is then used to create the FE mesh. The type of element selected is important to obtain an accurate model. In studies, three types of elements have been used to date:

-cubic elements, -beam or wall elements, -tetrahedral elements.

1.2.3.1.1) Meshing with cubic elements

This method consists of translating one voxel into an element of the mesh. The algorithm is 27 Chapter 1: Bibliography very simple to implement and no further complex meshing steps are needed. This meshing technique has been used on polymer, metal or ceramic cellular materials, mainly for the determination of Young's modulus and Poisson's ratio [ARN-2002], [GAR-1995], [SAA-2005], but also for the determination of the thermal conductivity of metal hollow sphere structures [FIE-2009] or the influence of the oxidation of the nuclear graphite on mechanical properties [BER-2008]. The main drawback of this meshing technique is the difficulty in representing the details of the sample microstructure. The cubic elements do not correctly follow the curved surface. Different solutions exist: increase mesh resolution (but the calculation becomes very long) as was done by Maire et al.

[ MAI-2003] or Berre et al. [BER-2008] Meshing with beam or shell elements can be used for actual structures from tomographic images provided that the microstructure is composed of such a structural element. This is, for instance, very often the case in polymer foams. Different examples exist in studies: PVC foams [FIS-2009] (see fig. 1.25), stainless steel hollow sphere structures [CAT-2008-2]. For the latter, the structure was scanned in its initial state and this scan was used to create a FE mesh. A compression test until a strain of 9% was performed. Experimental stresses and strains were recorded during the test. The FE mesh was made with shell elements. An elastoplastic law was used to model the behaviour of the solid material constituting the shells. The parameters were adjusted to take into account the pores in the steel walls: Young's modulus of 150 GPa and Poisson's ratio of 0.3. The Young's modulus was determined using a rule of mixture with the porosity in the walls. The plastic behaviour of the solid walls was modelled by couples of values for strains and stresses: {(0, 140 MPa), (0.035, 153.4 MPa), (0.1, 187 MPa), (0.2, 210 MPa)}. These values were chosen because they enable a good fit between simulation and experiments. However a standard 304 steel is probably a bit harder than this. Fig. 1.26 presents two stress/strain curves: the experimental one corresponding to the compression test and the simulated one to the result of the FE modelling. One can observe a good correlation between experiments and modelling especially for yield stress and plastic behaviour. But, the Young's modulus of the structure was overestimated. The thickness of the 28 (a) (b) Figure 1.24: (a) Voxel mesh of a PU foam [MAI-2003] and (b) voxel mesh of an oxidized nuclear graphite [BER-2008] (a) (b) Figure 1.24: (a) Voxel mesh of a PU foam [MAI-2003] and (b) voxel mesh of an oxidized nuclear graphite [BER-2008] Chapter 1: Bibliography shell elements used was attributed based on the actual thickness of the solid-phase measured in the initial tomographic image. However, in some cases, the beam elements cannot correctly represent the structure of the material [ELL-2002] because the beams are not well adapted to the strut geometry (fig. 1.27).

29 The third meshing technique category describes more precisely the actual structure of cellular materials. This is the most currently favoured method in studies. Meshing with tetrahedral elements is carried out in two steps. First, a 2D mesh with triangular surface elements is created from the binarized tomographic image. The triangular external faces of the elements can approximate the actual surface of the cellular solids as determined by XRCT. Then, a 3D mesh is built with a tetrahedral filling the interior of the previously defined surface. One of the first studies of tetrahedral meshing was carried out on trabecular bones [ULR-1998]: a comparison was drawn between meshing with voxel and tetrahedra. For some samples, authors obtained more accurate results with tetrahedral meshing. Examples of tetrahedral meshes created for the three types of cellular solids are presented in fig. 1.28: the precise reproduction of the microstructure is particularly highlighted in fig. 1.28 (b). As already presented in fig. 1.26, the results obtained with tetrahedral meshes are generally close to the experimental ones (fig. 1.29). A nickel foam sample was first scanned. A tensile test was performed with a displacement rate of 0.1 mm/min. The FE mesh was built from the tomographic image. An elastoplastic law was chosen to model the behaviour of nickel. The parameters used in the model were: Young's modulus of 170 GPa, Poisson's ratio of 0.3 and yield strength of 25 MPa. The curves presented in fig. 1.29 are the experimental data from the tensile test and the simulated data created from the FE modelling [MIC-2011]. In this example, the Young's modulus is the same in the experiment and in the FE calculation.

In terms of macroscopic properties, Vesenjak et al. used the method to demonstrate the influence of the anisotropy and the strain rate sensitivity on the compressive behaviour of aluminium foam [VES-2012]. It should be noticed that the use of this technique seems to overestimate the elastic stiffness (see again fig. 1.26) and authors sometimes have to use an unrealistic elastic behaviour of the solid phase to fit their experimental elastic regime. For example, Marcadon et al. [MAR-2012] obtained overestimated Young's modulus as compared to experimental ones for the compressive behaviour of Inconel hollow tube stacking. No clear explanation has yet been suggested as to why the models are stiffer than the experimental materials.

In terms of local behaviour, the prediction is, on the contrary, always very useful to analyse 30 Chapter 1: Bibliography

In cellular ceramics, as with other cellular materials, FE models of XRCT images are used to estimate the average Young's modulus and the stress concentrations within the solid phase [ARN-2002], [DAN-2012], [ZHA-2012]. FE simulation shows stress concentration logically in the thinnest sections of the solid walls or struts [DAN-2012]. Some limitations are noted in these results, especially in some cases, where the estimated Young's modulus is no more accurate than the analytical solutions, such as the Gibson and Ashby model. In the study carried out by Zhang et al. [ZHA-2013], this finding was related to the volume size, too small in some cases to be representative of the whole microstructure of a material. As a rule of thumb, a representative volume element of a cellular material should at least encompass 10 cells across the three main directions of the solid.

Bone substitutes are an important application for cellular materials and have been the subject of recent work on property evaluation using XRCT and FE analysis. Such materials are often more dense than the cellular ceramics mentioned above, with a relative density varying from 50 to 75%. The FE calculation shows in this case the important influence of the pore distribution on the stress distribution [LAC-2006], local agglomeration of pores leading to higher stress concentration in the solid phase.

Another issue that confirms the potential of FE simulation based on XRCT volumes is the coupling between mechanical stimuli and the biological response of cellular materials in vivo. It has been largely shown that compressive stresses enhance cell differentiation and extracellular matrix synthesis, essential factors for new bone growth. Computation of fluid flow in the porous space of a cellular matrix is also of importance [SAN-2008].

1.2.3.1.4) Other types of meshing

Other techniques are possible to mesh a cellular solid, such as mixed meshes made of different elements [VEY-2010]. First, the solid surface is meshed with triangles. Then, a volume mesh is created with hexahedra. Tetrahedra and pentahedra are added where hexahedra cannot fill the overall volume. The comparison of different meshes for a metallic foam shows that mixed meshes give the most accurate results.

The discrete element method was also used to simulate the mechanical behaviour of entangled materials (made of fibres) [BAR-2009]. This technique consists of discretizing the fibres in segments. It then oversimplifies the description of the material but is useful when friction problems are prevalent in the material to be analysed, and the computation time can sometimes be reduced compared to the FE analysis.
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1.2.4) Conclusion

X-ray tomography has become one of the preferred methods of characterization for studying cellular solids. The 3D images enable us to obtain a good description of the architecture of the foams. Applied at different scales, using either a standard mode of acquisition or local tomography, the technique permits a more precise description of the material microstructure. XRCT images are often used to create meshes for finite element modelling. Every class of cellular solids (polymer, ceramic and metal) has been investigated using this combination of techniques. The subsequent FE calculations lead to results in terms of macroscopic properties that can be compared with standard mechanical tests. Many studies have reported that the prediction of this type of calculation is in good agreement with the macroscopic response of the material, although they seem to lead to a systematic overestimation of the elastic properties (fig. 1.23). XRCT also allows us to follow the deformation processes of cellular solids when coupled with an in situ mechanical test. In this case, the FE prediction of the local stress concentration can also highlight the regions where stresses localize. This has been shown many times to be in good agreement with the local damage mechanism observed during in situ mechanical tests. This is illustrated by fig. 1.31. This combination of techniques is then ready to be applied as a predictive tool. Either based on a tomographic image, or on a numerically generated microstructure, FE models can help engineers to select the best microstructure for a given property (then for a given application) without the need for a complex experimental investigation based on mechanical tests. This could be particularly useful in the case of multiaxial loading, not easy to carry out experimentally.

1.3) Conclusion of the chapter

This chapter presented the different types of cellular metallic and ceramic materials. Many fabrication processes have been developed or are still under development. Among them, techniques based on additive manufacturing seem to have a great potential in order to easily fabricate complex, customized and reproducible samples. Taking into account the architectural parameters (i. Chapter 1: Bibliography density, pore and cell size distribution, arrangement of solid phase, etc), a wide variety of porous structures can be created. Many researches have been conducted on structural and mechanical characterization of these materials. X-ray tomography is particularly useful because 3D information is necessary to characterize correctly the porous network. Numerical simulation based on finite element method is often coupled to experiments in order to understand the mechanical behaviour by analysing the weakest locations. Thanks to X-ray tomography and finite elements modelling, literature is extensive about the link between architecture of the samples and their mechanical properties (especially for metallic foams).

However, few studies deal with the influence of solid phase characteristics on mechanical properties. None has been done taking into account both characteristic length scales (i.e. micro-and mesoscale) in modelling. Nevertheless, important features such as the presence of secondary phases in metallic alloys or small pores in ceramics, are important to explain the mechanical behaviour of the samples. Moreover, it is important to understand the relative contribution of the architecture and of the microstructural details of the solid phase on the mechanical properties. This can be explained by the fact that the samples are often scanned at a resolution which enables to image only the architecture. That is why work is needed to develop experiments and modelling which take into account the influence of the solid phase characteristics. In the experimental field, tomographic images of the samples should enable to obtain information about the microstructural features. Thus, finite elements models which are created from these images would integrate the micro-scale information. This is the aim of the general approach presented in this work. This was developed through the study of four different cellular materials.

The next chapter will first present briefly the materials studied in this PhD and then explain step by step the approach used in this work. Afterwards, each of the following chapters (third to sixth) will be dedicated to the presentation of the work done on each of these samples.

Chapter 2: Materials and methods 
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2.5) Conclusion about the approach

Chapter 2: Materials and methods This chapter will describe in details the general approach developed during this work. First, the four cellular materials used as model materials will be briefly presented. Then, structural and mechanical characterization techniques used will be listed, more details being available in appendices. Afterwards, the specific development of X-ray tomography used in this work (i.e. local tomography) will be explained. Next, an important focus will be made on the description of the image processing steps applied to the tomographic images. This is actually a key point of the approach. Finally, the methodology to create Finite Element (FE) models from tomographic images will be detailed step by step.

2.1) Presentation of the materials

In this section, the four materials of this study will be presented and briefly described. The characteristics of these samples and the work done for each of them will be presented in details in the subsequent chapters.

Four different materials were used during this study, two metals (see fig. 2.1) and two ceramics (see fig. 2.2). For these two classes of materials, one sample was processed by a conventional fabrication route and shows a random distribution of porosity and the other was fabricated by additive manufacturing and shows a periodic structure. The four samples had a volume fraction of pores higher than 0.6. The choice of the samples was done according to the most important potential applications of highly porous samples.

The first sample was a Duocel aluminium foam made with 6101 alloy. It was fabricated by investment casting (see Chapter 1, section 1.1.2.1 for a description of this process). Aluminium is the most used metal to create metallic foams because the low relative density of foams combined with that of aluminium enables to reach high specific strength. Moreover, the ductility of aluminium alloys leads to an important energy absorption capacity of the foams in compression. Numerous studies have been performed about tensile or compression properties of different aluminium foams. But, they did not take into account microstructural features of aluminium alloys, as the presence of secondary phases. Consequently, the aim of this work was to characterize the foam with a specific focus on the microstructure of the solid phase and to consider its influence in the tensile behaviour of the foam.

The three other samples are used for biomedical devices. They were tested in compression because this test is appropriate to represent the stress underwent by implants.

The second metallic sample was a square pore Co29Cr6Mo structure made by Electron Beam Melting (EBM, see chapter 1, section 1.1.2.3 for explanation about the process). The specimens were fabricated in the frame of a collaboration with Chiba laboratory in the Institute of Materials Research in Tohoku University (collaboration with S. Kuruso, H. Matsumoto and A. Chiba). CoCrMo is one of the most used alloys for orthopaedic implants (especially knee or hip prostheses) because it combines biocompatibility, high wear resistance and high strength. EBM process involves the presence of many morphological defects which can have an impact on the mechanical behaviour. The aim was to characterize these defects as well as their influence on the mechanical behaviour of the sample.
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The two ceramic materials were calcium phosphates used for bone substitution. These materials are used to fill in bone defects and to favour bone regeneration and vascularization. For this purpose, different pore size distributions are needed. The bigger pores have a size larger than 100 µm and they are here to guide bone ingrowth by allowing access to cells. Vascularization is permitted by smaller pores with a size of around 10 µm which are dispersed in the solid phase. Roughness with a size of some micrometers was also present in surface and also favors cell adhesion. The first ceramic material studied was a β tricalcium phosphate (β-TCP) sample made by sacrificial template method (see Chapter 1, section 1.1.2.1 for a description of the method). The second material was a hydroxyapatite/β tricalcium phosphate (HA/β-TCP) composite made by additive manufacturing, i.e. robocasting (see Chapter 1, section 1.1.2.3 for a description of robocasting) coupled to sacrificial template method to add micro-pores in the solid phase. It was fabricated by L. Gremillard during his short stay in the Materials Science Division of Lawrence Berkeley National Laboratory (Berkeley, California, USA). In the two cases, the smaller pores act as defects in the solid phase. The goal was to link the compression properties to, on the one hand, the macro-pores and, on the other hand, the presence of these smaller pores in the solid phase. Chapter 2: Materials and methods and stochastic materials (e.g. an aluminium foam and an EBM-built aluminium structure or the two same phases for the two ceramic samples). However, the samples were chosen according to the availability of the samples and of the equipment. The aluminium Duocel foam was studied because of the previous work performed with this sample. The cobalt samples were chosen because they have just been provided by the Japanese laboratory. For the β-TCP samples, β-TCP was chosen because its synthesis could be done in the scope of the PhD thesis of Marta Gallo in MATEIS (part of the European ITN project Biobone). L. Gremillard proposed to fabricate robocast samples whereas the fabrication of the β-TCP samples had already begun. He used HA and β-TCP because the protocol developed in the laboratory was optimized with this sample.

2.2) Structural and mechanical characterization

2.2.1) Determination of the apparent density

The apparent density of the samples was determined by weighing (Precisa 100M-300C, France) and calculating volume from sample dimensions. Apparent density was obtained taking into account the density of the fully dense materials found easily in the literature (table 2.1).
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2.2.2) Determination of the pore size distribution by mercury porosimetry

This method enabled to obtain pore size distribution of the sample by intrusion of mercury in the pores (Auto Pore IV, Micromeritics, USA). The volume fraction of the pores can also be calculated. It completes the determination of the density by measuring weight and dimensions. The detailed principle is explained in the appendix A, section A.1. It was only used for robocast HA/β-TCP sample.

2.2.3) Microstructural characterization

The samples were observed with Scanning Electron Microscope (SEM, SUPRA VP55, Zeiss, Germany). Observations were done with a voltage of 10 kV for metallic samples and 1 kV for ceramic samples. Grain size was determined by linear intercept method following NF-EN 623-3 standard [AFN-2002].

Careful preparation of the samples was made in order to have optimized characterization. The metallic samples were first embedded in a polymeric resin. Then, they were polished with SiC abrasive papers from high to low roughness. Final polishing with diamond paste and colloidal silica was applied down to 0.5 µm. The ceramic samples were not embedded to limit charging effects. A Chapter 2: Materials and methods first polishing step with one SiC abrasive paper was made to obtain a plane surface. Next, the samples were polished with diamond paste down to 1 µm. To reveal their microstructure, a thermal treatment was used at a temperature 100°C lower than their sintering temperature during one hour.

2.2.4) Mechanical characterization of the solid phase

In order to model the behaviour of porous samples, mechanical properties of the solid phase of the materials are required. Nanoindentation is an appropriate method to measure mechanical properties such as hardness and Young's modulus at a small scale. A nano-indentor (Agilent G200, Agilent Technologies, USA) equipped with a Berkovitch tip was used. The calculation of Young's modulus and hardness from nanoindentation experiments is done through the use of the continuous stiffness measurement mode (CSM) and is explained in the appendix A, section A.2. For each material, ten indents were made at room temperature with the tip approaching the surface with a speed of 10 nm.s -1 and a dwell time of 10 s. The choice of the indentation depth depended on the nature of the phase to study. Explanations will be given for each sample in the following chapters. Before nanoindentation, the surface of the samples was carefully prepared as explained in the previous section.

2.3) X-ray computed tomography

2.3.1) Principle

For this study, a standard laboratory tomograph was used (Phoenix vTomeX / X ray, Germany), equipped with X-ray tube (high power Nanofocus) with a voltage from 40 to 160 kV. The spot size can vary from 1 to 10 µm according to the power. The detector (Varian) is made of amorphous silicon, it has a pixel size of 127 µm and dimensions of 1920 pixels in the horizontal direction by 1536 pixels in the vertical one.

This tomograph was used to scan the different samples at a resolution ranging from 15 to 20 µm allowing us to scan the whole sample at once, and also at a higher resolution thanks to the so-called "local tomography" procedure (see section 2.3.2). In each case, the scanning conditions were: scan time of 333 ms, number of projection per scan of 900, average of 3 radiographs for each projection to reduce noise. Voltage and intensity of X-ray tube depended on material's absorption. A 3D tomographic image can be seen as a 3D map of the X-ray attenuation through the sample. Beer-Lambert law defines the absorbed X ray intensity. For a beam with an incident intensity I 0 , transmitted intensity I is given by:

(2-1) where the absorption coefficient μ depends on atomic number of element and incident beam energy. Voltage and intensity are chosen according to the material to scan. For aluminium and calcium phosphate samples, voltage of 80 kV and intensity of 280 µA were used. Cobalt-based alloys have a higher absorption coefficient therefore, a higher voltage of 140kV and intensity of 180 µA had to be used. To avoid detector saturation, a Cu filter with a thickness of 0.3 µm was added on the X-ray source.
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2.3.2) Local tomography

By scanning the whole sample, images with voxel size of 15 to 20 µm (depending on the size of the sample) were obtained. This resolution did not allow us to observe the finer details of the microstructure, i.e. intermetallics in aluminium foam and small size defects for the other samples. In order to observe these microstructural features, local tomography was used. As shown in fig. 2.3 (a), the sample was placed near the X-ray source. Only a part of the sample was irradiated by X-rays under all the viewing angles (in fig. 2.3 (a), it is the red one). The field of view of the detector is smaller than the size of the sample. In these conditions, reconstructing a representative 3D image is likely to be impossible, especially using a filtered back projection algorithm [FEL-1986]. Thanks to the low density of the studied porous materials however, reconstruction was observed to be feasible. This was already demonstrated for instance in [YOU-2004], [ZHA-2012] and has been abundantly used in this PhD work. Using this mode, a high resolution reconstruction of the irradiated part of the sample can be obtained. To scan another part of the sample, it was only necessary to physically displace the specimen on the rotating stage (see fig. 2.3 (b)). Finally, we gathered several images, each representing a part of the sample. It is important that two images of two adjacent parts of the sample had overlapped portions allowing these images to be stitched together to form an image of the whole sample. This latter step will be explained in more details in the section 2.3.4.

To complete characterization by X-ray tomography, small pieces of samples were scanned with another tomograph (Easy Tom Nano, Rx Solutions, France, equipped with an X-ray tube Hamamatsu and a detector Hamamatsu). This device enabled to scan the sample with very high resolution (less than 1 µm). Details of solid phase observed thanks to local tomography were more finely characterized. The acquisition of these scans was made by J. Adrien using the high resolution tomograph available in the METAL group of MATEIS.

2.3.3) Mechanical tests

In situ mechanical tests were performed in the tomograph. A special home-made device was placed into the tomograph on the rotating stage, as shown in fig. 2 Chapter 2: Materials and methods two screws were glued to each side of the sample. Alignment of the screws according to the sample was possible thanks by a home-made device. The two screws glued to the sample were then screwed to the two grips. For a compression test (made for the cobalt samples), the two grips acted as loading platens. The upper grip was screwed to a force sensor. The set {force sensor + grips + sample} was placed into the aluminium tube having an inner diameter of 12 mm. This small diameter governs the maximum dimensions of the sample placed inside the tube. Then, the lower part of the aluminium tube containing the set {force sensor + grips + sample} was screwed to a step-by-step motor. Due to its low X-ray absorption, aluminium does not impeach scanning of the sample and it provides a weak attenuation, roughly equal for every viewing angle. The displacement was applied by the motor via a home-made software (INSA Compumotor, developed by José Ferreira, MATEIS, INSA Lyon) with a speed of 0.01 mm.s -1 . The reaction force was measured by the force sensor and recorded by a software (Capture Signal, developed by José Ferreira, MATEIS, INSA Lyon). The test was interrupted to scan the sample at different levels of strain. The difference of length between images of initial and deformed states was used to calculate the applied strains.

For ceramic samples, displacements were very small and could not be precisely measured by the difference between images of initial and deformed samples. That is why ex situ mechanical tests were performed, with additional precise displacement sensors. The samples were loaded thanks to testing machines outside of the X-ray tomograph and scanned in the tomograph at different levels of strain. During the test, two testing machines were used. The first one was BOSE Electroforce 3200 (Prairie Valley, USA) machine equipped with a 200 N load cell and a precise capacitive displacement sensor. To test the samples at loads above 200 N, an INSTRON 8502 (High Wycombe, UK) universal hydraulic machine equipped with a 5000 N load cell and a LVDT displacement sensor was used. The test was displacement controlled with a speed of 0.03 mm.min -1 and was interrupted several times to scan the sample. To avoid a brutal rupture initiated on the compressed surfaces, the two faces were embedded with paraffin wax. In all the cases, the samples were scanned with the conditions described in the section 2.3.1. 

Mechanical test device
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2.3.4) Image processing

Image processing of the 3D images was performed using the ImageJ software ([NIH-2015]). The different steps which will be described hereafter constituted an important part of the approach developed during this thesis because it enabled to obtain a workable image of the sample that includes the details scanned by local tomography. In order to illustrate the image analysis steps, the example of aluminium foam will be used.

The initial grey level images could be somewhat noisy. Therefore, different image processing steps were applied to improve the image quality: adjustment of contrast and brightness, application of median filtering over neighbours of one or two voxels. Fig. 2.6 presents a slice of an image of the foam from local tomography after all the improving treatments. As explained in the section 2.3.2, the local tomography images could be considered as a "zoom" on a part of the sample. Some fine microstructural details of the solid phase, too small to be imaged at low resolution (in our case: voxel size of 15 to 20 µm) became visible at high resolution (in the case of aluminium foam: voxel size of 3 µm).

After the first processing steps, the image was thresholded to separate voids and the different phases of the solid. Thresholding consists in defining a grey level (i.e. threshold) value for 43 Chapter 2: Materials and methods which the grey levels lower than the threshold are assigned to a phase (for instance: voids) and the grey levels higher than the threshold are assigned to another phase (solid phase). As it is seen in fig.

2.6, a high contrast existed between the different phases of the material, which made segmentation easier. Fig. 2.7 shows the image of the foam after thresholding. In the case, local tomography revealed the presence of three phases: the aluminium, the intermetallics and the air. For this reason, two thresholding steps were performed. Segmentation enabled to separate aluminium from the inclusions and to treat them as two different phases.

At this stage, all the images from local tomography were thresholded. It could have been possible to stitch them together to obtain a high resolution image of the whole sample. But, the result would have been a large image which could not be easily used for analysis and finite element modelling. Thus, it was necessary to have an image of the initial sample with the following characteristics:

-including the information brought by local tomography (i.e. with the different phases obtained after thresholding), -having the same resolution as for the 3D images acquired during the mechanical test (i.e.: voxel size of 15 to 20 µm) in order to compare the initial and the deformed state. In other words, for the aluminium foam, the initial image had to have a low resolution but including the presence of intermetallic phase. This was feasible thanks to a scaling operation in ImageJ. This function enabled to change the image resolution. It was applied to the high resolution thresholded image to change the voxel size from 3 to 20 µm (voxel size used to scan the whole sample during mechanical test). The segmentation made at high resolution was preserved after scaling (as it shown in fig. 2.8).

However, the scaling operation blurred the image by spreading out the grey levels around the initial value especially at the interface between the phases. The scaled image was therefore not 44 Chapter 2: Materials and methods usable without other processing steps. To have a workable image, the solution was to perform another thresholding operation on the scaled image. This second threshold was made using a conservative value of the grey level to make sure that no intermetallics were lost during this step. The aim was to clearly separate the different phases and to suppress the blurring effect to obtain a representative image. By comparing fig. 2.7 and 2.9, it is observed that the two images contained the same information at two different resolutions. It must be stated however that this procedure clearly results in a virtual increase of the size and of the amount of intermetallics. But, the aim of our approach is not to describe precisely the shape of the inclusions. The image processing enables to include the presence of a secondary phase in the image.

At this stage, different low resolution images (each corresponding to a part of the sample) were created. Finally, all these low resolution images were stitched two by two until the image of the whole sample was created (see fig. Chapter 2: Materials and methods Fig. 2.10 (c) shows that the different steps described above enabled to generate a low resolution image with information kept from high resolution, although the intermetallics are slightly oversized. These images should then only be considered as "containing the information" of the presence of the inclusions in different locations inside the sample, rather than actually describing their morphology in details.

2.3.5) Quantitative analysis of images

The initial images were used to perform different morphological characterizations thanks to ImageJ plugins (Java programs). All the analyses described hereafter (determination of relative density, pore size and cell walls or struts size, tortuosity...) were done on the high resolution images obtained by local tomography to have the more precise description of the microstructure. Each subvolume representing a portion of the sample was analysed and the results were then averaged.

2.3.5.1) Relative density

The relative density can be calculated as the ratio of total voxels belonging to the solid phase 46 Chapter 2: Materials and methods compared to the total number of voxels. For each slice of the image, the plugin counted the number of white voxels and divided it by the number of voxels. Graphs giving the relative surface density as a function of the slice number were plotted. The profiles brought information about the distribution of matter along the three directions of the axis system considered. The average relative density over the slices in one direction was equal to the relative density in the volume.

2.3.5.2) Characteristic size distribution

Characteristic sizes of the solid and of the porous phases are also important features for a cellular material. Pore size corresponds to cell size and solid phase size is strut size or cell wall thickness. A plugin implemented in ImageJ allowed us to measure the phase "granulometry". It was developed by different researchers in MATEIS laboratory. The method was comparable to sieving of a powder. A first combination of an erosion and a dilation with a given size (a given number of pixels) was applied to the studied phase. The ratio between the number of voxels disappearing after the erosion/dilation cycle to the total number of voxels of the phase was calculated, giving the proportion of matter whose thickness was lower or equal to the erosion/dilation size. Then, another erosion/dilation cycle with an increasing size was performed. The operation was ended when the erosion size enabled to suppress the whole studied phase. Finally, a histogram giving the volume fraction of phase for each erosion/dilation size was plotted. An image with a map of the size was also created: each region had a grey level depending on its size (the darker the thickness of the region, the smaller its size) (fig. 2.11).

Erosion and dilation were done based on a so called "structural element". Different shapes can be chosen for this element: sphere, cube or octahedron. Each one inserts in each pore (or each strut for solid phase) the chosen structural element with the highest size (sphere, cube or octahedron). In this work, the sphere was used because it gives exact euclidean distances. These simple structural elements could not be inserted in some complex shaped pores because some parts of the pores were removed by erosion and did not appear again after dilation. These parts were counted as independent pores. Fig. 2.12 illustrates this issue: it is observed that some parts of the pores were removed by erosion in different steps instead of one. 47 

2.3.5.3) Tortuosity

Tortuosity defines how tortuous is the path between two points belonging to the same phase. Fig. 2.13 explains the definition used to calculate tortuosity in this thesis. In this figure, the solid phase is represented by the white pixels and the black ones correspond to the pores. To go from one point to another in the solid phase, it is possible to use the most direct path (red arrow) which crosses the other phase. It is also possible to choose a path only through the solid phase (blue arrow). Tortuosity is the ratio between the lengths of the blue and red paths.

Tortuosity was calculated by a plugin developed by different researchers in MATEIS laboratory [MAI-2012]. In this plugin, for a 3D analysis, a reference centre plane was first considered. The voxels contained in this plane were labelled with the number 1. Then, the neighbouring voxels were labelled as 2. This procedure was continued through the whole volume. Different definitions of neighbouring voxels can be used, leading to different value for tortuosity. To illustrate this, the two dimensional case is considered in fig. 2.14. The neighbouring pixels of the red one can be only the ones which have a common side with it, i.e. the 4 pixels coloured in dark grey (fig. 2.14) or the ones which have a common side and vertex, i.e. the 8 pixels coloured in dark and light grey (fig. 2.14). In the three dimensional case, 6 voxels have a common face with a given voxel and 26 ones have common faces, vertices and summits. For our images, the tortuosity was calculated considering 6 or 26 voxels and the two values obtained were averaged. Chapter 2: Materials and methods At the end of the process, the volume was labelled according to the distance of the voxels from the reference centre plane. Therefore, the output of the plugin was a 3D image with grey levels corresponding to the labels assigned to each voxel (fig. 2.15 (a)). The further the voxel from the centre plane, the brighter it appears in the image. The plot of the average label value in each plane parallel to the centre plane as a function of the distance of the direct path between the two planes is shown in fig. 2.15 (b). Its slope gives an estimation of the tortuosity.
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2.4) FE modelling

2.4.1) Meshing

The image created thanks to the image processing steps described in section 2.3.4 was meshed with the software Avizo 8 [FEI-2014]. The meshing was composed of different steps: creation of a surface triangular mesh, improvement of the surface mesh by different fixing and remeshing steps, creation of a volume tetrahedral mesh. The surface mesh was performed by a "Marching cube" algorithm. This method was developed by Lorensen et al. [LOR-1987] and is implemented in Avizo [ZIL-2008]. Then, the surface mesh was improved by different operations implemented in Avizo: reduction of the number of triangles, improvement of the regularity of the triangles. The last step was the creation of the tetrahedral mesh from the triangles. Detailed explanations about the different algorithms used by Avizo to mesh the images are given in the reference [CAT-2008-1], [YOU-2004]. 

2.4.2) Association of mesh and image

Fig. 2.16 (a) shows a 3D image of struts in an aluminium foam. The image was created thanks to the process described in the section 2.3.4. The intermetallic phase visible in the high resolution images was kept. Fig. 2.16 (b) is the tetrahedral mesh of the 3D image. The presence of another phase was a new information brought by local tomography and had to be taken into account in the modelling. For example, the elements shown by a red arrow in fig. 2.16 (b) corresponded to regions in the solid phase where intermetallics are present. These elements had to exhibit a material property corresponding to an intermetallic phase. The material properties used for each sample will be explained in the subsequent chapters.

The meshed image was thresholded so that each grey level represented a phase. For example, a slice of an image of aluminium foam is shown in fig. 2.17 (a). The grey level was 255 for aluminium phase and 128 for intermetallic inclusions. As a consequence, associating a material to an element meant associating a grey level of the image to this element. The element marked by a red arrow in fig. 2.17 (b) was associated to the intermetallic phase and consequently to the grey level 128.

However, the element size was larger than a voxel of the tomographic image (in the case of aluminium foam, the average size of the elements was 76 µm whereas the voxel size was 20 µm). Chapter 2: Materials and methods Several voxels were therefore included in one element. To associate elements to grey levels of the corresponding image, the barycentre of each element was used. For easiness of representation, fig.

2.18 (a) shows a schematic 2D image. A triangular mesh is superposed in fig. 2.18 (b). The black circles represent the barycentre of each triangle. The grey level assigned to each element was the one which was located at the barycentre of the element. Fig. 2.18 (c) shows the elements coloured in grey if they are assigned to the "grey phase" and in white if they are assigned to the "white phase". By comparing the image and the mesh (fig. 2.18 (a) and (c)), this method enabled to obtain a correspondence between the grey levels in the image and the assignment of the elements. By comparison between the image (fig. 2.18 (a)) and the mesh (fig. 2.18 (c)), one could say that the tetrahedra (triangles in the case of the figure) did not enable to represent correctly the shape of the "grey phase". However, with a sufficiently fine mesh (i.e. with a lot of tetrahedra) the correspondence with the image is greatly improved. For this reason, in this work, the meshes will contain as many tetrahedra as possible (in terms of computer capacity). The association between elements of the mesh and corresponding grey levels of the image was done thanks to an ImageJ plugin. The step by step description of the plugin is given in the appendix B. Chapter 2: Materials and methods

(c)

2.4.3) Description of modelling conditions

After association between image and meshing, the plugin quoted above created an Abaqus input file. The skeleton of this type of file is given below. It joined all the information needed for modelling: model geometry, material definition, applied loads and boundary conditions. The assembly contained the description of the geometry of the structure, including nodes and elements. A precise description of how Abaqus defines geometry is given in appendix B. Element sets were defined to group the elements which were previously associated to the grey level (i.e. to the phase). This means that each element set was associated to one phase of the material.

*
Material definition was made according to Abaqus material library. Each material was associated to one element set, i.e. to one phase. The association was done thanks to the section line in the input file. The material properties defined for each sample will be explained in the following chapters.

In the step part was described the solicitation to apply to the structure. In our cases, to simulate uniaxial compression or tensile test, a vertical displacement was applied to the top nodes. In the opposite face, the nodes were constrained in the vertical direction and one node was constrained in the transverse direction. The nodes on the two opposite surfaces were grouped in two nodes sets generated by a specific ImageJ plugin (see the description in the appendix B). Output parameters were also defined in the step part. The stress was calculated by dividing the reaction force of the displaced nodes by the surface area of the face. The strain was obtained from the applied displacement divided by the initial length of the sample.

The Abaqus input file was finally imported into the graphical user interface of Abaqus 6.12.3 to perform calculation. Abaqus/Explicit was used for the calculations except for simulations with elastic properties for which the simulation was done thanks to Abaqus/Standard version. In Abaqus/Explicit, the mass scaling parameter was used to decrease the calculation duration. It consisted in increase artificially the density of the material to increase the time incrementation and then reduce the calculation duration [SIM-2009]. The computer used throughout the work was a personal computer (Dell, Intel Xeon, RAM: 100 Go).
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2.5) Conclusion about the approach

In this chapter, the general approach followed during this work, combining X-ray tomography and finite element modelling, was explained. Local tomography was used to scan samples at high resolution and enabled to image fine details of the solid phase. By scanning the different parts of the sample one by one, the whole sample was scanned at high resolution. Different morphological characterizations could be performed using these high resolution initial images. A key point of the approach lies in the image processing steps applied to the local tomography images in order to obtain a workable 3D initial image. Meshing the real size of inclusions at high resolution would not be feasible because of the resulting ultra high size of the meshes. The solution was to apply different steps of scaling and thresholding in order to obtain a low resolution image containing the information obtained at higher resolution. Then, FE modelling was created from this image. The presence of microstructural details in the solid phase was taken into account in the modelling thanks to a Java program associating a grey level (i.e. a phase in a segmented image) to each element. This association between a phase and an element allowed to assign a material behaviour to each element set corresponding to a phase. Consequently, the FE model took into account both scales of the architecture as it was done with an image of the whole sample at a low resolution in which each element contained the information of the presence (or the absence) of the other phase or the microstructural details in the region that it represented.

The next chapters will now present the applications of this approach to the four materials described in section 2.1. 

3.3.3) Results and discussion

3.4) Conclusion of the chapter 83 55

Chapter 3: Aluminium sample Aluminium 6000 series are particularly used in automotive industry due to their high strength, good formability and high corrosion resistance. Aluminium alloys are the most used alloys to create foams due to its low weight. The most important applications are sound absorbers, shock absorbers or core of sandwich panels. Among the existing commercial aluminium foams, Duocel samples are made of 6101 alloy. The relation between architecture and mechanical behaviour of this materials were extensively studied in the literature (see Chapter 1, section 1.1.3.3). However, only few studies [AMS-2005], [ZHA-2013], [ZHO-2005] took into account the influence of microstructural features of the solid phase on the mechanical properties. This is the objective of this chapter. First, some information about 6000 series alloys and foams will be briefly presented. Then, the characterization of the Duocel foam and the in situ tensile tests will be described. Finally, the Finite Element (FE) models developed from X-ray tomography will be explained and discussed.

3.1) Presentation of aluminium alloys and foams

3.1.1) Microstructure of Al 6000 alloys

Among aluminium alloys, the 6000 series contains Mg and Si as main alloying elements. Iron, copper and manganese are also present as impurity elements. The solidification sequence can be summarized as follows [LIU-1997-1], [WAN-2001]:

Liquid → Al dendrites (3-1) Liquid → Al + Si (3-2) Liquid → Al + Si + Al-Fe-Si phases (3-3) Liquid → Al + Si + Mg 2 Si (3-4) Liquid → Al + Si + Mg 2 Si + Al-Fe-Mg-Si phases (3-5)
Firstly, aluminium dendrites nucleate and grow from the liquid phase (equation 3-1), with a migration of the solute atoms towards the remaining liquid. Then, the Al-Si binary eutectic reaction occurs in the remaining liquid phase, giving rise to Si phase (equation 3-2). When the ternary eutectic reaction takes place, Al-Fe-Si phase appears. Finally, intermetallic compounds form, such as Mg 2 Si due to ternary eutectic reaction (equation 3-4) or Al-Fe-Mg-Si phases from quaternary eutectic reactions (equation 3-5). Many compositions and morphologies of Fe-rich phases have been observed depending on the amount of the main elements Fe, Mg, Si [WAN-2001], the presence of other alloying elements such as strontium or manganese [WAN-2001] 3.1 presents the main mechanical properties of 6101 aluminium alloy in the as fabricated and T6 heat treated conditions (T6 is a precipitation hardening heat treatment, described in section 3.1.2). It is shown that yield strength and ultimate tensile strength are increased by the heat treatment, explained by the presence of the precipitates which act as obstacles for dislocation movement. The precipitation is favoured by the decreasing solid solubility of some alloying elements when temperature decreases. The first step is a solution treatment at a temperature of the solid solution domain of the phase diagram. It aims at dissolving the precipitates and homogenizing the solid solution. In 6000 series, several changes occur in the microstructure during that thermal treatment: dissolution of Mg 2 Si phase, homogenization of the solid solution, coarsening of eutectic Si phase. Fe-rich phases can also be modified [GUS-1986], [TAY-2000]. The solution treatment is followed by a quenching step where the alloy is quickly cooled to room temperature to form a super saturated solid solution. The solid solution formed by solution treatment is frozen to a lower temperature because atom diffusion does not have time to take place. Finally, an ageing treatment enables formation of fine precipitates. The unstable state of the supersaturated solution involves the solute diffusion and the formation of precipitates following the sequence: 

Guinier-Preston zones → β'' → β' → β Mg

3.1.2) Duocel sample

Duocel open-cell foam was fabricated by ERG Aerospace (Oakland, CA, USA) by investment casting (see Chapter 1, section 1.1.2.2 for more details). The foam was heat treated by ERG with a T6 strengthening heat treatment (fig 3.2), as described in section 3.1.1. Solution treatment took place at a temperature of 527°C for 8 hours. After water quenching at room temperature, samples were aged at 177°C during 5 hours. Table 3.2 presents the composition of the Duocel foams determined by inductively coupled plasma atomic emission spectroscopy by Zhou et al. [ZHO-2004]. For comparison, nominal composition of Al 6101 bulk alloy is indicated. The composition of Duocel foams is different from the nominal composition. The amount of the main elements Mg, Si and Fe is lower than those of the nominal composition. It has to be noted that the amount of Mg and Si is too low to obtain the Mg 2 Si phase. Thus, the sample is not really composed of a 6101 alloy. This can be explained by the particular process used to fabricate the foam. The most important impurity is iron and is responsible for the presence of Fe-rich phases. The above mentioned α and β Al-Fe-Si phases have already been identified in the Duocel foam [AMS-2005]. ZHO-2004] Consequently, Duocel foam is characterized by a microstructure composed of a dendritic aluminium phase and Fe-rich phases (fig. 3.3). The morphology of the inclusions is different compared to that of bulk alloy due to the difference in chemical composition. Some inclusions are found along the grain boundaries (fig. 3 The presence of the secondary phases could be confirmed thanks to local tomography images in this study. The approach described in the second chapter was used to study their influence on the mechanical behaviour of the foam.

Sample

3.2) Morphological characterization of the sample

3.2.1) Architecture of the sample

The sample which will be studied was cut from a foam block with a micro-saw (IsoMet 1000, Buehler, Germany). Its depth is 4.1 mm (direction 1), its width is 9.6 mm (direction 2) and its height is 22 mm (direction 3). These dimensions were chosen to enable to place the sample in the aluminium tube during the in situ mechanical test. The sample is characterized by a low apparent density of 0.08. Fig. 3.4 presents the variation of relative density along the three directions obtained by 3D image analysis. The relative density in each direction is 0.07, which is consistent with the apparent density. The variations of relative density are identical along the three directions, which is explained by the random distribution of pores in the sample. 3.3. The ranges of strut thickness and of cell size measured from tomographic images are a bit larger than those obtained thanks to SEM images (table 3.3). However, the average strut sizes measured by SEM images and 3D image analysis are similar. This result has already been noted on other samples [MAI-2007]. It illustrates the need to have 3D information to characterize correctly porous samples. More struts are taken into account with the 3D measurement. Moreover, the measurement manually made on SEM images can be less precise than calculation performed by plugins on 3D images. 61 Chapter 3: Aluminium sample Measurements made from SEM images and X-ray tomography images appear to be complementary because they enable to obtain different information about the size of the different phases.

Tortuosity has a value of (1.30 ± 0.05) for the three directions for solid phase and (1.02 ± 0.01) for voids. The random distribution of porosity explains the same value found in all the directions.

3.2.2) Characterization of the solid phase

3.2.2.1) Microstructural characterization of the phases

Local tomography images enabled to reveal the presence of Fe-rich inclusions in the matrix. Fig. 3.8 shows some struts of the aluminium foam from the low resolution images obtained after the image processing steps of thresholding and scaling. Chapter 3: Aluminium sample thickness is in the order of 1 µm (as shown in fig. 3.9). This explains that the biggest inclusions could be visible in tomographic images with a voxel size of 20 µm. However, they were clearly better described with local tomographic images with a voxel size of 3 µm.

3.2.2.2) Mechanical properties of the constitutive phases

Table 3.4 presents values of Young's modulus and hardness obtained by nanoindentation (see Chapter 2, section 2.2.4 and Appendix A, section A.2 for details on the method). The preparation of the samples before the nanoindentation was described in Chapter 2, section 2.2.3. Indents with a depth of 2 µm were made in the aluminium matrix (fig. 3.12 (a)). The Young's modulus is close to the value of 70 GPa commonly found in literature. The inclusions were indented with a depth of 300 nm in order to ensure that the response corresponds only to the inclusion. The Young's modulus (160 GPa) and hardness (8.9 GPa) of the inclusions are much higher than those of aluminium. The presence of stiff and hard inclusions in an aluminium matrix had also already been noted in Alporas ® foam with Al-Ca-Ti-rich inclusions with a Young's modulus of 87 GPa [NEM-2013].

Phase

Young's modulus (GPa) Hardness (GPa)

Aluminium matrix 71 ± 4 1.5 ± 0.2 Intermetallic inclusions 160 ± 7 8.9 ± 0.3 Table 3.4: Values of Young's modulus and hardness of the aluminium matrix and intermetallic inclusions 65 
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3.3) In situ tensile tests

3.3.1) Experiments

The sample was tested in uniaxial tension and the loading direction was the direction 3, parallel to the cell elongation in order to obtain the highest values of Young's modulus and ultimate tensile strength (see Chapter 1, section 1.1.3.3). The tensile stress/strain curve is presented in fig. 3.13. Each point represents the strain at which the test was stopped to perform the scan. Tensile stress/strain is typical of a metallic foam: a first elastic part is followed by a plastic domain. Once the ultimate tensile strength is reached, the stress gradually decreases.

The mechanical properties of the sample determined from the stress/strain curve are summarized in the first line of the table 3 With increasing deformation, the struts broke little by little. From a strain of 4.1 % to 14.6 %, the progressive failure of the struts occurred. All strut failures concentrated in a height of approximately 6 mm in the sample. Only this part of the sample is shown in the images. Progressive failure of the foam corresponded to a slow decrease of the stress. This is caused by the fact that, at each step, less and less remaining struts retain the entire structure. This general behaviour corresponds well to that of a cellular metal in tension [MOT-2002]. Chapter 3: Aluminium sample also noticed in broken struts: they can be for example elongated in the strut thickness (see fig. 3.17), along the strut length (see the arrow on the left of fig. 3.19) or round shaped (see fig. 3.16 with the arrow on the right). In contrast, the inclusion was mostly centred in the strut thickness (see fig. 3.16 or 3.17). In these cases, the strut generally broke at the exact location of the inclusion, as it is visible on the images. In the case where the inclusions were not centred in the strut thickness, the struts broke at a point between two inclusions (see fig. 3.18 with the red arrow on the right).

Five struts broke while they did not contain an inclusion. The first one was observed to be initially well aligned in the tensile direction (see fig. 3.16). The tensile stresses in these struts were higher because of their alignment with the loading direction. Some broke at the end of the test (fig.

C.2, C.6 and C.7). These struts were not aligned in the tensile axis at the beginning of the test, but they were located in the zone where rupture was localized. Therefore, the stresses were concentrated in these struts at the end of the test and provoked their rupture. Chapter 3: Aluminium sample

3.3.2) FE modelling

3.3.2.1) Building of the model and image processing

Processing steps described in Chapter 2, section 2.3.4 enabled to obtain an image with a voxel size of 20 µm (i.e. the one used for the in situ tensile test) including aluminium matrix and inclusions. A magnified portion of a slice of this 3D image is shown in fig. 3.23 (a). This image was meshed with 1228000 quadratic tetrahedra having an average edge size of 76 µm. This size is in the order of the size of the inclusions in the image. Therefore, the association between the mesh and the image enabled to link some elements to the inclusions.

However, the model with two material behaviours (aluminium matrix and inclusions) could be too simplified to be representative of the actual behaviour of the sample. The tomographic images at a voxel size of 0. Chapter 3: Aluminium sample -the image with the aluminium phase (grey level of 1) and different grey levels to describe the inclusions (grey levels from 2 to 255).

In the three cases, a positive displacement equivalent to a strain of 14.6 % was applied to the nodes of one side of the sample whereas the nodes on the other side were displacement constrained. The next section details the material behaviours defined for the aluminium phase, the inclusions and the interface.

3.3.2.2) Material behaviours

The mechanical behaviour of aluminium phase was described with a classical elastoplastic law with a hardening coefficient of 0.15. Elastic behaviour was defined by a Young's modulus of 70 GPa and a Poisson's ratio of 0.3. Plastic behaviour was determined thanks to the tensile stress/strain curve of 6101 aluminium alloy from the literature [ZHO-2005] (fig. 3.24).

No data about the mechanical behaviour of the inclusions were available in the literature. The loading/unloading curve obtained from nanoindentation of the inclusions has a shape which is typical of an elastoplastic behaviour (fig. 3.25). Moreover, the SEM image of the indent in the inclusion shows an imprint which proves the presence of plasticity in this phase (see fig. 3.25 (b)). Therefore, an elastoplastic behaviour was assumed for the inclusion phase with higher stiffness and less ductility than for the aluminium matrix. A Young's modulus of 160 GPa (measured by nanoindentation) and a Poisson's ratio of 0.3 was assumed. The ratio between the Young's modulus of the inclusions and the aluminium matrix obtained by nanoindentation is 2.3. In absence of available data in the literature, the stress/strain curve of the inclusions was built thanks to this ratio (fig. 3.24). 

73

Engineering strain

Engineering stress (MPa)

Chapter 3: Aluminium sample For the image with different grey levels describing the inclusions, the tetrahedra corresponding to the inclusions were associated to different grey levels from 2 to 255. These elements were grouped into different element sets, each corresponding to the grey level associated to them. These element sets were grouped in 4 classes to define intermediate material properties. This classification was done to have the same number of elements in the four classes between the aluminium matrix and the inclusions. Intermediate properties between aluminium and inclusion behaviours were assigned to the elements associated with grey levels between 2 and 254. This choice was done because the gradation of grey levels between 2 and 254 represents a gradation of mechanical properties. By taking into account the material behaviours defined for the aluminium matrix and the inclusions, six material behaviours were defined in the model. The Young's modulus was progressively and linearly increased from 70 GPa to 160 GPa by multiplying the values of aluminium by different coefficients indicated by table 3.6. The plastic behaviour was also progressively changed from aluminium to inclusions by the same process.

Classes

Values of aluminium multiplied by 

: Multiplication coefficients used to create the elastoplastic behaviour of the intermediate material behaviours between the aluminium matrix and the inclusions

The damage behaviour of the sample was modelled thanks to "Metal porous plasticity" from Abaqus material library. This behaviour is used to model materials with a mild concentration of pores. It is based on Gurson-Tvegaard-Needleman theory [CHU-1980], [GUR-1977], [TVE-1981]. In this model, the damage occurs by nucleation and growth of voids. This is followed by a rapid decrease of stress carried by the sample. The yield condition (i.e. the elastic/plastic transition) is given by a potential function Φ (equation (3-7)) which depends on the void volume fraction: 74 Chapter 3: Aluminium sample Φ= ( σ eq σ y )

2 +2 q 1 fcosh ( q 2 2 p σ y ) -1-q 3 2 f 2 =0

(3-7)

with σ eq : Von Mises equivalent stress, p: hydrostatic stress, σ y : yield stress of the dense material as a function of the equivalent plastic strain, q 1 , q 2 and q 3 : fitting parameters introduced in the model by Tvergaard [TVE-1981], f: volume fraction of pores in the materials. The potential function is often represented in a Von Mises equivalent stress/hydrostatic stress plane (fig. 3.34). In this plot, the case of f=0 implies the absence of pores, i.e. the yield condition is reduced to the Von Mises yield condition.

The volume fraction of pores increases due to nucleation of new voids and growth of existing ones. Nucleation rate increases with plastic strain rate following equation (3-8):

f . =A ε . eq pl (3-8)
with ḟ: nucleation rate, ἐ pl eq : plastic strain rate, A: proportionality coefficient which follows the normal distribution (given by the equation (3-9): 

A= f N s N √2 π exp [ -1 2 ( ε pl -ε N s N ) 2 ] ( 3 

Parameters for porous metal plasticity behaviour

Values 

q 1 1.5 q 2 1 q 3 2.25 ε N 0.05 s N 0.1 f N 0.099

3.3.3) Results and discussion

The mechanical behaviour of the sample in tension is analysed in this section by combination of experimental observations and finite element modelling.

In terms of macroscopic behaviour, the numerical stress/strain curves (fig. 3.35) showed that the experimental tensile behaviour was correctly simulated by the model based on elastoplastic and Gurson-Tvegaard-Needleman models. The calculated Young's moduli (298 MPa) are overestimated in comparison with the experimental one (134 MPa). This overestimation is often observed with FE modelling ([CAT-2008-2], [PET-2013]) but no clear explanation has been given about this phenomenon. The strain hardening between the yield point and the ultimate tensile strength is a bit overestimated. It is important to note that the experimental curve is not very precise and a point around a strain of 1 % would have been interesting to complete the curve and to compare the simulated and experimental plots. However, the decrease of stress due to damage is well simulated by the FE model. It means that the Gurson-Tvegaard-Needleman model was well adapted to model the material behaviour. It is interesting to note that the calculation including the inclusions overestimates the experimental curve more than the calculation without the inclusions. It shows the need to refine the model by building fairer material behaviour for the inclusions. However, it has to be precised that without any data about the mechanical properties of this phase, we tried to create a material behaviour thanks to nanoindentation results. Moreover, as seen in the section 3.1.1. of this chapter, different stoichiometries of inclusions exist. So, to be more precise, different material behaviours should be created. Therefore, we can say that the model created without possibility to check it with literature is a first good approach to simulate the behaviour of the inclusions. Tensile behaviour of cellular materials is characterized by progressive alignment of the struts in the loading direction. The case of a strut favourably aligned in the tensile direction is presented in fig. 3.36. The strut on the right part of the figure breaks at a strain of 4.1 %, which means that it is one of the first one to break while it does not contain any inclusion (fig. 3.36 (a) and (b)). In this case, the three calculations predict the same stress distribution in the strut (fig. 3.36 (b), (c) and (d)). This case is an illustration of the influence of the architecture (i.e. the arrangement of the solid phase) on the mechanical behaviour. Fig. 3.37 and 3.38 present some cases of struts which break at a strain of 5.7 % and 6.6 %. As it is visible in fig. 3.37 and 3.38 (a), this strut is not favourably aligned in the tensile direction (i.e. direction 3) and no heterogeneity is detected in the strut (such as a reduced thickness). But, local tomography reveals the presence of an inclusion at the exact location of the rupture of the strut. Modelling without including the presence of these inclusions does not cause a stress concentration in the location of the rupture of the struts (fig. 3.37 and 3.38 (b)). However, taking into account the inclusions provokes a stress concentration around the inclusions (i.e. at the location of the rupture of the struts). The calculation with an interface zone between the aluminium matrix and the inclusions (fig. 3.37 and 3.38 (d)) causes an increase of stress around the inclusion compared to the calculation without the interface (fig. 3.37 and 3.38 (c)). Nevertheless, it seems that, thanks to the element size equal to the inclusion size, the presence of the two phases in the model is sufficient to take into account the presence of the inclusions in the sample. These cases show the importance of the microstructural characteristics of the solid phase to explain the rupture of these struts. 77 Chapter 3: Aluminium sample lower magnitude is also present at the location of the other inclusion (see fig. 3.39 with the lower red circle). It has to be noted that the initial strut (fig. 3.39 (b)) presents a curvature along the length with a reduced thickness at the middle of the strut. The modelling with only aluminium predicts a stress concentration at this exact location. This example illustrates the difficulty to distinguish in some cases the contribution of the architecture and the microstructure to the mechanical behaviour. Chapter 3: Aluminium sample

3.4) Conclusion of the chapter

Aluminium Duocel foam is made of aluminium 6101 alloy and has a solid phase composed of an aluminium dendritic matrix and Fe-rich phases. The morphology and size of these inclusions are different from what was observed in bulk 6101 alloy. Local tomography enabled to image them with a sufficient contrast with aluminium matrix. This led to an easy segmentation of the images to obtain distinct three phases: voids, aluminium and inclusions. For this reason, the solid phase could be treated as a two phase material, with a continuous matrix and localised inclusions. In situ tensile test was then performed on the foam. An elastoplastic behaviour coupled with damage by fracture of struts was observed. The image of the deformed sample showed that, from the beginning of the test, a progressive alignment of the struts with the tensile direction occurred. Next, a progressive failure of the struts occurred and was associated with a decrease of the stress. The comparison between the images of the deformed sample and the initial image from local tomography proved the critical influence of the inclusions on the strut fracture: 20 out of 25 broken struts contained an inclusion at the exact location of the rupture. Moreover, a high resolution image of one strut after the test allowed to notice a broken inclusion surrounded by non-cracked aluminium matrix. A finite element model with elastoplastic law coupled to metal porous plasticity was created to take into account the presence of the inclusions and the interface between inclusions and aluminium. A material behaviour was empirically attributed to the inclusions without data available in literature. Another model was created with an interface zone with intermediate behaviours between the aluminium matrix and the inclusions. The simulation overestimated the Young's modulus and the plastic part. However, due to the utilization of the metal porous plasticity model, the decrease of stress was correctly simulated after the ultimate tensile strength. Experiments and modelling showed that the fracture of some struts could be explained by architectural features such as a preferential orientation. But, for most of the struts, the stress concentrations responsible for their fracture could only be explained by the presence of the inclusions. In some other cases, it is difficult to define the origin of the fracture (i.e. architectural characteristics of the foam or presence of inclusions). It has to be noted that the presence of intermediate material properties between the aluminium matrix and the inclusions did not really influence the results of the calculation. 

4.4.3) Results and discussion
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Chapter 4: CoCrMo sample For many years, cobalt-chromium-molybdenum CoCrMo alloys have been used as biomedical devices, e.g. for orthopaedic prostheses or dental implants, due to an interesting combination of properties: biocompatibility, high strength and hardness, and good corrosion resistance. Porous CoCrMo alloys have been more and more developed to create samples with tailored properties for biomedical applications. Additive manufacturing processes led to innovative samples with complex shape. However, this also created new specific defects which can have detrimental effects on mechanical properties. The approach developed in the work can be applied to study the influence of these microstructural defects on the mechanical characteristics. In this chapter, square pore samples made by Electron Beam Melting (EBM) will be used to illustrate the procedure. Initially, the literature on cobalt-based alloys will be briefly reviewed. Then, information about the fabrication of the samples provided by our colleagues in Japan will be given. Next, the characterization of the samples especially by X-ray tomography will be presented. Finally, the results of the compression test and the finite element models will be explained and discussed.

4.1) Presentation of cobalt-based alloys

4.1.1) Microstructure of dense alloys

CoCrMo alloys for biomedical applications have a certified chemical composition which has been defined by ASTM F75 standard (see table 4.1). The stable phase in cobalt-based alloy is a hexagonal close-packed ε phase. It undergoes an allotropic transformation to face centred cubic α phase at 400°C. The presence of alloying elements as chromium or tungsten in the cobalt-based alloys increases the transformation temperature. At room temperature, the microstructure of an as-cast CoCrMo alloy consists of a Co-rich dendritic metastable α face cubic centred matrix and of different precipitates which are present in interdendritic zones and grain boundaries. In some cases, the matrix can be composed of a mixture of ε and α phases. Some elements that stabilize α phase at room temperature, such as Fe or Ni, are often added [LEE-2007] because the α phase has a high ductility owing to different slip systems. Due to the presence of carbon, lamellar or blocky chromium-rich carbides (as M 23 C 6 , M 7 C 3 or M 3 C 2 where M represents a metallic elements as chromium or tungsten) are the main precipitates but other carbides (such as M 6 C or MC), an intermetallic tetragonal σ phase and a lamellar phase composed of M 23 C 6 and α phase have already been observed [GIA-2011] 

Co

4.1.2) Porous CoCrMo samples

Utilization of dense metallic implants has some drawbacks. Firstly, the density of fully dense metallic alloys (often comprised between 1 and 10 g.cm -3 ) is higher than that of bone because of the presence of pores in bone. Moreover, the mechanical properties of the implants do not match those of bone. The Young's modulus and compression strength of the two bony tissues (cortical bone which is the strong surface shell and cancellous bone which is the weaker centre part; see Chapter 5 for a complete description of the bone structure) are summarized in table 4.2.

Young's modulus (GPa) Compression strength (MPa)

Cortical bone 12 -18 130 -180 Cancellous bone 0.1 -0.5 4 -12 Table 4.2: Young's modulus and compression strength of cortical bone and cancellous bone [WAG-2011] Dense metallic materials have a Young's modulus often comprised between 70 and 300 GPa, which is much higher than that of bone. This difference of stiffness creates a phenomenon called stress shielding, which causes bone resorption around the implant and reduces the life span of the device. Development of porous implants has been proved to be a solution to overcome these problems [MUR-2011], [MUR-2012-2]. The presence of porosity has different advantages: -lowering the mechanical properties to be close to those of bone; -improving the bone in-growth around the implants by colonization of pores by cells. Conventional fabrication processes failed in providing porous samples with complex shape and desired porosity and mechanical properties. Producing such samples from casting of liquid alloy would lead different defects such as residual pores or other heterogeneities. Different fabrication processes, such as cutting or plastic forming are often expensive and time consuming. The traditional fabrication processes in metallurgy are even more difficult to use with cobalt-based 89 Chapter 4: CoCrMo sample alloys because of its high melting point, high hardness and low ductility.

The above described reasons explain the development of Additive Manufacturing (AM) techniques to create innovative samples with controlled porosity content and morphology. For metals, Selective Laser Melting SLM and Electron Beam melting EBM processes described in Chapter 1, section 1.1.2.3, are the most popular techniques. It has to be noted that almost all the publications about metallic implants made by AM concerned titanium alloy because it is considered as the most suitable candidate for orthopaedic applications due to its biocompatibility, lower Young's modulus (110 GPa) than the other biocompatible materials. Determining the better architectural parameters has been the subject of much work, especially for titanium alloys. The optimal pore size to have a colonization of pores by bone cells has been determined to be more than 100 µm. Different pore sizes have been tested: from around 100 µm [ITA-2001] 

4.2) Fabrication and microstructure of the samples

The samples were kindly provided by Pr Chiba from the IMR in Tohoku University, Sendaï, Japan. Details about processing can be found in the paper published by Sun et al. [SUN-2014] who produced the samples. The cobalt powder used in the experiment had the composition given in the table 4.3 and was composed of spherical particles with an average particle size of 64 µm. The chemical composition matched well with the required one from ASTM F75. The samples were fabricated with an Arcam A2 device (Arcam AB, Mölndal, Sweden) schematically represented in fig. 4.3 (a). An electron beam (1) was focused thanks to electromagnetic lenses (2) and (3) and sent to a powder layer. The powder was raked (5) under the electron beam from a powder stock (4). A first beam scan pre-heated the powder at a temperature of 840°C and the melt scan was made at a temperature of 1430°C (melting point of cobalt-based alloys). A new layer was thus created onto the previous layers already built (6) which formed the sample under construction. Fig. 4.3 (b) illustrates the building of our square pore structure. The powder is selectively melted according to a model previously generated by a Computer Aided Design (CAD) software. The direction 3 is the building direction and this convention will be applied in the following text. After fabrication, the samples underwent an ageing heat treatment at 800°C during 24 hours. 
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4.3) Morphological characterization of the sample

4.3.1) Architecture of the sample

The sample which will be studied is shown in fig. 4.6 (a). It has dimensions of 3.9 mm (height, direction 3), 4.6 mm and 4.7 mm (width and length, directions 1 and 2) and it contains 2 cells in each direction. This small sample was cut from a larger sample with a micro-saw (IsoMet 1000, Buehler, Germany) to be enough small to be inserted into the in situ mechanical test device. The periodic square cell structure is visible thanks to 3D visualization and SEM images (fig. 4.6 (b)). The 3D visualization was built from low resolution tomographic image with a voxel size of 15 µm. This low resolution enables to notice the presence of roughness at the surface of the sample in all the struts. This is a first evidence of the presence of defects in the solid phase of the sample. This will be studied in details thanks to local tomography. The sample has an apparent density of 0.24. The relative density calculated by ImageJ is 0.25 in good coherence with the previous value. The relative density distribution (fig. 4.7) shows alternation of dense slices and more porous ones. The direction 3 corresponds to the building axis during the EBM process. Periodicity of the curve is consistent with the square pore structure. 92 The strut thickness and the pore size were measured on SEM images and tomographic images. The strut thickness and cell size distributions obtained from 3D granulometry on tomographic volume (see Chapter 2, section 2.3.5.3) are shown in fig. 4.8 and 4.9. The size ranges from SEM images (see table 4.4) are narrower and correspond to the expected values from CAD model. However, the strut thickness distribution from tomographic image is rather wide around the main peak. The pore size distribution possesses a main peak corresponding to the macro pores with a square cross-section and a smaller peak around 120 µm, indicating the presence of smaller pores. The wide size distributions of solid and porous phases illustrate the presence of heterogeneities in the structure. Tortuosity of the pores and the solid phase versus angle was calculated thanks to the method described in Chapter 2, section 2.3.5.3 is given in fig. 4.10. The values of tortuosity of 1 for the pores and the solid phase confirm the square periodic structure of the sample. Whatever the angle considered for the calculation, the path between two points in the voids is direct. 

Pore size (µm) Volume fraction

Chapter 4: CoCrMo sample cubic shape of the cells, the path between two points of the solid phase is direct when the image was positioned at 0° and 90° (example with red arrows in fig. 4.11 (a)). But, when the image is progressively rotated (fig. 4.11 (b)), the path becomes more tortuous, giving a higher tortuosity. The cubic shape of the cells should lead to a symmetry in the curve regarding the value of 45°, as shown by the blue arrows in fig. 4.11 (a). The absence of symmetry indicates the presence of heterogeneities in the solid phase, as the strut and pore size distribution.

4.3.2) Characterization of the defects produced by EBM

The information brought by quantitative analysis were confirmed by observation of local tomography images. The high resolution images revealed the presence of many morphological defects in the solid struts. We present hereafter tomographic images (3D visualization and slices) of some zones in the sample. First, different pores are noticed in the struts (see fig. 4.12 (a) showing a horizontal strut). The presence of spherical residual pores could be due to entrapment of gas in the powder in the EBM build chamber (see the red circle in fig. 4.12 (a)). The gas bubbles could not escape during melting of powder and generated pores. More irregular shaped pores were related to an incomplete melting of powder during the process (see the white circle in fig. 4.12 (a)) [TAM-95 It is important to note that, contrary to the aluminium foam studied in Chapter 3, no second phases typical of the cobalt-based alloys were detected by local tomography. This is because the voxel size was too large (the carbides have a size of around few micrometres, see fig. 4.4) and because the difference of attenuation by X-ray between the different elements was not important enough to differentiate the matrix from the carbides. In conclusion, the defects due to the EBM process were considered as the main microstructural features for this sample.

4.3.3) Mechanical characterization of the solid phase

Nanoindentation was performed in the cobalt sample without difference between the matrix and the second phases for the reasons mentioned above (see Chapter 2, section 2.2.4 for more technical details about this type of characterization). Indents having a depth of 300 nm were made in the sample. Due to the geometry of the Berkovich tip, an indent side length size is seven times the indent depth. Therefore, the indents have a size of around 2 µm. This enables to obtain Young's modulus and hardness being the averages of the values of the Co-rich matrix and of the secondary phases. Table 4. 

4.4) In situ compression tests

4.4.1) Experiments

An in situ compression uniaxial test was performed on a sample. Fig. 4.15 presents the compression engineering stress versus engineering strain curve. The sample was scanned at a strain of 0%, 1.4%, 2.5% and 4.7%. The stress/strain curve presents a first elastic domain followed by a plastic part. No stress plateau occurred by the progressive buckling of the struts. As the struts buckled, the stress gradually decreased because less and less struts carried out the stress. During the test, the struts first deformed plastically by buckling and then broke.

The mechanical properties obtained from the compression test for this sample and for another one are summarized in table 4.6, as well as literature data on compression of CoCrMo cellular samples. The quoted authors studied compression of CoCrMo cubic lattice structures made by AM (EBM or SLM). Some authors showed that the ratio of the cell over the sample size can have an influence on the mechanical properties (see Chapter 1, section 1.1.3.3): when a sample with few cells is tested, compression strength can be smaller. But, the quoted authors tested samples with 6 cells in each direction whereas our sample has only 2 cells in each direction. This can explain their highest yield strength and compression strength although their samples are more porous. Moreover, comparison with the literature is difficult because of the lack of data, as most of the work on metallic samples made by AM focused on titanium alloys. The mechanical behaviour of the sample was then typical of a cellular metal: a linear elastic part was followed by a plastic part. The low ductility of the sample can explain the absence of stress plateau in the stress/strain curve. This low ductility can be linked to the presence of ε phase in the matrix which has a lower number of slip systems than the γ phase [SUN-2014]. The presence of only two cells in each direction is another explanation of the absence of a large stress plateau and a densification stage. The influence of the sample size and the ratio of the cell/sample size has already been described.

Different authors studied the compressive behaviour of titanium samples with cubic unit cells. They obtained the same general features as we did: after the initial linear elastic domain, a first cell row buckled causing a first decrease of stress. Once the first cells failed, another cell row deformed causing an increase of load. They observed this series of load decrease and increase until the densification stage was reached [AHM-2015], [KAD-2015], [PAR-2011].

Local tomography revealed the presence of many defects in the structure caused by fabrication (reduction in thickness, presence of "aggregates" of particles). This will be included in the finite element modelling in the same way as the presence of the intermetallic inclusions for the aluminium foam (see Chapter 3).

4.4.2) FE modelling

4.4.2.1) Building of the model and image processing

The inhomogeneities due to fabrication (and especially the zones with a reduced thickness) are revealed by local tomography. An attempt was made to consider these defects as microstructural characteristics and to include it in the model. In the initial image, the solid phase of the whole sample had the same grey level (fig. 4.21 (a)). However, our plugin was based on an association between a grey level in the image and an element in the mesh. Therefore, the image shown in fig. -a first one with a unique material behaviour assigned to all the elements; -a second one with a different material behaviour for the different phases defined in the image. A negative displacement equivalent to a strain of 4.7 % was applied to the nodes on one side of the sample whereas the nodes on the other side was displacement constrained. The next section details the material constitutive behaviours used to model the cobalt-based alloy.

4.4.2.2) Material behaviours

Mechanical behaviour of cobalt-based alloy was defined by a classical elastoplastic law. Elastic part was characterized by a Young's modulus of 230 GPa (as determined by nanoindentation) and a Poisson's ratio of 0.3. Plastic behaviour was determined from a compression stress/strain curve from Montero-Ocampo et al. [MON-1999] (fig. 4.22): yield stress of 706 MPa and compression stress of 902 MPa. They tested in compression a Co29Cr6Mo alloy cast at a temperature of 1430°C (melting temperature of the alloy) and heat treated at 815°C during 24 hours. The behaviour of this alloy was chosen because EBM is based on melting of a powder and the samples underwent a similar heat treatment as our samples. The melting of powder is certainly a different process from the casting of liquid alloy. But, up to now, EBM has only been used to fabricate porous samples. Therefore, without existing data about a uniaxial compression test of dense samples made by EBM, it was necessary to choose data from alloys made by casting. This Chapter 4: CoCrMo sample behaviour was assigned to elements associated to the main phase of the sample. On the other hand, assigning a material behaviour to the elements associated to the two brighter grey levels is delicate because, as for the inclusions in aluminium foam, no data exist in literature. Thus, in absence of data, the material behaviour assigned to the thinner parts of the sample was an elastoplastic behaviour with a lower Youngs's modulus 190 GPa and 150 GPa and with the same plastic domain (i.e. the same yield stress and hardening exponent) as for the main phase of the sample.

4.4.3) Results and discussion

Fig. 4.23 presents the experimental and the modelled stress/strain curve. The two modelled curves (i.e.: taking into account the defects or not) are completely similar. Thus, only one modelled curve is represented in the graph. As for aluminium foam, the calculated Young's modulus was ten times higher than the experimental one. As already mentioned in the previous chapter, this is always the case for finite element modelling of cellular samples. However, there was a good agreement between experiment and modelling for the plastic part of the curve (between the yield point and the compression strength). Consequently, the stress/strain curve used as material behaviour for the cobalt alloy seems to be well adapted to simulate our sample.

The normal σ 33 stress contours for the sample deformed with a strain of 4.7 % (strain 106 

4.5) Conclusion of the chapter

This chapter was dedicated to a metallic cellular sample processed by additive manufacturing. This technique was successfully used to produce porous samples with cubic unit cells. However, local tomography revealed the presence of different defects due to the fabrication process, especially at the surface of the sample: pores in the solid phase, presence of attached partially melted particles to the surface which gave a globular aspect to the surface of the struts, irregular thickness along the struts. The observation of volumes from local tomography indicated that the fabrication parameters must be optimized to obtain more consistent samples. The samples behaved in compression as a typical cellular sample. The compression stress/strain curve comprised three domains: linear elastic part, stress plateau and densification (this last stage was only observed for samples with a minimum number of cells in each direction). The deformation occurred by buckling of the struts and localized in a band of cells. This band of cells rapidly failed because of the low ductility of the alloy. If the test was continued beyond the rupture of the first struts, the stress plateau would continue and the densification stage would finally appear. Careful examination of the tomographic volumes showed an influence of the fabrication defects on the initiation of the deformation. The presence of a less thick zone surrounded by bump of partially melted particles constituted a weak point in the sample and initiated the deformation. These zones were easier to detect thanks to local tomography. An attempt was made to take into account these specific defects in the finite element model thanks to the approach developed in this work. Despite the absence of data in literature, different mechanical properties were assigned to the thinner regions. Even without including the presence of the fabrication defects, the calculation effectively predicted the highest stresses in the vertical struts which were the first to deform. When including the fabrication defects, the calculation predicted slight different values and distribution of stress. But, the differences between the two calculations were not very important. It means that the thickness reduction taken into account by local tomography enabled to capture the stress concentration zones without modifying the local constitutive law of the material. It can be noted that other differences of material properties between the dense and less dense parts of the sample could be tested to check the importance of these defects in the mechanical behaviour of the samples. Image processing steps of the initial image could also be improved to include the presence of some small pores in the solid phase. Moreover, it appears that, for metallic materials, the approach developed during this work could be more efficient with samples having different phases clearly separable (as for aluminium foam with the aluminium matrix and the intermetallic inclusions). Then, the tensile loading seems to be more appropriate than the compression to observe rupture linked to defects in the solid phase.

After the presentation of the two metallic materials, the follow-up of the manuscript will be dedicated to the two ceramic samples. The fifth chapter will present the β-TCP samples fabricated by sacrificial template method. 
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Chapter 5: β-TCP sample

As for metal foams in the previous chapters, porous ceramics were studied. As noted in the first chapter, highly porous ceramics can show very different morphologies, either with a stochastic type or with a periodic like microstructure. This chapter will be dedicated to the first category, i.e. a bone substitute made of porous β-TCP sample containing pores with two different sizes: a volume fraction of 66 % of macro-pores with a size comprised between 100 and 300 µm and a volume fraction of 2 % of smaller spherical pores with a size between 10 and 30 µm. We intentionally fabricated these samples with a two-scale porosity. Large sacrificial template spherical pores were used, but also a population of 10 µm size porogens was included in order to intentionally create some small scale defects in the solid phase. These small scale defects are difficult to detect with a low resolution scan in X-ray tomography but clearly detected with the high resolution local version of the technique. The first part of this chapter will be dedicated to a presentation of the materials for bone substitution and especially of β-TCP. Then, the fabrication of the powder and sintered samples will be described in details as well as the characterization of the powder. Afterwards, characterization of the sample by different means and especially X-ray tomography will be presented. Next, compression tests will be described and experimental results detailed. Finally, the work on finite element modelling will be presented.

5.1) Materials for bone substitution

5.1.1) Objectives of bone substitutes

A lot of bone defects, due to an important fracture or to diseases such as osteoporosis, cannot be repaired by self-repairing of bone tissue. In order to repair these defects, bone grafts, such as autografts, allografts and heterografts have firstly been used by surgeons. They consist in graft of bone tissue from respectively: the patient himself, a donor or an animal. Autografts enable to avoid biocompatibility problem or infections but it needs a bone swab from the patient himself. Allografts and heterografts can lead to transmission of infections. Moreover, these methods are appropriate for small bone defects but cannot be a solution for large ones which require an important amount of bone. In this latter case, the main alternative is the development of synthetic scaffold whose aim is to fill in the bone defect and to guide bone regeneration. Besides the bone defects, they are also often used as coatings for orthopaedic implants to facilitate the bone regeneration around implants.

A bone substitute scaffold should meet several requirements [WAG-2011]: -biocompatibility which can be defined as the ability of the scaffold to play its role in the organism without inducing any undesirable effect, -osteoinductivity, which is the ability to induce bone formation around the scaffold, -osteoconductivity which refers to the fact that bone grows on the scaffold surface by adhesion between bone cells and scaffold surface, -osteointegration, which refers to the integration of the substitute around the bone, -biodegradability, which describes the degradation capacity of the scaffold in the body to be replaced by natural bone, -bioactivity, which is the possibility for the implants to create chemical bonds with bone, -mechanical property close to that of bone, -presence of an interconnected porosity to favour bone colonization and vascularization around the scaffolds, as well as to enable circulation of fluid (e.g. blood) in the scaffold. Living tissue progressively grows into the pores. Different studies demonstrated that scaffolds need interconnected macro-pores with a size higher than 100 µm and micro-pores with a size between 1 and 100 µm for bone regeneration [BIG-2003], [HIN-2005], [HUL-1972], [LIU-1997-2].

Chapter 5: β-TCP sample To process a scaffold with these required properties, it is necessary to deeply characterize the structure and properties of bone.

5.1.2) Brief overview of bone structure and properties

Bone is a natural organic/inorganic composite. The organic phase (approximately 30wt % of the bone) is mainly composed of collagen macromolecules (mainly type I collagen) and, in lower amount, of various proteins [AME-2008]. The inorganic phase (approximately 60wt % of the bone) is composed of an apatite, a calcium phosphate mineral. This mineral part has been described as a non stoichiometric carbonated apatite whose general formula is given below [PER-2008], [TAD-2008]:

The □ stands for the vacancies caused by the numerous substitutions which occur in the lattice compared to this formula. Moreover, the chemical composition of mineral part of bone varies according to the bone tissue considered, the age and the health of the person. Consequently, this formula represents an average composition of the mineral phase of the bone. The average atomic Ca/P ratio is 1.67.

The bone structure is complex and can be described at different scales. At the macroscopic scale, two different types of bone can be distinguished as seen in fig. 5.1. -Cortical bone is located at the periphery of the bone. This dense zone is composed of lamellae of mineralized collagen fibres. These lamellae are rolled up into osteons. Consequently, osteons are cylinders with diameter of around 200 µm. The structure of parallel osteons is responsible for high mechanical properties along their length (fig. 5.2 (a)). Each lamella has a thickness of 3 to 7 µm and is made of long collagen molecules surrounded by plate-like apatitic crystals [RHO-1998]. Some proteins are also present between the collagen molecules. Cortical bone is the load bearing part of the bone. -Cancellous bone is located at the centre of the bone. It is a highly porous structure with interconnected pore with an interconnection size between 200 and 400 µm (fig. 5.2 (b)) and struts having a diameter of about 50 to 300 µm. In the struts, the lamellae are not arranged in the same direction as noted in the cortical bone. Consequently, its mechanical properties are lower than cortical bone but it enables the circulation of fluids.

Table 5.1 summarizes the range of the main mechanical properties measured for cortical and cancellous bones. The variations in properties can be explained by the influence of porosity content, the solicitation direction (due to anisotropy of properties). Moreover, variations have been observed for bone samples of the same density coming from different persons. Measurement of mechanical properties at lower scales (for instance of the collagen fibres or mineral crystals) is delicate due to the size of the component: apatite crystals have a length of ten nanometers and collagen molecules are 50-70 nm wide.

116 Cancellous bone 4-12 1-5 10-20 0.1-0.5 Table 5.1: Mechanical properties of cortical and cancellous bone [GIE-2001], [RHO-1993], [RHO-1998], [RØH-1991], [ZIO-1998] 
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5.1.3) Calcium phosphate materials as bone substitute

Calcium phosphate based materials have been considered as the best candidates for bone substitutions. They exhibit the properties presented in the section 5.1.1 and, above all, their composition is close to that of the mineral part of bone. The phase diagram of calcium phosphate materials (fig. 5.3) show that many phases can exist, each having a different atomic Ca/P ratio. Most phases are calcium orthophosphates: this name refers to the presence of orthophosphate group PO 4 3- in the chemical formula. Most phases are formed from high temperature solid state reaction [BOH-2000]. The general principle of the synthesis is to obtain the desired calcium phosphate phase in the 117 Chapter 5: β-TCP sample form of powder from calcination treatment at high temperature of calcium and phosphorus precursor powders under precise pH conditions.

Among them, tricalcium phosphate (TCP) Ca 3 (PO 4 ) 2 does not have the same chemical composition as mineral part of bone, its atomic Ca/P ratio is 1.5. However, it exhibits a capacity of bioresorbability because its solubility in water is greater than that of bone [BOH-2000]. It can exist in the form of three phases: β-TCP from room temperature to 1125°C which has a rhomboedral crystal structure, α-TCP from 1125°C to 1470°C and α'-TCP from 1470°C to melting point. β-TCP phase is the stable phase at room temperature. It is commonly obtained from thermal treatment above 650°C.

β-TCP was first used as bone substitute by [START_REF] Albee | Studies in bone growth[END_REF][ALB-1920]. After this first experiment, many studies have been performed on fabrication and mechanical characterization of β-TCP [BOW-2004], [CAI-2008], [DES-2007], [JAR-1979]. Calcium phosphate materials used as bone substitutes can be found as cements [BOH-2005] or as porous ceramics made by the different elaboration process described in Chapter 1, section 1.1.2.1. In this latter case, sacrificial template method has been extensively studied due to its ability to provide porous samples with precise control of the pore size and morphology [CHE-2008], [DES-2008], [LIU-2010]. This method coupled to dry route was chosen in this study because of the easiness and the precise control of the pore morphology and size.

5.2) Fabrication of the β-TCP samples

β-TCP powder was synthesized in the laboratory to make sure that chemical composition and powder granulometry were controlled. Two commercial polyethylene powders were used as porogens. It is important to note that the fabrication of the samples was done with the help of Marta Gallo (in the frame of her PhD thesis) and Solène Tadier. Chapter 5: β-TCP sample

5.2.1) Synthesis and characterization of the β-TCP powder

β-TCP powder was synthesized from two precursors: CaCO 3 (Sigma Aldrich, batch SZBC0590V) and CaHPO 4 (Sigma Aldrich, batch 051M0120V). The two powders were first dried to remove humidity. Appropriate amounts of the two reagents were weighed and then mixed with zirconia balls in a mixer (Turbula, Wab, Switzerland) during 25 minutes. This duration was chosen to avoid formation of aggregates. Then, a calcination treatment was performed at 1050°C during 4 hours to enable the formation of β-TCP. The heating rate was 2.5°C/min and the cooling rate was 5°C/min. The equation (5-1) gives the reaction which happens during calcination:

2 CaHPO 4 + CaCO 3 → Ca 3 (PO 4 ) 2 + CO 2 + H 2 O
(5-1)

The powder was ball-milled in a milling jar with alumina balls and ethanol during 20 minutes to remove the aggregates. After ball-milling, granulometric distribution was measured by laser granulometer (see Appendix A, section A.3 for a detailed description) in dry conditions (Mastersizer, Malvern Instruments, UK). The granulometric distribution is presented in fig. 5.4. Ball milling enabled to reduce the median diameter d 50 from 6.5 µm to 1.4 µm (table 5.1). The values of d 10 and d 90 are also given in this table: they represent the size of particles below which 10% and 90% of the particles lies. The milled powder as observed with Scanning Electron Microscopy (SEM) is shown in fig. 5.5. 

5.2.2) Characterization of the pore formers

Two polyethylene powders were used as porogens. The macro-pores were created from a commercial powder named macro PE (Clariant SpA: Licowax® Fine Grain, Switzerland). It was sieved to select spheres with a diameter from 150 µm to 300 µm. The smaller pores were created by another powder with a diameter from 10 to 27 µm named micro PE (Cospheric LLC, USA). Granulometric distribution is given in fig. 5.6 and table 5. 

5.2.3) Thermogravimetric analysis

The thermal treatment consisted in two steps: burning of the PE beads (debinding) followed by sintering of the ceramic. The temperatures of the two corresponding dwells must be carefully chosen. Therefore, thermogravimetric analysis (Setaram, TGA92, France) was performed on a mixing of PE and β-TCP. The two powders were heated to 1300°C with a heating rate of 2°C.min -1 . More explanations about TGA can be found in the appendix A, section A.4. Fig. 5.8 presents the weight loss of the β-TCP powder with the PE beads upon heating up to 1300°C. An important weight loss corresponding to polyethylene evaporation was observed between 410°C and 430°C. This justified to make the debinding step of the β-TCP/PE mix at 600°C. At higher temperature, a slight weight decrease was visible above 1200°C. It could correspond to the β to α-TCP transformation. The phase diagram of calcium phosphate indicates a phase transformation at 1125°C. However, different authors did not observe α phase in samples sintered until 1200°C [PER-2010], [WAN-2004]. Therefore, we decided to set the sintering temperature at 1200°C. 

5.2.4) Fabrication of the sintered samples

β-TCP sintered samples were fabricated with a target total volume fraction of macro-pores of 66 % and a target total volume fraction of micro-pores of 2 %. Adequate quantities of components were calculated considering a cylindrical matrix with a diameter of 10 mm and a height of 10 mm (Eurolabo, France). The β-TCP powder and the PE beads were mechanically mixed (Turbula, Wab, France) during 20 minutes. The aim was to obtain a homogeneous dispersion of the organic phase in the ceramic powder. Cylinders were obtained by uniaxial compression (Sodemi, France) at 30 MPa. The sample was then heat treated in a conventional furnace (Nabertherm, Germany) with the conditions described in table 5.4. Porogens were removed thanks to the first dwell and the second one corresponded to sintering. The periphery of the cylinders was friable and contained small cracks, probably due to a bad compaction and an incomplete sintering. To eliminate these defects, the cylindrical surface of the samples was polished with silicon carbide papers to obtain cubes.

A dense sample was processed by the same fabrication route. The aim was to have a reference sample to characterize the solid phase of the porous materials. The β-TCP powder (without porogens) was uniaxially pressed at 30 MPa and sintered at 1200°C during 10 hours. Chapter 5: β-TCP sample

Step

5.3) Structural and morphological characterization of the sample

5.3.1) X-Ray Diffraction (XRD)

The composition of the β-TCP powder and of the dense sample was analysed by XRD (Brueker D8 Advance, Karlsruhe, Germany) with Cu Kα radiation (λ = 0.15406 nm). Analysis was done with angular range from 10° to 60° with a Lynxeye detector. The peaks were identified by comparison with Joint Committee of Powder Diffraction Standard (JCPDS) files of β-TCP (09-0169), thanks to Evaluation Plus software. Other phases which can appear during powder synthesis as hydroxyapatite (HA, JCPDS file: 09-0432), α-TCP (JCPDS file: 09-0348) or β calcium pyrophosphate (JCPDS file: 09-0346) were also searched.

The two patterns (powder and dense sample) are presented in fig. 5.9. Most peaks correspond to β-TCP. Traces of hydroxyapatite and β calcium pyrophosphate (Ca 2 P 2 O 7 ) are found in the powder. No peaks of α-TCP are found.

5.3.2) Characterization of the architecture of the sample

The sample presented in this chapter is a parallelepiped with dimensions of 4.2 mm (in the direction 3), 5.4 mm and 5.3 mm (length and width, directions 1 and 2). Chapter 5: β-TCP sample obtain pores with desired shape and size thanks to sacrificial template method is confirmed. This image also shows a random distribution of the pores with a rather good homogeneity despite the presence of some degree of agglomeration. It means that the ceramic and the PE powders were correctly mixed before uniaxial compression.

The relative density calculated by 3D image analysis on the volume is 0.48. The relative density distribution along the cross sections is shown in fig. 5.11. The direction 3 corresponds to the compaction direction. The relative density distribution varies along each direction between 0.45 and 0.58. This variation is attributed to the random distribution of the pores in the sample. The apparent density calculated from weight and dimensions of the sample is 0.32. The difference between the apparent density and the relative density from 3D image probably comes from the smaller pores due to incomplete sintering non visible with local tomography. Moreover, some small pores (size between 10 and 30 µm) can be removed by thresholding and are not taken into account in the calculation. Cell wall thickness and pore size distribution obtained from local tomography images with a voxel size of 3 µm by 3D granulometry using spherical elements are given in fig. 5.12 and 5.13. Cell wall thickness is comprised between 10 and 150 µm. The main peak of pore size distribution around 156 µm represents the macro-pores formed by the removal of macro-PE porogens. The tail in the distribution of pores with size between 6 and 54 µm could correspond to the burning out of micro-PE porogens.
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5.3.3) Characterization of the microstructure of the solid phase

The slice of a high resolution image (0.7 µm voxel size, see fig. 5.14) performed on a small piece of sample enables us to observe better the repartition of the pores: the macro-pores (one is surrounded by a red circle in the figure) create the architecture and the smaller pores (one is surrounded by a blue circle in the same figure) constitute a specific feature of the solid phase.

As shown in fig. 5.14, the grey levels in the solid phase are not homogeneous. This reveals the presence of micro-pores due to incomplete sintering. This observation allows us to explain the difference between the expected relative density calculated by 3D image analysis (0.48, see fig. 5.11 for relative density distribution along the three directions) and the apparent density (0.32). The dense sample, made without porogens, has a relative density of 0.84, so the volume fraction of micro-pores in the solid phase due to incomplete sintering is 0.16. This measurement was confirmed by measurement on thresholded SEM images of solid phase. The SEM observations of the dense sample (fig. 5.15 (a)) reveal this residual porosity with a size of a few microns. Magnified view (fig. 5.15 (b)) shows well sintered grains with irregular shape. Linear intercept method applied to several images gives a grain size for the β-TCP of 2.3 ± 0.4 µm. This size is a bit higher than the β-TCP 126 Chapter 5: β-TCP sample powder particle size suggesting a bit of coarsening during sintering.

5.4) Ex situ compression tests

5.4.1) Experiments

The compression tests were performed with the conditions described in Chapter 2, section 2.3.3. It is reminded that the sample was loaded different times at a speed of 0.03 mm.min -1 . Fig. 5.16 presents the successive stress/strain curves obtained on the sample during the ex situ test. The black curve corresponds to the final loading until rupture. The six other curves correspond to six loadings interrupted to scan the sample at different damage levels (for increasing values of the maximum applied strain). Table 5.4 presents the values of compressive strength and Young's modulus for this sample (first line). The results obtained for another sample tested during this study are also presented (second line of the table). This second sample was a cylinder with a diameter of 10 mm and a height of 11 mm. The lower compression strength and Young's modulus exhibited by the second sample can be attributed to the presence of defects in the periphery of the sample due to incomplete sintering, which constituted an initiation site for cracks. A polishing step was applied to remove this part for the first sample only. The sample reaches a maximal compressive stress of 4.1 MPa and has a Young's modulus of 0.75 GPa (measured during unloading cycles). Some values obtained in the literature for other porous β-TCP samples are also presented in the table. However, comparison with the literature is difficult because mechanical properties are highly dependent of the fabrication conditions and the pore sizes. Some values of compressive strength from literature (see Liu et al. and Metsger et al.) 

Engineering strain

Engineering stress (MPa)

Chapter 5: β-TCP sample The stress/strain curve reveals typical behaviour of a cellular ceramic with a linear increase of the stress followed by a stress plateau. To explain the crack propagation in the sample, it is impossible to present 3D views of the tomographic images of the samples because the crack propagation would not be clearly visible on such a complex rendering. For this reason, different slices perpendicular to the loading axis will be shown. The location of these different slices in the sample is shown in the 3D image of the whole sample in fig. 5.17 e) and (f)). Fig. 5.20 presents the lower slice. The two main perpendicular cracks are also visible but they appeared later during the test than for the upper slices. Consequently, they do not have the same length than in the upper part of the sample. This means that while the two main cracks propagated along the directions 1 and 2, they also went through the direction 3. Fig. 5.18 (f) and 5.19 (f) are slices of the sample after the sixth loading which correspond to a transition between the linear domain of the curve and the stress plateau. In this slice, different small cracks are observed in addition to the two mentioned above (noted by a green ellipse in fig. 5.18 (f) and 5.19 (f)). Therefore, at this stage of the test, the sample contained multiple cracks in different directions. At later stage, a stress plateau appeared in the stress/strain curve (fig. 5.16) and multiple cracking continued until collapse of the sample. Moreover, a careful examination of fig. 5.18 to 5.20 showed that the paths of the two main cracks were not strictly straight. For this reason, each crack could be considered more as a set of multiple small cracks between two macro-pores than a unique crack. Therefore, the mechanical behaviour of the sample is closer to a cellular material with propagation of multiple small cracks in different directions than a brittle material with propagation of large parallel macro-cracks. -2007]. The influence of the defects detected by local tomography seems to be very limited. As already said, the crack path was mainly through the macro-pores. It was not observed to be influenced by the smaller pores intentionally added. The initial sample also contained some small cracks between two macro-pores as shown by fig. 5.22 (b) where a small crack is visible in a slice of the initial sample. Fig. 5.22 (c) shows the same slice of the sample after the sixth loading. By observing the crack path, it is difficult to say that the initial cracks are an initial site for the crack during the test. The fact that the second population of small pores intentionally added plays a minor role on the fracture process is a bit disappointing. This invalidates our initial strategy and proves that it would be difficult to apply such a strategy for stochastic brittle materials.

The sample is composed of dispersed macro-pores and a micro-porous ceramic matrix. The micro-pores are the smaller pores intentionally added and the residual pores left by incomplete sintering. These three levels of pores have an influence on the macroscopic mechanical behaviour. Different models have been developed in the literature to quantify the decrease of mechanical properties due to the pores [RIC-1998], [TAN-2006]. However, locally, the crack path seems to be more influenced by the macro-pores and especially by the clusters of pores. It follows the direction of some clusters as highlighted by the red frame in fig. 5 Because of the important role played by macro-pores spatial distribution as compared to the presence of smaller pores in the solid phase, it appears compulsory to take into account the two types of pores in the finite element modelling, even if the presence of the small defects seems to be less critical. The presence of fine cell walls prevented attempts to mesh only the solid phase. Therefore, the solution adopted was to mesh the solid phase and the two types of pores as a unique block. The next section will detail the preparation of the mesh, the building of the model and the results of the calculation. 

5.4.2) FE modelling

5.4.2.1) Building of the model and image processing

The image built from local tomography contains the solid phase (grey level: 255) and the two types of pores (grey level: 0) (see fig. 5.23 (a) with a slice of this image for illustration). To mesh a block containing the solid phase and the pores, it was necessary to separate the pores from the outside of the sample because in the initial image, both had the same grey level value. This operation was made thanks to a plugin which enabled to extract the pores by labelling them. At last, the sample was considered as a two-phase material with the solid phase (grey level of 255) and the pores (grey level of 128). To characterize the influence of the small pores detected by local tomography into the model, two tomographic images were created: one containing no small pores in the solid phase (fig. 5.23 (b)) and one containing the small pores (fig. 5.23 (c)).

A mesh was generated with Avizo with 1200000 quadratic tetrahedra having an edge size of 90 µm. Fig. 5.24 is an image of this mesh and shows the fact that the solid phase and the pores were meshed. The mesh was then associated to the two images (fig. . A negative displacement corresponding to the strain of 0.54% was applied to the top nodes in the direction 3 whereas the nodes of the opposite faces were displacement constrained. A simulation with a purely elastic behaviour was made and will be presented in the section 5.4.2.2.

5.4.2.2) Elastic modelling

5.4.2.2.1) Determination of the elastic properties

As already mentioned, the solid phase contains the β-TCP phase and the residual micropores due to incomplete sintering. Because these micro-pores cannot be imaged by local tomography with a voxel size of 3 µm, they have to be considered as a part of the solid phase. To include their presence in the model, the elastic material property has to be representative of a solid phase having a relative density of 0.84. To determine the properties of such a partly sintered solid, nanoindentation was performed on a polished cross sections of the solid phase. It is reminded that the Berkovich tip indented the sample with a depth of 2 µm in order to have an indent with a diagonal size of around 14 µm (seven times the indent depth). This size was sufficiently large to be representative of the elastic properties of the solid phase (i.e.: β-TCP and micro-pores). Fig. 5.25 presents a SEM image of an indent, showing that it overlapped solid phase and micro-pores. Chapter 5: β-TCP sample Table 5.5 presents Young's modulus and hardness determined by nanoindentation as well as literature data for comparison. Different authors fabricated β-TCP samples with the same procedure as in this study: uniaxial pressing followed by conventional sintering. For the samples having a relative density to our samples, Young's modulus and hardness were consistent with our values. Wang et al. obtained a slightly higher Young's modulus but the relative density of their samples was not specified.

Reference

Fabrication Relative density

Young's modulus (GPa)

Hardness

(GPa) 5.6 presents the values of Young's modulus and density chosen for the two phases in the model. The Young's modulus of the β-TCP phase was determined from nanoindentation as explained above. A low Young's modulus of 1 MPa is taken into account for the mesh elements assigned to the porous phase. This value enables to have a difference of a factor of 10 4 for the Young's modulus between the two phases. c)). The edge size of the tetrahedra (around 90 µm) is too large as compared to the size of the small pores (between 10 and 30 µm). Consequently, some small pores were not detected by the plugin during the association between the mesh and the image. A finer mesh would be necessary but calculation would be impossible due to the computer capacity. The highest stress concentration zones are mainly present in the smallest paths between macro-pores. The macro-pores which do not induce high stress around them are separated by higher distance. The cell wall thickness seems to be more important than the pore size for the stress concentrations. The stress distribution confirms the experimental findings about the importance of macro-architecture and clusters of pores. It is difficult to link the highly stressed zones and the location of crack initiation. It seems that the clusters of macro-pores are responsible for stress concentrations. The image processing steps did not allow to keep in the meshed image the initial cracks created during the fabrication. Higher resolution images would be necessary in local tomography mode to keep it during the scaling of the images and to take into account their influence in the modelling. 

5.5) Conclusion of the chapter

After the work about metallic materials, this chapter presented the work developed about a cellular ceramic with a stochastic microstructure. This sample was a β-TCP containing three types of pores: a macro-porosity defining the architecture of the sample with a size of 100-300 µm, Chapter 5: β-TCP sample smaller pores with a size of 10-30 µm and residual micro-pores having a size of few microns due to incomplete sintering. The presence of pores with different sizes is necessary due to the application of bone substitutes. The samples were fabricated in the laboratory by a sacrificial template method. We succeeded in obtaining a porous sample with a simple process without addition of binders. As in the two previous cases of cellular metals, local tomography revealed the presence of the small pores (which were not visible at lower resolution) and other defects such as small cracks due to sintering.

The mechanical behaviour of the sample was a cellular like fragile behaviour with an elastic linear part followed by a stress plateau. Different cracks could be distinguished on the tomographic volumes. Multi-cracking caused a progressive collapse of the sample. They all propagated through the macro-pores and especially between aligned close or overlapping pores. It means that the pore size and the cell wall size had an important influence on the crack propagation. This invalidates our general strategy of intentionally adding some small defects in this specific case, but this also proves that in such a stochastic microstructure for a fragile cellular solid, the fracture is governed by the global architecture and that the influence of small defects in the solid phase is negligible. This was confirmed by elastic finite element modelling which predicted the highest stresses between the closest macro-pores and no difference in these stresses when calculated with or without accounting for the presence of the smallest pores. This validates the hypothesis developed by some authors about the influence of large defects and clusters of pores [PEC-2010]. In our case, the use of tomography brings new information with the observation of the crack path through the pores.

To study the influence of different distributions of pores, it could be interesting to apply our approach to macro-porous β-TCP samples made by Descamps et al. [DES-2008]: these samples possess macro-pores and interconnections between the macro-pores in the solid phase. A skeleton of porogen spheres was impregnated by a ceramic slurry and as for our sample, the porogens were removed by a thermal treatment. Before impregnation, the organic skeleton underwent a chemical dissolution to create bridges between the spheres. These bridges created interconnections between macro-pores after the thermal treatment. This enabled to obtain a porous sample with two pore sizes.

As for metallic materials, after the presentation of a sample with random porosity, the next chapter will be dedicated to a ceramic sample with periodic structure made by additive manufacturing.

Chapter 6: HA/β-TCP sample Chapter 6: HA/β-TCP sample 6.1) Biphasic calcium phosphate as bone substitute 6.2) Fabrication of the samples 6.3) Morphological characterization of the sample The previous chapter focused on a β tricalcium phosphate (β-TCP) bone substitute processed by sacrificial template or porogens. This fabrication process resulted in a stochastic architecture of the porosity. This chapter is dedicated to another bone substitute made of biphasic calcium phosphate, a composite of the two main calcium phosphate phases, i.e. hydroxyapatite (HA) and β-TCP. Contrary to the previous sample, this was made by additive manufacturing, leading to a periodic architecture. As the previous sample, the robocast HA/β-TCP sample intentionally contains porosity with different size distributions: macro-pores obtained by robocasting, spherical pores in the rods obtained by thermal treatment of porogens. Residual porosity is also present in the rods due to incomplete sintering although not desired. As for the previous materials, the influence of specific defects in the solid phase (i.e. the spherical pores added by porogens) will be particularly studied. First, a general description of biphasic calcium phosphate will be presented. Then, the processing of the sample will be described followed by the structural characterization mainly by X-ray tomography. The mechanical behaviour of the material in compression will be presented with a special emphasis on the link between the features of the solid phase and the mechanical behaviour. Finally, a finite element model will be created from the tomographic volumes. The aim was to include the presence of the spherical pores into the simulation. As for the previous ceramic samples, calculations with elastic behaviour were performed.

6.1) Biphasic calcium phosphate as bone substitute

Among phosphate calcium materials, hydroxyapatite (HA, with a stoichiometric chemical composition: (Ca 10 (PO 4 ) 6 (OH) 2 , with a Ca/P ratio of 1.67) has the closest chemical composition of the mineral part of the bone. It has a hexagonal crystal structure as the bone apatite. Analysis of mineral part of some osseous parts of the body (such as enamel or dentine) shows that their lattice parameters are close to that of HA but have a Ca/P ratio comprised between 1.5 (β-TCP) and 1.67 (HA) [MIR-2012]. HA has firstly been implanted in animals in 1952 [RAY-1952]. Since this first experiment, many studies have been conducted on this material [BOH-2000] and especially about its processing [LAN-2000], [LAY-1998], [LIU-2001], [MUR-2000], [PRA-2007].

HA exhibits better mechanical properties than β-TCP, at a given porosity fraction. But, due to a lower solubility in water than mineral part of bone, it degrades more slowly than β-TCP. For these reasons, HA/β-TCP composites (commonly named Biphasic Calcium Phosphate, BCP) have been developed [DAC-1998] with the aim of having an optimized material in terms of mechanical properties and resorption in the human body. The β-TCP phase degrades in several months and promotes bone ingrowth whereas the HA phase provides mechanical integrity of the material during bone formation. Extensive literature can be found about fabrication of BCP samples and influence of processing parameters on the final samples structures and properties. Nery et al. [NER-1975] were the first to implant successfully BCP in dogs but the exact composition of their sample was identified later [LEG-1988]. BCP ceramic could be obtained from a mixture of HA and β-TCP powders [KIV-1998], [RAM-1997] or a calcium deficient apatite powder [BOU-2000], [CAR-2002], [GAU-1998], [GAU-1999], [LEG-2003] with the general formula:

This powder has to be sintered above 700°C [DAC-2003] to give BCP. However, fewer studies have focused on additive manufacturing of porous BCP samples [CAS-2014], [FRA-2010], [HOU-2013]. 145 Ca 10-x ( HPO 4 ) x ( PO 4 ) (6-x) (OH ) (2-x) ,(0< x <2)

6.2) Fabrication of the samples

The samples used were robocast during a short stay of Laurent Gremillard in the Materials Science Division of Lawrence Berkeley National Laboratory (Berkeley, California, USA) following a protocol thoroughly described in [MIR-2006]. Composite samples containing a volume fraction of 80% of HA and 20% of β-TCP were fabricated. Adequate quantities of HA (S.A.I., Rillieux La Pape, France) and of β-TCP (Fluka, Buchs, Switzerland) were mixed with water to form an aqueous paste. A required amount of organic phase (Pluronic F127, BASF, Germany) was added to improve the viscosity of the slurry. Polymethyl methacrylate (PMMA) spheres (Diakon CLG356, Lucite International, France) were added as porogens. The PMMA beads were previously sieved and the spheres with a diameter from 45 to 100 µm were selected. The ceramic paste and the PMMA beads were mixed thanks to a jar. The robocasting device (3-D Inks, Stillwater, OK, USA) is presented in fig. 6.1. It is controlled thanks to a software (Robocad 3.0, 3-D Inks, Stillwater, OK, USA). The mixture of ceramic paste and PMMA beads was introduced in the conical nozzle having a controlled diameter of 150 µm. The conical nozzle was displaced in the direction 2 to deposit the ceramic paste on a plane with a constant deposition speed of 20 mm.s -1 . The spacing between two rod centres was fixed to 300 µm. After finishing the deposition of several parallel rods in the direction 2, the nozzle was displaced in the direction 3 and another layer of rods was deposited in the direction 1. The process was continued until all the layers were deposited. The deposition was made in an oil bath to avoid collapse of the layers during the process. After deposition, the samples were air-dried for 3 days. Finally, a thermal treatment detailed in table 6.1 took place. The first step consisted in a debinding treatment to remove porogens and organic binders and the sintering occurred during the second step.

146 The main parameters describing architecture (see Chapter 2, section 2.3.5) were calculated thanks to high resolution image and are now be presented. Fig. 6.3 gives relative density distribution along the cross sections. Relative density calculated from ImageJ is 0.6, assuming the rods are fully dense. The evolution of relative densities of the cross sections in directions 1 and 2 (highest value of 0.85 and lowest one of 0.3) is explained by the alternating orthogonal rods. The densest cross sections along the axis 1 correspond to sections crossing the rods oriented in direction 2 and the less dense ones to sections crossing the sample between these rods. Along the axes 1 and 2, a higher density is calculated in the first and last cross sections corresponding to the sides of the samples. It is due to the deposition done at the end of the rods. To go from one rod to another, the nozzle does not stop the deposition as shown in fig. Chapter 6: HA/β-TCP sample Fig. 6.4 shows the rod size distribution measured by ImageJ with 3D granulometry plugin with spherical elements. The rod size measured by ImageJ plugin is comprised between 119 and 161 µm, with a peak for a diameter of 147 µm and a smaller peak for 126 µm. The highest solid thicknesses probably correspond to the crossing of the rods of two adjacent layers where rod overlapping is present. Measurement of rod size in SEM images gives an average diameter of 126 ± 12 µm. It is measured on single rod cross sections and therefore does not take into account rod overlapping. Houmard et al. [HOU-2013] prepared scaffolds containing 60 vol% of HA and 40 vol % of β-TCP scaffolds by robocasting followed by sintering at 1100°C during 2 hours. They measured a shrinkage after sintering of 8% in the directions 1 and 2 and around 10% in the direction 3. Taking into account the nozzle diameter (i.e. the rod diameter before sintering) and the shrinkage measured by Houmard et al., the expected value of sintered rod diameter in our samples is around 135 µm. This "theoretical" value lies between the average experimental values obtained from SEM image and from tomographic volumes.

The pore size distribution measured by ImageJ (fig. 6.5) is characterized by a main peak between 84 and 133 µm with a maximum frequency at 120 µm. This peak represents the macroporosity between the rods. This size measured with SEM gives a similar measure of 126 ± 9 µm. Indeed, during processing, a rod spacing (from centre to centre) of 300 µm was chosen (fig. 6.6). As the nozzle diameter was 150 µm, the pore size calculated by image analysis is coherent with this 148 The tortuosity of the solid phase and the pores versus angle is given in fig. 6.7, as determined thanks to image analysis (Chapter 2, section 2.3.5.3). It is reminded that the tortuosity is the average of the values calculated with 6 and 28 neighbours. For both phases, tortuosity is equal to one at 0° and 90°, along the rods, and shows higher values between these two angles. When the image is positioned at 0° and 90° (i.e. positioned in the rod direction, see fig. 6.8 (a)), the path between two points is direct, giving a tortuosity of 1 and thus confirming the regular structure of the sample. However, when the image is progressively rotated to 45° (fig. 6.8 (b)), the path between two points becomes more tortuous, giving a higher tortuosity for pores around 45°. The slight increase of the tortuosity of the solid phase for image positioned at 30° and 60° has the same origin (i.e. different paths between two points of the phase when the image orientation changed).

149 Chapter 6: HA/β-TCP sample

6.3.2) Characterization of the microstructure in the solid rods

Local tomography (fig. 6.9 (a)) gives details on the structure of the rods: intentionally added spherical pores (indicated by red arrows) and imperfect boundaries between two orthogonal layers are clearly visible in the figure (indicated by blue arrows). The two layers are not perfectly bonded. This can be created during deposition of the ceramic ink or during sintering. As seen in figure 6.9 (b) and (c), the small spherical pores are randomly located in the rods. Due to this random location, they are connected or not to the macro-pores located between the rods. Some of them have a non spherical shape (see the right red arrow in fig. 6.9 (a)): these pores with a more elongated shape are probably formed by burning out of two adjacent PMMA beads. In order to investigate in more details the structure of the rods, a polished cross section was prepared and observed with SEM. Residual micro-pores due to incomplete sintering are revealed in the rod (fig. 6.10 (a)). Another SEM image at higher magnification (fig. 6.10 b)) allows to notice the presence of grains in the solid phase. However the grain boundaries are difficult to identify and it can be due to the important residual porosity in the rods. This residual porosity is also noticed with high resolution tomography with a voxel size of 0.7 µm (fig. 6.10 (c), see Chapter 2, section 2.3.2 for the experimental method) although it is better visible thanks to SEM. The tomographic image showing a vertical rod has a voxel size of 0.7 µm and was acquired using a small piece of sample (with dimensions of approximately 1 x 1 x 0.7 mm 3 ). A difference of grey level values is noted in the rod and confirms the presence of a micro-porosity. Moreover, the incomplete sintering at the junction between the two orthogonal rods (already seen by local tomography) is better visible with this image (indicated by a red arrow). The size of the pores left by incomplete sintering measured thanks to SEM images is 2.6 ± 1.1 µm. In addition, the interconnection pore size distribution of the robocast HA/β-TCP sample was measured by mercury intrusion porosimetry (fig. 6.11, see Appendix A, section A.1 for more details about this characterization technique). The peak between 47 and 114 µm with a maximum value of 91 µm corresponds to the crossing of mercury through the macro-pores and the open spherical pores. The second peak between 0.3 and 2.4 µm with a maximum value of 1.3 µm is due to intrusion of mercury into the residual micro-pores. Mercury porosimetry reveals a volume fraction of pores with a size lower than 15 µm of 0.26. This value is coherent with the difference between the volume fraction of pores obtained by geometric measurement (0.64) and by image analysis of the tomographic volume (0.4). This difference is thus explained by the spatial resolution of the X-ray tomography which is not sufficient for the smallest pores resulting from incomplete sintering. Consequently, the total volume fraction of pores (due to macro-porosity, spherical pores and residual micro-pores in the rod) is 0.64 and the volume fraction of residual pores due to incomplete sintering relatively to the whole sample is 0.26. 

(c)

(c)

6.4) Ex situ compression tests

6.4.1) Experiments

Several ex situ compression tests were performed with the protocol described in Chapter 2, section 2.3.3. As for the β-TCP sample, the sample was loaded several times with a speed of 0.03 mm.min -1 . As for the β-TCP sample, initiation and propagation of cracks were followed thanks to frequent interruptions of the tests. The sample was compressed along the building direction 3. Its dimensions were 3.58 mm (direction 3), 4.62 mm and 4.58 mm (directions 1 and 2). Fig. 6.12 shows the stress/strain curves interrupted to scan the sample. The black curve corresponds to the final loading until fracture. The mechanical behaviour is characterized by a linear elastic part followed by a plateau before brittle failure. The compression strength was 14.2 MPa and the Young's modulus measured during an unloading cycle was 2.3 GPa. The compression strength of other samples tested during this study is given in table 6.2. For comparison purposes, compression strength for various macro-porous biphasic calcium phosphate samples (with HA/β-TCP ratio close to ours) from the literature are also given in this table, together with their processing condition and relative density. The strength values obtained in this study are slightly above the values of other robocast samples. It could indicate that the fabrication was satisfactory. However, it should be noted that comparison with literature is made difficult by the difference in processing conditions, relative density and pore size of the samples. The value of compression strength does not seem to be strongly influenced by the periodic or stochastic distribution of the pores (see the values of compression strength for periodic or non periodic scaffolds).

153 Chapter 6: HA/β-TCP sample Fig. 6.13 shows different vertical and horizontal slices of the sample during the ex situ compression test, to illustrate the following description of the mechanical behaviour of the sample. It is reminded that the sample was loaded in the direction 3. Fig. 6.13 (a), (c), (e), (g) and (i) show the situation at one lateral side of the sample during the test. Before describing the behaviour of the sample, it is reminded that the visible horizontal and curved openings between rods from two adjacent layers (fig. 6.13 (a)) are caused by an imperfect bonding during the process (see section 6.3.2). As seen in fig. 6.13 (a), a crack parallel to the direction 3 initiated at this side of the sample. As the test continued, this crack further propagated along the direction 3 from the inside to the borders (see the red arrows in fig. 6.13 (c) and (e)). After the third loading, the crack reached the top and bottom parts of the samples in this cross section (fig. 6.13 (e)). In addition to the propagation of the crack along the direction 3, the crack also progressed in direction 2 (a white arrows indicates it in fig. 6.13 (f)). Fig. 6.13 (b), (d), (f), (h) and (j) present a cross section in the middle of the sample. The vertical crack seen on the previous images is visible after the third loading (see fig. 6.13 (f)). Horizontal slices were added to show the propagation of the crack along the direction 2: it is clearly visible in fig. 6.13 (j). Therefore, the main crack parallel to the loading direction propagated during the five successive loadings, macroscopically corresponding to the elastic part of the stress/strain curve (fig. 6.12). The propagation of a crack along the loading direction is typical of a brittle fracture, and is originated by the friction stresses at the platens, caused by lateral displacement of the sample (Poisson's ratio). Such a failure mode has been largely described for ceramics tested in uniaxial direction, dense or macroporous [MEI-2012]. The crack propagated through the macropores left between the rods. If only one crack propagates along the loading direction, the stress carried by the sample is nearly unaffected, until other cracks are developed. The images also bring information about the path followed by the horizontal crack in the sample. The crack propagated along the horizontal rods (oriented along directions 1 and 2).

After the five loadings, the test was continued until the complete fracture of the sample. A stress plateau characteristic of a cellular ceramic appeared in the stress/strain curve (fig. 6.12). The sample was finally cut into two parts by the main crack after this latter went through the whole 
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Chapter 6: HA/β-TCP sample sample in the direction 2. The tomographic image of one broken part of the sample (fig. 6.14) showed that the plateau corresponded to propagation of many cracks in different directions, as it can be seen in cellular ceramics [MEI-2012]. Some of them were parallel to the main crack and others had a direction of 45° compared to the loading direction (shown by a red ellipse in fig. 6.14 (a)). Some horizontal rods were separated from the adjacent ones and could rotate freely (blue frame in fig. 6.14 (b)). However, multi-cracking did not cause collapse of the sample (i.e., no densification step was visible in the stress/strain curve). The influence of non-perfect bonding between the rods clearly influenced the crack path in the material. As seen in previous images, the main crack was parallel to the loading direction and propagated towards the direction 2. Images of the crack at different locations inside the sample are now presented in more details. For this purpose, slices along the direction 2 are shown hereafter. For a better comprehension, the location of these slices in the sample is indicated in fig. 6.15. The crack initiated from the side on the left on the figure and propagated along the direction 2.

The crack initiated on one lateral side of the sample (left side on fig. 6.15), which was denser than the rest of the sample (see fig. 6.16). In this zone, the relative density reached 0.9, potentially giving a more brittle character and a limited strain at failure favouring crack initiation. In this side of the sample, the horizontal opening already mentioned is visible. It is likely to be generated during processing, but due to its orientation, it did not evolve during the compression test along direction 3. Chapter 6: HA/β-TCP sample caused this initiation in the border of the sample. However no propagation occurred in the following rods (i.e. in the direction 2). As shown in fig. 6.16, it clearly appears that the crack was initiated on a spherical pore after the first loading. This spherical pore was the critical defect that initiated the crack.

After the second loading, the crack propagated in the sample as shown by fig. 6.17 (a). By comparing this figure with fig. 6.16 (a) (the same slice after the first loading), it is clear that the crack separated the horizontal rods along the whole height of the sample (direction 3). Fig. 6.17 (b) shows the following horizontal rods (relatively to the direction 2). As already mentioned, the crack propagated in direction 2. A magnified view of this slice shows that the crack went through a spherical pore (fig. 6.17 (d)), and changed its path as compared to the neighbour area (fig. 6.17 The crack propagation continued after the third loading to the inside of the sample. Another example of a deviation of the crack is shown in fig. 6.18 (a) and (b) (with magnified views in 6.18 (c) and (d)). A crack seems to be deviated from one horizontal rod to the adjacent one due to stress concentration around the spherical pore. Additionally, it is observed that the crack was curved near one spherical pore (fig. 6.18 (d)). In conclusion, the mechanical behaviour of the sample is characterized by a brittle behaviour with a propagation of a main crack parallel to the loading axis which progressively separated the sample into two parts. Then, a plateau stress was observed in the stress/strain curve, as commonly observed with cellular ceramics [GIB-1997], [MEI-2012]. The test is ended with the fracture of the sample into two parts by the main crack. The observation of the sample after fracture showed that, in addition to the main crack, other cracks propagated in different directions during this plateau and separated some rods from the rest of the sample. Experimental observation shows the influence of intentionally added spherical pores in the solid phase on the crack path. However, it is relatively limited as many stress concentration areas exist in the sample due to imperfect processing and complex sample geometry.

Other ex situ compression tests performed in this study enabled to confirm the propagation of macroscopic cracks parallel to the loading direction. Fig. 6.20 (a) shows a portion of a cross section of a sample with a macro-crack propagating in the horizontal rods at the joints with the vertical rods. The corresponding high resolution image from local tomography shows the presence of spherical pores in the rods (fig. 6.20 (b)). The crack propagated between the spherical pores. However, as for the sample studied before in this chapter, it is difficult to conclude about a link between the presence of spherical pores and the crack path. Several authors performed uniaxial compression tests on hydroxyapatite scaffolds along the building direction. The stress/strain curve of a robocast sample found by Houmard et al. [HOU-2013] was also characterized by an elastic part and a small plateau before a catastrophic fracture (fig. 6.21 (a)). Miranda et al. [MIR-2007] tested hydroxyapatite robocast samples and followed the test in situ through one side of the sample by an optical system. They observed the similar characteristics as in this study, i.e., the propagation of a main crack parallel to the compression axis (fig. 6.21 (b)). The magnified image of a part of the sample enabled to observe that the cracks progressed through the horizontal rods, as we also observed. But, at the end of the test, they observed a complete collapse of the sample contrary to our sample which was cut into two parts. Chapter 6: HA/β-TCP sample a brittle behaviour for volume fraction of pores below 50%, characterized by propagation of large cracks parallel to the loading axis and a cellular like behaviour for higher volume fraction of pores with the presence of many small cracks. A transition between the two behaviours seemed to occur at a volume fraction of pores of around 50%. In the previous chapter, a cellular like behaviour was noted for the random porous β-TCP samples. The robocast samples exhibited higher strength and brittleness than the β-TCP samples. It could be attributed to an optimized architecture, storing more energy than the random porous β-TCP sample, showing therefore a more brittle character and being more sensitive to the presence of defects.

Compared to other studies on robocast samples, this work showed the influence of defects (i.e.: spherical pores) in the rods. We showed different examples in the sample where the crack path seemed to be changed by the presence of this type of defects. It is of course difficult to be sure of a link between the presence of the spherical pores and the crack path. This is supported by counterexamples, where the crack path changed without the presence of spherical pores. It appears however necessary to include the presence of defects in the solid phase in the finite element modelling to better predict stress concentrations governing the initiation and the propagation of cracks. Now, the approach used to create a finite element model including the influence of defects in the solid phase is described.

6.4.2) FE model

6.4.2.1) Building of the model and image processing

The image processing on the X-ray tomographic volumes followed the same steps as for the aluminium foam (see Chapter 3). In this case, the spherical pores play the role of the intermetallic inclusions in the aluminium foam. Thus, their grey level must be differentiated from the grey levels of the macro-pores (grey level 0) (see fig. 6.22 (a)). Thanks to different image processing steps of addition and subtraction of images, the spherical pores were extracted from the image of the whole sample and their grey level was changed to 128. Finally, an image with two phases in the solid phase was obtained (fig. 6.22 (b)): the ceramic phase (with a grey level of 255 in fig. 6.22 (b) for the sake of visibility) and the spherical pores (with a grey level of 128 in fig. 6.22 (b)). The solid phase of this image was meshed with 1124000 quadratic tetrahedra with an average edge size of 69 µm. This edge size is similar to the size of the spherical pores. As for the aluminium foam, to complete the work, another image was created with a gradation of grey levels acting as a transition zone scaling operation was used to spread out the grey levels around the spherical pores (fig. 6.22 (c)). It allows to create a transition zone with a gradation of grey levels between the two phases. Moreover, the size of the spherical pores was increased. This other 3D image shown in fig. 6.22 (c) contains the ceramic phase, the spherical pores and the transition between both phases.

Chapter 6: HA/β-TCP sample Three calculations were performed from the association between the mesh and three images: -the image containing no spherical pores in the ceramic phase (i.e. the spherical pores were filled); -the image containing the ceramic phase (grey level of 1) and the spherical pores (grey level of 255), each of one having a different material behaviour; -the image with the ceramic phase (grey level of 1), the spherical pores (grey level of 255) and the transition zone (grey levels between 2 and 254) with different intermediate behaviours.

In the three cases, a negative displacement equivalent to a strain of 0.96% (i.e. the strain reached after the last loading during the ex situ test) was applied to the top nodes in the direction 3 whereas the nodes of the opposite faces were displacement constrained. The next section details the material constitutive laws defined for the ceramic phase, the spherical pores and the interface. The rods are made of HA/β-TCP phase, intentionally added spherical pores and residual micro-pores from incomplete sintering. As for the ceramic sample tested in Chapter 5, the residual micro-pores have to be considered as part of the solid phase and influencing its elastic properties. The average properties of the rods were obtained thanks to instrumented indentation. It is reminded that the Berkovich tip indented the sample with a depth of 2 µm in order to have an indent size sufficiently large to be representative of the elastic properties of the rod (i.e.: HA/β-TCP and micropores). Because of the volume fraction of micro-pores in the ceramic phase (i.e. 0.26), no imprint of indents was found with SEM.

The first line of the table 6.3 presents Young's modulus and hardness determined using nanoindentation (see Chapter 2, section 2.2.4 and Appendix A, section A.2 for details about nanoindentation). Because the indented rods contained micro-pores, the relative density of the rods is given in the table: the value of 0.74 was determined by Hg porosimetry measurement (see section 6.3.2 of this chapter). The table also presents nanoindentation results for HA and β-TCP compiled from literature. The HA and β-TCP samples used for comparison were all made by dry route fabrication processes. The comparison with literature is made difficult because mechanical properties depend on many different factors such as fabrication process, relative density or grain size. By using a rule of mixture with average values of hardness for HA and for β-TCP and a volume fraction ratio for HA/β-TCP of 0.8/0.2, a hardness of 1.2 GPa is found for the composite, close to our experimental value (1.5 GPa). A Young's modulus of 34.7 GPa is found, which is a bit higher than our experimental value and close to the value of HA.

Values from Fabrication steps Relative density

Young's modulus (GPa)

Hardness (GPa)

This study The property used in the simulation is Young's modulus of the two phases. A Young's modulus of 28 GPa is used for HA/β-TCP phase (as determined by nanoindentation) and 1 MPa for the spherical pores (as for the pores of the β-TCP sample in Chapter 5).

Solid phase

Chapter 6: HA/β-TCP sample The mesh elements located at the interface were associated to grey levels between 2 and 254. Consequently, these elements were split into different element sets, each corresponding to the grey level associated to them. The element sets corresponding to the interface were grouped in 6 classes to define intermediate material properties. This classification was done to have the same number of elements in the six classes between the ceramic phase and the spherical pores. Therefore, the element sets were assigned intermediate values for density and Young's modulus. An exponential decrease of Young's modulus versus density from 28 GPa (for the ceramic phase) to 1 MPa (for the small pores) between the two extrema values was used (fig. 6.23). In the figure, the volume fraction of spherical pores (i.e. abscissa) of 0 corresponds to the solid phase and the volume fraction of spherical pores of 1 corresponds to the inside of the spherical pores.

6.4.2.2.2) Results and discussion

Fig. 6.24, 6.25 and 6.26 present contours of the maximal principal stress for the different slices previously presented in fig. 6.16 (a), 6.17 (b) and 6.18 (b) and for the three calculations performed. The model without pores predicts high stress in the horizontal rods and especially near the joints with the orthogonal rods. This is consistent with the experimental findings, i.e.: propagation of cracks in the horizontal rods. It has to be noted that the stress distribution found without spherical pores is logical because controlled by the periodic structure. Fig. 6.24 shows the case of the initiation of the crack after the first loading in the slice shown in fig. 6.16. In the calculations with the spherical pores (fig. 6.24 (c) and (d)), the stress distribution is modified as compared to the calculation without the spherical pores (fig. 6.24 (b)). Stress concentrations are observed in the vicinity of the spherical pores in different locations. It has to be mentioned that the two calculations including the spherical pores are a bit different: the stress concentrations are more spread when an interface gradation is taken into account. This is logical because the presence of the interface increases the number of elements having a different material behaviour from that of the ceramic phase. In the horizontal rods where the crack initiated, the highest stress is found around the spherical pore (i.e. at the exact location of the pore and below). Therefore, these calculations can explain the initiation of the crack. However, other stress concentrations are observed in this part of the sample due to the presence of other spherical pores. According to this prediction, different cracks could have been initiated in the sample or one crack would have to be initiated in another row of rods (e.g., in the seventh vertical row of macro-pores, 168 Chapter 6: HA/β-TCP sample vertical row of rods where the crack propagated, a high stress is found around the spherical pores.

In the case of fig. 6.26, a small zone with higher stress is noted around a spherical pore (see the red arrows) and enable to understand the curved aspect of the crack at this location. However, as for the crack initiation (fig. 6.24), other stress concentrations are observed and could also represent a crack initiation site.

6.5) Conclusion of the chapter

This chapter was dedicated to the study of compression mechanical behaviour of a robocast biphasic calcium phosphate. The robocast sample consisted in different layers of parallel rods, the rods of one layer being perpendicular to the rods of the adjacent layer. Compression behaviour in the building direction has been observed to be a combination of a brittle like behaviour with propagation of a main crack parallel to the loading direction from one side of the sample to another and a cellular like behaviour with a stress plateau accompanied by propagation of smaller cracks in different directions at the end of the test. The stress plateau was interrupted by the brittle rupture of the sample into two parts due to the main crack. This particular behaviour could be explained by the periodic structure of the scaffold where dense rods alternate with macroscopic pores. The sample could be considered as an association of individual rods which were loaded separately.

Observation with tomographic high resolution image enabled to observe the presence of individual spherical pores intentionally added in the rods. The mechanical test showed that this specific feature of the solid phase had an influence especially on the initiation of the crack. Moreover, the pores also seemed to deviate the crack during propagation from one row of rods to another. Finite element modelling created from high resolution images integrating the presence of the spherical pores predicted high tensile maximal principal stress in the vicinity of the individual pores. It can explain why the crack propagated in some locations of the sample, validating the efforts to take then into account in the FE models. The calculation performed with the spherical pores was completed by another one including the presence of an interface between the ceramic phase and the spherical pores. This second calculation showed wider zones of stress concentrations because more elements had a material behaviour different from that of the ceramic phase. The main interest of the interface was to increase the size of the smallest spherical pores and to include their presence in the model. However, the calculations showed stress concentrations around all the spherical pores. Thus, it did not enable to understand why the crack initiated and propagated along the fourth row of vertical macro-pores (from the left) and not in another row where other spherical pores were present. This means that the crack propagation is the result of the influence of the architecture, the presence of the spherical pores captured only by local tomography and probably other features such as micro-pores or defects not detected by tomography. It also has to be noted that the presence of an imperfect interface between individual rods has not been taken into account.

After the presentation of the four types of samples studied in this work, the manuscript will end with the general conclusion and the prospects opened by the work.

General conclusions

General conclusions

This work proposed an original methodology to study and model the mechanical behaviour of cellular materials. Different key points can be underlined: -the utilization of local tomography to get high resolution images of the samples bringing new information as compared to images at lower resolution; -the development of a series of image processing steps based on scaling and thresholding operations to transform high resolution images from local tomography into a less heavy image including microstructural features from high resolution; -the development of Java programs in order to create a finite element model which takes the microstructural features into account. This program is based on the association of the grey levels of the images and the elements of the mesh. A grey level is assigned by the program to each element. Depending on the grey level, a specific material constitutive law is assigned to each element.

Local tomography allowed to characterize quantitatively and qualitatively the architecture (relative density, strut thickness and pore size) and the solid phase of the samples. The architecture is mainly characterized by the stochastic or periodic nature of the sample. Aluminium foam and β-TCP sample presented a random distribution of pores whereas the cobalt-based and the HA/β-TCP samples consisted of a periodic arrangement of struts or rods. The high resolution images showed various microstructural features. For metallic alloys, these microstructural details were a secondary phase typical of aluminium 6000 series alloy and surface defects due to fabrication process for the cobalt-based alloy. In ceramic samples, small pores were intentionally added in the solid phase. These features were visible in images with a voxel size of around 3 µm but were not observed in images of the whole sample having a voxel size of 15 to 20 µm.

After scanning the samples, different image processing steps were applied to the high resolution images. Thresholding first separated the pores from the different phases of the solid phase. Then, scaling of the images changed the resolution to obtain an image with a resolution of 15 or 20 µm (the resolution used during the in situ and ex situ imaging of mechanical tests). A second thresholding improved the quality of the images which were reduced after scaling. Finally, the scaled and segmented images were stitched in order to generate a low resolution image of the whole sample containing the different phases visible at high resolution. This image constituted the initial state of the sample.

Mechanical tests were then performed on the samples. The samples were scanned at different steps of the test. For metallic samples, in situ tests were made inside the tomograph. The displacement was interrupted several times to scan the sample. For ceramic samples, due to very small displacements, ex situ tests were done with machines equipped with precise displacement sensors. Different mechanical tests were performed and stopped to scan the samples. For the four samples, many scans were acquired to capture precisely their progressive deformation. The analysis of the stress/strain curve and of the images showed that the four cellular samples had a typical behaviour of cellular metals and ceramics: -the aluminium foam showed an elastoplastic behaviour with a first progressive alignment of the struts in the tensile direction and a progressive rupture of the struts which provoked a decrease of the stress; -the cobalt-based samples tested in compression showed a first elastic domain followed by a plastic part where the deformation was characterized by plastic buckling of the upper struts; -the β-TCP sample also tested in compression showed a cellular like behaviour with an elastic General conclusions domain followed by a plateau with many small cracks propagating between the macro-pores in different directions; -the robocast HA/β-TCP sample showed an initial elastic part followed by a plateau in uniaxial compression. A macro-crack parallel to the loading direction typical of a brittle behaviour propagated through the sample and at the end of the test, different cracks propagated in different directions; the mechanical properties of this ceramic sample cannot be easily compared with those of the TCP sample because of the difference of composition. However, the periodic and the stochastic structures do not exhibit the same crack initiation and propagation in spite of a close volume fraction of pores.

The comparison between the initial images built from local tomography and the low resolution images of the deformed sample showed that the microstructural features could have an influence on the mechanical behaviour: -in the aluminium foam, the rupture of the struts were found to be linked to the presence of intermetallic inclusions. 20 out of 25 broken struts contained an inclusion. In most cases, the inclusions contained in the broken struts were located in the centre of the strut thickness and fracture of the struts occurred in the exact location of the inclusion; -in the cobalt-based sample, the onset of plastification seemed to occur where the defects were present: irregular thickness along the strut or high surface roughness due to the presence of partially melted powder particles; -the microstructural features of the solid phase had a minor influence in the β-TCP sample because the cracks mainly propagated between the macro-pores. The cell wall size was also important because it was observed that the cracks often propagated between the closest macro-pores. In few cases, the cracks propagated by the smaller pores intentionally added in the solid phase; -the spherical pores added in the solid phase of the robocast HA/β-TCP sample were the initiation site of the main crack in the sample. During the propagation of this crack, some spherical pores slightly deviated the crack path in different locations in the samples. However, the architecture at a macroscopic scale was shown to govern the crack propagation.

From these observations, it can be noted that the microstructural characteristics of the solid phase have to be taken into account in the mechanical modelling, even if their influence on the mechanical properties was more or less pronounced depending on the sample considered. For this purpose, a special Java program was used to associate the mesh elements and the grey levels of the corresponding image. The aim was to create different element sets in the model, each being associated to a phase of the solid phase and finally to a material behaviour law. The other objective of the Java program was to create an Abaqus input file which includes all the information necessary for the calculation. In the model, different material constitutive laws were assigned to the different phases. The models developed enabled to calculate the local higher stressed zones and to link them to the deformed zones in the samples: -for the aluminium foam, the calculations including the intermetallic phases allowed to obtain high tensile normal stresses in some struts where the inclusions were present. Some other struts were highly stressed even if no inclusion was noticed. In this case, the architectural features (alignment of the struts in the tensile direction) explained the behaviour of the struts; -for the cobalt-based sample, high normal stresses were found in the vertical struts, which was coherent with the experiments. The zones where the strut thickness was reduced had high compression normal stresses. But, in this case, the change in material behaviour due to defects from the fabrication process did not lead to an important change in stress concentration in the struts. It appears that the compression behaviour was mainly controlled by the arrangement of the solid General conclusions phase and especially the shape of the cubic unit cell; -for the β-TCP samples, the elastic modelling predicted higher stress around the macro-pores and especially when the wall size between the macro-pores was small. This is in agreement with the experimental findings: the images of the sample during the test showed a propagation of the cracks where the macro-pores were close to each other and aligned. However, the microstructural features such as the smaller pores intentionally added in the solid phase were not totally taken into account in the FE model because of their small size; -for the HA/β-TCP sample, the elastic modelling predicted a homogeneous distribution of stress in the horizontal rods where the cracks propagated. This is logical with the periodic distribution of the macro-pores. When including the presence of the spherical pores in the rods, high stresses were found in their vicinity. This could explain crack deviations in some locations in the sample. The propagation of the main crack can be mainly explained by architectural features, but the presence of the spherical pores in the solid phase plays a role.

In conclusion, the original approach developed in this work enabled to build finite element models taking into account the architecture of the sample (as in already published studies) and also microstructural features. It was shown that the mechanical behaviour of a highly porous sample is governed mainly by the architectural features (periodic or random distribution of pores, solid phase wall or pore size) but also by the presence of microstructural details in the solid phase. The study of different samples (ceramic/metals, periodic/random distribution of pores, secondary phases/small pores in the solid phase) showed that the contribution of the features of the solid phase has not always the same importance. In our cases, the aluminium foam and the robocast HA/β-TCP sample were the samples where the contribution of the secondary phases and the spherical pores proved to be very important in addition to the contribution of the architecture. For the two other samples, the approach developed during this work showed a minor influence of the microstructural characteristics on their mechanical behaviour. For the CoCrMo structure, the mechanical behaviour was mainly due to the architecture (cubic unit cell). For the β-TCP sample, the crack initiation was mainly controlled by architecture accessible with low resolution tomography: distance between the macro-pores and the agglomeration of these macro-pores, etc. Moreover, in this work, fabrication of cellular ceramic samples was made using a sacrificial template method to obtain cellular samples with a relatively homogeneous distribution of spherical pores. A simple process was used with uniaxial compression and sintering of a mixture of ceramic powder and organic porogens. The different steps of the fabrication process must be carefully monitored: -ball-milling of the ceramic powder in order to break the agglomerates which can impeach a homogeneous mixing with the porogens; -careful mixing of the ceramic powder and the porogens in order to obtain a homogeneous spatial distribution of the porogens in the mix (and thus of the pores in the final sample); -sintering to remove the porogens without collapse of the ceramic green body and the subsequent sintering of the solid phase. The absence of an organic binder (dry route) facilitated the processing and did not hinder having a well sintered sample. As explained in Chapter 5 (table 5.4), the mechanical properties of our samples were comparable to the ones obtained in the literature with ceramic samples of the same relative density made by sacrificial template method.

Prospects for future work

Prospects for future work

Processing, structural and mechanical characterization as well as numerical modelling of mechanical properties of metal and ceramic-based cellular solids were performed in this work. The variety of the work opens the way to many prospects.

It could be interesting to begin with improving the material constitutive laws used in the models. For the aluminium foam, an elasto-plastic law coupled to Gurson Tvegaard Needleman were used to model the damage. Elastic properties (Young's modulus) and plastic stress/strain were modified for inclusions phase and interface between aluminium and inclusions. Identical Gurson-Tvegaard-Needleman parameters were used for all phases. Therefore, it would be logical to modify the parameters depending on the phase considered. It is precisely one of the aims of the current PhD thesis of Y. Amani in MATEIS. For the cobalt-based samples, the presence of surface defects was taken into account in the model by assigning different Young's modulus. To go further, it could be interesting to modify the plastic behaviour of the material. Improving the description of the material behaviour could also be interesting for ceramic materials, e.g. with Abaqus material behaviours taking into account the crack propagation as "Brittle cracking" behaviour. Calculations with this behaviour are in progress in the laboratory and exploration of its parameters could be continued. Modelling with other material behaviours as Drücker-Prager criterion could be tested. This yield criterion is often used to model the mechanical behaviour of granular materials or rocks, and has been recently successfully used for porous ceramics [CLE-2013], [STA-2014].

The high resolution images used in this work had a voxel size about 3 µm and were obtained with a tomograph enabling a best voxel size of 1 µm. This resolution is high enough to detect some details but could be improved to detect other features. For aluminium foams, the different intermetallic inclusions could be scanned with higher resolutions. For ceramic materials, the residual porosity linked to the incomplete sintering could be detected with higher resolution. The images obtained with the second higher resolution tomograph recently acquired by MATEIS showed these specific features. Local tomography could be interesting with that equipment because voxel sizes around 0.4 µm can be easily obtained. These images would permit to integrate new information into the models. The images with higher resolution (e.g. voxel size less than 1µm) could be scaled to a higher resolution than 15 or 20 µm to bring a better description of the solid phase. One limitation could be the computer capacities to perform the calculations with bigger meshes. Another possibility would be the use of synchrotron tomography to bring new information about the solid phase compared to laboratory tomograph. The combination of images from synchrotron tomograph, local tomography in the laboratory tomograph and low resolution image of the whole sample would be useful to perform a multi-scale study with three different resolutions.

The methods developed in this thesis are easily adaptable to other cellular solids. For aluminium foam, Y. Amani will study the mechanical behaviour of Alporas foams which contain Al-Ca-Ti inclusions due to fabrication process. O. Caty and T. Zhang studied stainless steel hollow spheres structures. The work could be continued with this material because local tomography enabled to notice the presence of pores in the stainless steel walls. In this work, the precipitates contained in the cobalt-based samples could not be imaged due to a too low contrast between this second phase and the matrix. Thus, applying the method to other metallic materials made by additive manufacturing would allow one to quantify the influence of second phases on the mechanical behaviour of these samples. Other cellular ceramic samples made by other processing techniques could also be tested. Composite materials such as two-phase ceramic materials or Prospects for future work metal/ceramic materials could be other model materials.

Fabrication of ceramic samples by sacrificial template method has been developed in this work. The work done about this fabrication process could be exploited in the scope of other projects to produce ceramic or metallic samples. Different parameters could be adjusted: control of powder characteristics, addition of binders, better mixing of ceramic powder and pore formers, applied pressure during uniaxial compression, sintering temperature and duration. Moreover, fabrication by wet route could be tried. The fabrication of HA/β-TCP samples characterized in this thesis conducted MATEIS to buy a robocasting device. The first objective is to process calcium phosphate samples with different morphological features. Later, the robocasting device will be able to be used to create metallic materials or ceramic materials. Fabrication of metallic samples from robocasting would allow one to produce periodic cellular samples with less surface defects compared to EBM and SLM. For ceramic materials, robocasting could be coupled with other elaboration techniques, e.g. rods made by freeze-casting could be deposited by the device. In all the cases, development of new robocast materials will require important work to optimize fabrication protocols. 

  Fig. 1.1 presents pictures of different cellular solids: random or periodic porosity, open or closed cells. 1: (a) Periodic cellular metals [MAR-2012], (b) copper foam with random and open porosity

Fig. 1 .

 1 Fig. 1.3 shows the schematic principle of different forming methods. Fig. 1.4 presents pictures of different samples fabricated by these methods.

  For example, stainless steel hollow spheres are obtained by sintering of steel powders and polystyrene beads [CAT-2008-2]. Various metals can be created by metallurgical powder techniques: titanium [ERK-2015], nickel, steel, copper, superalloys. Samples made with space holders (especially hollow spheres structures) have a controlled porosity. Fig. 1.9 clearly illustrates this. Electrodeposition is based on coating of a substrate by metallic ions. Substrate is dipped into an elecrolyte containing the metallic ions. Electrodeposition can be done on metallic substrate (as for coating of electrodes [WAN-2015]) or on polymer [JIA-2014]. In the latter case, polymer acts as 13 (a) (b) Figure 1.8: SEM images [AND-1999] of (a) an aluminium foam made by Alporas ® process and (b) a Duocel ® aluminium foam made by ERG.

Figure 1

 1 Figure 1.9: SEM image of a titanium foam made by sintering of titanium powder with NaCl space holder [JHA-2013] 

  .10). Many nanoporous metals have been prepared by this method: gold (from Au-Ag [HAK-2007]), platinum (from Cu-Pt [PUG-2003]), copper (from Cu-Mn [CHE-2009]), nickel (from Ni-Cu [HAK-2009]). Less noble metals cannot be prepare by selective corrosion. They oxidize in corrosive solution because of their low standard potential. An alternative dealloying method has then been proposed. Dealloying is realized by a melted metal instead of an aqueous solution. The binary alloy AB is immersed in a liquid metal containing another element C. The element B to remove is spread from AB to C. A and C elements are then dissolved in an aqueous solution. Porous titanium or niobium have then been obtained [KIM-2015], [WAD-2007].

  Figure 1.11: Examples of porous samples made by AM: (a) cobalt-based lattice mesh structure [MUR-2012-1], Ti6Al4V foam structure [HER-2015], (c) hydroxyapatite samples [HOU-2013] Chapter 1: Bibliography drying step. Grids obtained by robocasting seem to be more regular than those made by other AM techniques (fig. 1.12 (b)).

  12: Illustration of some ceramic and metallic samples made by AM: (a) hydroxyapatite made 3D printing [COX-2015], (b) hydroxyapatite structure made by robocasting [SAI-2007], (c) Ti6Al4V unit cell of a sample made by SLM [SER-2015] and (d) Ti6Al4V square pore structure madeby EBM[PAR-2010] 

Figure 1 .

 1 Figure 1.14: Examples of tensile stress/strain curves[AND-1999] 

  16: Strain versus number of cycles for fatigue test of Duocel ® aluminium foam [HAR-1999]: (a) tension/tension and (b) compression/compression experimentsChapter 1: Bibliography

  , [JEO-2010], [VEY-2010]. More recently, metallic materials based on other metals (copper alloy [GUI-2011], nickel [BUR-2012], steel [CAT-2008-2], [LHU-2009], titanium [SIN-2010]) have also been investigated (fig. 118: XRCT images of: (a) a cross-section of a SiC foam strut [DAN-2012] and (b) a cellular ceramic containing amorphous silica and quartz created from a polymer [ZES-2003] 19: X-ray tomography image of (a) a Ti foam [SIN-2010] and (b) CuSn12Ni foam [GUI- 2011] 

  Figure 1.20: Cell size distribution of four metal foams in log-normal scale (Samples A and B: AlSi7 samples, sample C: AlSi11 sample and D sample: Zn sample) [SAA-2010]

  Figure 1.21: Tomographic slice of a cell wall of an aluminium foam imaged using the local tomography mode (the sample is larger than the detector field of view). Fine details of the microstructure as micropores [TOD-2006] are shown.

Figure 1 .

 1 Figure 1.23: Tomographic images of a polyurethane foam during an in situ tensile test[MCD-2011] 

Figure 1 .

 1 Figure 1.25: Schematic representation of the meshing of a PVC foam cell with beam and shell[FIS- 2009] 

  Figure1.29: Experimental and simulated stress/strain curves for a tensile test of a nickel foam[MIC-2011] 

  31: Comparison between (a) two tomographic slices of the stainless steel hollow sphere structure during a compression test and (b) the corresponding slices numerically simulated by FE calculation. The upper figures correspond to a strain of 0.02% and the bottom figures correspond to a strain of 9% [CAT-2008-2]. The explanations about the modelling conditions are given in the section 1.2.3.1.4.

  It would seem logical to use the two same compositions of the solid phase for the periodic 38 (a) (b) Figure 2.2: 3D images of: (a) β-TCP sample and (b) HA/β-TCP composite (a) (b) Figure 2.1: 3D image of: (a) aluminium Duocel foam and (b) cobalt based sample

  .4. Fig. 2.5 shows the different parts of the device. The sample was placed between two grips. For a tensile test (case of fig. 2.5), 41 (a) (b) Figure 2.3: (a) Top view scheme showing the principle of local tomography and (b) the same scheme showing the displacement of the sample to scan another part

Figure 2 . 4 :

 24 Figure 2.4: In situ mechanical test device inside the tomograph

Figure 2

 2 Figure 2.5: The different parts of the in situ mechanical test device

Figure 2

 2 Figure 2.7: Thresholded image (voxel size: 3 µm)

  Figure 2.9: Scaled and thresholded image (voxel size: 20 µm)

  Figure 2.10: (a) and (b) Slices of the different parts of the image obtained by local tomography and (c) whole image after stitching

Figure 2 .

 2 Figure 2.11: Slice of an image resulting from the granulometry measurement on the solid phase

Figure 2 .

 2 Figure 2.13: Illustration of the different paths between two points
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Figure 2 .

 2 Figure 2.14: Scheme explaining the different neighbouring voxels which can be taken into account to calculate tortuosity

  Figure 2.16: (a) 3D image of a part of an aluminium foam and (b) corresponding mesh (a) (b) Figure 2.17: (a) Slice of the image of an aluminium foam showing the different grey levels and (b) corresponding mesh

  Figure 2.18: Scheme explaining the principle of the plugin: (a) example of a 2D image with white and grey pixels, (b) superposition of the image and the triangular mesh of this image and (c) meshing with assignment of a grey level to each element (a) (b)

  and the cooling rates[DUT-2000],[TAN-1999]. Fig.3.1 illustrates the different phases described above. Some Ferich phases with different morphologies such as "Chinese-script" α, platelet like β and blocky π phases are observed (see fig. 3.1 (c)). The β phase has a monoclinic unit cell with a composition of Al 5 FeSi. The α phase has a cubic crystal structure and a chemical composition of Al 8 Fe 2 Si [MUL-1996]. 57 Chapter 3: Aluminium sample As 2000 and 7000 series, 6000 series can be hardened by heat treatment. Strength and hardness of the alloys are significantly enhanced by formation of fine and dispersed second phases in the matrix. Table

  1: Typical main mechanical properties of Al 6101 alloy in the as fabricated and T6 heat treated conditions[ZHO-2005] Figure 3.1: Scanning Electron Microscopy (SEM) images of the different phases visible in an as-cast 6000 alloy [LU-2005]: (a) dendritic aluminium, eutectic silicon and π phase, (b) dendritic aluminium, eutectic silicon, Mg 2 Si and π phase and (c) dendritic aluminium and α and β phases Chapter 3: Aluminium sample

  Figure 3.2: Description of the T6 strengthening thermal treatment [ZHO-2005] 
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  Figure 3.3: SEM images of the solid phase of Duocel foam from: (a) [AMS-2005] and (b) [ZHO-2005] Chapter 3: Aluminium sample SEM images (fig. 3.5) show the shape of a typical cell of Duocel foam (fig. 3.5 (a)) with elongation in a preferred direction (indicated by a red arrow in fig. 3.5 (a)). The elongation direction corresponds to the axis 3. The struts join in nodes where relative density is higher (fig. 3.5 (b)). The strut thickness, length and cell size were measured on SEM images and the results are presented in table 3.3. The strut thickness and cell size distribution calculated from tomographic images by ImageJ plugin are presented in fig. 3.6 and 3.7. The mean values of these distributions are also given in table

Figure 3

 3 Figure 3.4: Relative density in slice profiles along the three main directions of the sample

  Figure 3.8: 3D visualization of the inclusions in the solid phase thanks to local tomography

Figure 3 .

 3 Figure 3.11: Intermetallic inclusion size distribution of the sample obtained by 3D granulometry on tomographic image (from local tomography)

Fig. 3 .

 3 Fig. 3.14 to 3.21 (a) show some 3D images of the sample at initial state and at different steps of the test. Other images showing the broken struts are presented in the appendix C. In the postyield stage, the struts gradually stretched (fig.3.15 (a): image at strain of 2.3%). Plastic deformation was not concentrated in a deformation band. The first broken struts appeared at a strain of 4.1 %. (fig 3.16 (a)) while the sample was still hardening. With increasing deformation, the struts broke little by little. From a strain of 4.1 % to 14.6 %, the progressive failure of the struts occurred. All strut failures concentrated in a height of approximately 6 mm in the sample. Only this part of the sample is shown in the images. Progressive failure of the foam corresponded to a slow decrease of the stress. This is caused by the fact that, at each step, less and less remaining struts retain the entire structure. This general behaviour corresponds well to that of a cellular metal in tension[MOT- 2002].

Fig. 3 .

 3 Fig. 3.14 (a) shows the image of a part of the initial sample from low resolution image with a voxel size of 20 µm.Fig. 3.14 (b) presents the image of the same part of the sample scaled from high resolution preserving the presence of intermetallics (voxel size of 3 µm) showing the intermetallic inclusions in red. It is reminded that the loading direction is the axis 3 (the vertical direction in the case of the figure). For the sake of clearness, the figure only shows the portion of the sample where the struts broke. The same presentation was adopted for fig.3.15 to 3.21 which shows the sample at different steps of the tensile test. The axes were not copied to avoid overloading the figures. Arrows point out the broken struts in all the figures from 3.15 (a) to 3.21 (a) and the same struts in fig. 3.15 (b) to 3.21 (b). The red arrows indicate the broken struts which contain an inclusion whereas the white ones point out the other broken struts. It is also the case for the figures presented in the appendix C. Several observations point out the role of the inclusions in the strut rupture. First, 20 out of 25 broken struts contained an inclusion. The inclusion size did not seem to play a critical role as broken struts contained either big inclusions (see for instance the strut indicated by the second arrow of fig. 3.19) or smaller ones (see the struts of fig. 3.16). Different shapes of inclusions were

  Figure 3.22: Broken inclusion in a strut after tensile test (the loading direction is horizontal)

  4 µm (fig. 3.10) show different grey levels in the inclusions. It means the inclusions possess different characteristics: different stoechiometries, different volume fractions in an inclusion. These differences must be taken into account in the model. But, the voxel size of 3 µm used for local tomography does not enable to differentiate the inclusions. For this reason, the low resolution image of the initial sample was treated to change the grey levels. The aim was to obtain more than one grey level in the inclusion. Different processing steps were necessary to change the values of the grey levels. The Scale function in ImageJ was first applied to the image to change its resolution (i.e. voxel size). The change in resolution caused blurring of the image. Then, the scale function was used again to restore the voxel size to 20 µm. A magnified part of the tomographic image obtained after the double application of down and up scaling is shown in fig. 3.23 (b). Scaling twice the image spread the grey levels around the inclusions and created an image with more than two grey levels in the solid phase. Three calculations were performed from the association between the mesh and three images: -the image containing only aluminium in the solid phase in the foam to have a reference simulation; -the image containing the aluminium (grey level of 1) and the inclusions (grey level of 255), each of one having a different material behaviour; 72 (a) (b) Figure 3.23: Magnified slice of: (a) thresholded image with three grey levels (here, for better visibility of the figure: grey level of 128 for inclusions, 255 for aluminium and 0 for the pores) and (b) the image after scale function with gradation of grey levels between the two phases

Figure 3 .

 3 Figure 3.24: Tensile stress/strain curve used to model the aluminium matrix and the inclusions

Figure 3 .

 3 Figure 3.25: Force versus displacement curve for the indentation of the intermetallic inclusions showing loading and unloading steps

  Figure 3.34: Yield surface in the Von Mises equivalent stress/hydrostatic stress plane in the case of a fully dense material (f=0) and a porous one (f>0)

Chapter 3 :

 3 Aluminium sample In terms of local behaviour, the following figures present the comparison of the microstructure and the finite element simulation on various struts, broken during the in-situ test. In each example are presented the broken struts (fig. (a)), the corresponding images from local tomography showing the presence of inclusions before fracture (fig. (b)) and the normal stress in the loading direction (i.e. direction 3) σ 33 obtained with the three calculations performed: including only aluminium (fig. (c)), aluminium and inclusions (fig. (d) and aluminium, inclusions and interface (fig. (e)). Different cases will be presented revealing the influence of the architecture and the microstructure.

Figure

  Figure 3.35: Experimental and simulated tensile stress/strain curve

  39: (a) 3D image of a broken strut at a strain of 6.6 %, (b) corresponding image showing the inclusions and normal stress σ 33 predicted by finite element model done (c) without inclusions, (d) with inclusions and (e) with inclusions and interface (the direction 3 is the loading one)

  , [HER-2005] (see fig. 4.1). These phases are the result of different phase transformations during solidification. For instance, Ramirez et al. observed formation of M 12 C and M 23 C 6 carbides from the σ phase and subsequent transformation of M 12 C into M 23 C 6 [RAM-2002]. Type, size and amount of carbide precipitates depend on cooling rate and alloy composition (especially carbon content). Chapter 4: CoCrMo sample In order to enhance their mechanical properties, the cobalt-based alloys often undergo thermal treatments. The main strengthening mechanisms in CoCrMo alloys are solid solution strengthening and secondary phases strengthening. Solid solution strengthening can be increased by addition of some elements such as nitrogen which occupies interstitial sites in the cobalt matrix [ESC-1996]. Secondary phases strengthening is mainly due to carbide precipitation which is responsible for the high hardness and low ductility of the CoCrMo alloys. Solution treatment at high temperature (around or higher than 1200°C) leads to partial or complete dissolution of carbides [GIA-2012], [HER-2005] and of σ phase [LEE-2007]. During the thermal treatment, the morphology of the carbide has also been found to change from lamellar to round like shape. Some carbide transformation has also been observed like the transformation of M 23 C 6 into M 6 C [BED-2009], [GIA-2012] (fig. 4.2 (a)). Partial dissolution of carbides results in an increase of ductility and a decrease of hardness of the alloys. But a too long solution treatment provokes the decrease of other mechanical properties such as yield strength and ultimate tensile properties [BED-2009], [CAU-2002], [HER-2005]. Ageing treatment at lower temperature than solid solution treatment also promotes transformation in carbide size and morphology. For instance, Montero-Ocampo et al. observed that ageing at temperature of 1100°C changed the precipitate shape from globular to more spheroidized [MON-1999]. A heat treatment consisting in a first solution treatment followed by ageing promotes dissolution of carbides during the solution treatment and precipitation during ageing [LAS-2011], [MAN-2015] (fig. 4.2 (b)). Our samples were subjected to thermal treatment after EBM process which will be described hereafter. 88

Figure 4 . 1 :

 41 Figure 4.1: Optical microscopy image of a typical microstructure of an as-cast CoCrMo alloy[GIA- 2011] 

  Example of microstructures of CoCrMo alloys obtained after different heat treatments: (a) Scanning Electron Microscope (SEM) image of the as-cast sample of fig. 4.1 after solution treatment at 1225°C during 1 hour showing spheroidization and transformation of M 23 C 6 into M 6 C [GIA-2012] and (b) optical microscope image of a sample after solid solution treatment at 1225°Cand ageing at 830°C[MAN-2015] 

  ,[PON-2010],[RYA-2008] to 1 mm[HOL-2006],[LOP-2008],[WIE-2012]. Different unit cell shapes have also been created: structures with vertical struts (cubic unit cells) or structures with inclined struts[GOR-2011],[WIE-2014],[YAN-2012].

Chapter 4 :

 4 CoCrMo sample The powder contained a high amount of carbon to form precipitates and of nitrogen to stabilize fcc phase at room temperature. The SEM image of the solid phase in the as-EBM-built samples (fig. 4.4 (a)) shows elongated precipitates in the building direction (indicated by a black arrow). Ageing treatment (fig. 4.4 (b)) promoted change in morphology of the precipitates with formation of plate precipitates (see the black ellipse and arrow on the figure). X-Ray Diffraction (XRD) analysis revealed that the precipitates were M 23 C 6 carbides and M 2 N nitrides, with M being Cr, Mo or Si. The as-EBM-built matrix was composed of a mix of metastable γ and stable ε phases with preferred orientation, as indicated by Electron Backscattered Diffraction (EBSD) analysis performed by Sun et al. (see fig. 4.5). After ageing treatment, the matrix was changed into ε phase with more equiaxed grains. The phase transformation was due to the eutectoid transformation γ → ε 4: (a) SEM image of the samples (a) as-EBM built and (b) after ageing treatment (the black arrow indicate the building direction during EBM) [SUN-2014] 3: (a) Scheme of the EBM device [MUR-2011] and (b) scheme of the building of the square pore

Figure 4

 4 Figure 4.5: Phase map of the sample done by EBSD analysis (a) as-EBM-built sample and (b) after ageing treatment. The black arrow indicates the building direction during EBM [SUN-2014] 

Figure 4 . 7 :

 47 Figure 4.7: Relative density in slice profiles along the three main directions of the sample

Figure

  Figure 4.10: Tortuosity versus angle of the sample

  5 presents the results and values from literature obtained by nanoindentation of CoCrMo alloys. The Young's modulus of 230 GPa is a bit lower than the values from Balagna et al. and Ortega et al. but in coherence with the values considered by other authors [HAZ-2013], [MON-1999]. Hardness is coherent with the values obtained by all authors14: SEM images of the sample surface (a) x100 and (b
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Figure 4 .

 4 Figure 4.15: Compression stress/strain curve of the sample obtained from the in situ test

Fig. 4 .

 4 Fig.4.16 shows a 3D visualization of the sample during the test. The left upper struts were the first to deform at a strain of 2.5 % (surrounded by a red circle in fig.4.16 (c)). This strain corresponded to the macroscopic linear elastic part of the stress/strain curve (seefig. 4.15). In this domain, bending of cell edges was dominant. The deformation visible in the images could be caused by local micro-plasticity. With increasing strain, stress exceeded yield point. In this stage (fig.4. 16 (c) and (d)), buckling was observed in the left and middle upper struts. Localization of deformation in the upper struts created a deformation band typical of a cellular material tested in compression. The test was interrupted when the upper struts broke, leading to separation of the sample into two parts.

  4.21 (a) underwent different image processing steps to change the grey level of the thinner parts of the solid phase. A plugin implemented in ImageJ was used to label the different parts of the solid 104 (a) (b) (c) Figure 4.20: A strut at (a) a strain of 2.5 %, (b) a strain of 4.7 % and (c) corresponding image in the initial state scaled from high resolution preserving the presence of the defects due to fabrication their thickness. Thus, the thinner parts of the image were labelled (i.e., a specific grey level was assigned according to their thickness) to create a new image. The final built image is shown in fig. 4.21 (b): the main phase was assigned a grey level (in fig. 4.21 (b) for the sake of visibility, it was coloured in red) and the thinner parts (obtained thanks to labelling operation) were assigned different grey levels and considered as different phases (in fig. 4.21 the partially melted particles were coloured in blue and the thin parts between these partially melted particles and the main phase are coloured in white). The mesh generated from the final image was made of 1200000 quadratic tetrahedra having an edge size of 54 µm. Two calculations were performed from the association between the mesh and the image (fig. 4.21 (b)):

  21: Slices of the: (a) image obtained from local tomography images and (b) final image with the different phases coloured for the sake of visibility: red for the main phase, blue for the partially melted particles and white for the thin parts between the main phase and the partially melted

Figure 4 .

 4 Figure 4.22: Compression stress/strain curve of Co29Cr6Mo alloy used in the model [MON-1999] 

  26: (a) Image of the struts shown in fig. 4.17 (d) (at a strain of 4.7 %) and results of the simulation for these struts which takes into account: (b) only the cobalt-based phase and (c) the cobalt-based phase and the fabrication defects

Figure 5

 5 Figure 5.1: Representation of the cortical and cancellous bone[AME-2008] 
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Figure 5

 5 Figure 5.3: Phase diagram of CaO/P 2 O 5 system [MIR-2012] (TCPM: tetracalcium phosphate monoxide Ca 4 O(PO 4 ) 2 )

  Figure 5.4: Granulometric distribution of the β-TCP powder before and after ball milling

  Figure 5.5: SEM image of the β-TCP powder after ball milling

  Figure 5.7: SEM images of: (a) macro PE spheres and (b) micro PE spheres Chapter 5: β-TCP sample

  Figure 5.8: TGA curve showing weight loss versus temperature during heating of the β-TCP and PE mixture

  Figure 5.9: XRD patterns of β-TCP powder and dense sample

  Figure 5.10: (a) 3D visualization of the sample obtained from an image with a voxel size of 15 µm, (b) 3D image of a part of the sample from local tomography with a voxel size of 3 µm and (c) slice from local tomography images

Figure 5 .

 5 Figure 5.11: Relative density in slice profiles along the three main directions of the sample

Figure 5 .

 5 Figure 5.14: Slice of a high resolution image of a piece of sample (voxel size of 0.7 µm). The circles surround two pores.

  Figure 5.15: (a) SEM image of a polished section of the dense sample after thermal etching and (b) magnified view of the β-TCP grains

  . The three slices are in the plane (1 ; 2) and thus, perpendicular to the loading direction 3. The slices have a different location relatively to the direction 3, defining upper, middle and lower slices. They are shown in fig. 5.18, 5.19 and 5.20 to illustrate the evolution of damage during the compression test. Fig. 5.18 and 5.19 present the upper and middle slices. At the beginning of the test (fig. 5.18 and 5.19 (a)), a crack was initiated on the side of the sample (i.e. left side on the images). The subsequent loadings caused the propagation of this crack along the direction 1 towards the opposite border (the propagation is followed by red arrows in fig. 5.18 and 5.19 (b), (c), (d), (e) and (f)). Additionally, from the fourth loading, a second crack propagated along the direction 2 until the end of the test (indicated by blue arrows in fig. 5.18 and 5.19 (b), (c), (d), (

Figure 5 .Figure 5 Figure 5 Figure 5

 5555 Figure 5.17: 3D image of the sample and slices used below to illustrate the compression test (the blue lines stand for the bounding box of the sample). Following the direction 3, the upper slice will be presented in fig. 5.18, the middle slice in fig. 5.19 and the lower slice in fig. 5.20.

  Figure 5.21: 3D visualization of the planes where the two main cracks propagate

  22: (a) Slice of the sample after the sixth loading showing a crack path through alignment of pores, (b) another slice of the initial sample and (c) the same slice as (b) after the sixth loading

  5.25 (b) and (c)). Thanks to this 135 (b) (c) Figure 5.23: Slices of initial image: (a) image before image processing, (b) image resulting from the plugin Granu Sphere assigning different grey levels to each pore and (c) final image with grey level of elements were separated in two sets depending on whether they belonged to the solid phase or the pores. The solid phase (grey level of 255 in the meshed image, fig. 5.23 (c)) represented the ceramic with the residual micro-porosity due to incomplete sintering and the pores generated by the PE beads (grey level of 128 in the meshed image, fig. 5.23 (c))

Figure 5 .

 5 Figure 5.24: Image of the mesh of the block containing the solid phase and the two types of pores
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Figure 5 .

 5 Figure 5.25: SEM image of an indent made in the solid phase of the sample

Fig. 5 .

 5 Fig. 5.26 (a) and 5.27 (a) show the two slices of the sample after the sixth loading which were previously presented in fig. 5.18 (a) and 5.19 (a)). Fig. 5.26 (b) and (c) and 5.27 (b) and (c) show the same slices from the FE models with the contours of the principal maximal stress. The first observation is the absence of difference between the calculations without the micro-pores (fig. (b)) and with the micro-pores (fig. (c)). The edge size of the tetrahedra (around 90 µm) is too large as compared to the size of the small pores (between 10 and 30 µm). Consequently, some small pores were not detected by the plugin during the association between the mesh and the image. A finer mesh would be necessary but calculation would be impossible due to the computer capacity. The highest stress concentration zones are mainly present in the smallest paths between macro-pores. The macro-pores which do not induce high stress around them are separated by higher distance. The cell wall thickness seems to be more important than the pore size for the stress concentrations. The stress distribution confirms the experimental findings about the importance of macro-architecture and clusters of pores. It is difficult to link the highly stressed zones and the location of crack initiation. It seems that the clusters of macro-pores are responsible for stress concentrations. The image processing steps did not allow to keep in the meshed image the initial cracks created during the fabrication. Higher resolution images would be necessary in local tomography mode to keep it during the scaling of the images and to take into account their influence in the modelling.

  26: (a) Slice of the sample after the first loading already shown in fig. 5.18, contour of the maximal principal stress for the calculation performed (b) without micro-pores and (c) with micropores simulations confirm the importance of the macro-pores location and the solid phase wall size in the crack initiation and propagation. They are a source of stress concentrations which initiate cracks between the pores.5.4.2.3) 

  27: (a) Slice of the sample after the first loading already shown in fig. 5.19, contour of the maximal principal stress for the calculation performed (b) without micro-pores and (c) with micropores

Figure 6 . 1 :

 61 Figure 6.1: Schematic representation of the robocasting device : d is the diameter of the conical nozzle. The direction 3 is the direction of the layer-by layer deposition [MIR-2007].

  Fig.6.2 shows a 3D image and a SEM image of the architecture of the sample. The alternation of orthogonal rods is clearly visible (see fig.6.2 (a)). The main parameters describing architecture (see Chapter 2, section 2.3.5) were calculated thanks to high resolution image and are now be presented. Fig.6.3 gives relative density distribution along the cross sections. Relative density calculated from ImageJ is 0.6, assuming the rods are fully dense. The evolution of relative densities of the cross sections in directions 1 and 2 (highest value of 0.85 and lowest one of 0.3) is explained by the alternating orthogonal rods. The densest cross sections along the axis 1 correspond to sections crossing the rods oriented in direction 2 and the less dense ones to sections crossing the sample between these rods. Along the axes 1 and 2, a higher density is calculated in the first and last cross sections corresponding to the sides of the samples. It is due to the deposition done at the end of the rods. To go from one rod to another, the nozzle does not stop the deposition as shown in fig.6.2 (b) in the plane perpendicular to the deposition.

Figure 6 . 3 :

 63 Figure 6.3: Relative density in slice profiles along the three main directions of the sample

Figure 6

 6 Figure 6.6: Scheme explaining the estimation of the rod spacing before sintering

Figure 6

 6 Figure 6.7: Evolution of tortuosity of the two phases (solid phase and pores) according to the angle

  Figure 6.9: (a) Slice of a high resolution image (voxel size of 3 µm) from local tomography showing spherical pores (red arrows) and incomplete bonding between the different layers (blue arrows), (b) 3D visualization of the whole sample from local tomography images (spherical pores in red) and (c) 3D visualization of the spherical pores only

  Figure 6.10: (a) SEM image of a cross section of a rod (magnification x1000) and (b) SEM image of a grain in the solid phase and (c) X-ray tomography high resolution image of several rods

Figure

  Figure 6.11: Pore size distribution measured by mercury porosimetry

  Figure 6.13: Vertical and horizontal slices illustrating the evolution of the crack path during the test: (a), (c), (e), (g) and (i) show the crack path at one side of the sample and (b), (d), (f), (h) and (j) show the crack path inside the sample

2 Figure 6

 26 Figure 6.15: 3D image of the sample, different slices are represented along the direction 2 (framed in light blue), they will be presented in detail hereafter from the slice on the left to the slice on the right of the image

  (c)). This shows the influence of the spherical pores on the crack path. 160 (a) (b) Figure 6.16: (a) Slice of the side of the sample after the first loading where the crack initiated and (b) magnified view of the part framed in red

  Fig.6.19 presents two adjacent horizontals rods in the middle of the sample after the fourth loading. It is a counterexample where it is visible that the cracks can also be deviated from one horizontal rod to the adjacent one (relatively to direction 2) without the presence of pores (as shown by the red arrows).

  19: Slices of two adjacent horizontal rods (in direction 2) showing the crack propagation after the fourth loading 3 1 2

  Meille et al.[MEI-2012] observed different mechanical behaviours for porous alumina samples with spherical pores (stochastic microstructure) according to the volume fraction of pores: 21: (a) Typical stress/strain curve obtained byHoumard et al. [HOU-2013] for a robocast hydroxyapatite sample with a value fraction of pore of 45% and tip diameter of 250 µm and (b) magnified image of a hydroxyapatite sample during a compression test showing two parallel cracks (the direction 3 is the loading direction) [MIR-2007] 20: (a) Low resolution image of a part of the sample showing the propagation of a crack during the ex situ test (voxel size of 15 µm) and (b) corresponding high resolution tomography image (voxel size of 3 µm)

  22: Magnified portions of slices of: (a) the initial 3D low resolution image obtained from local tomography (voxel size of 15 µm), (b) the same image with two phases in the sample (here, for better visibility of the figure, the grey level of the ceramic phase was set to 255 and of the spherical pores was set to 128), (c) the same image with the two main phases in the sample and the transition between both phases

Figure 6 .

 6 Figure 6.23: Decrease of Young's modulus from the solid phase to the spherical pores used for modelling

Figure B. 2 :Figure B. 4 :

 24 Figure B.2: The two arrays created by the subroutine Read_Image_Pixels

  

  

  

  

  

  

  

  (fig. 1.24), adapt a finite element program to mesh large samples[ROB-2001] or use the Fast Fourier Transform technique[ESC-2011]. This technique is now being increasingly replaced by meshing with non-cubic elements, allowing reduced computation time.
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 3 2: Chemical composition of the Al 6101 alloy and of Duocel foams [

		Al	Mg	Si	Fe	Cu	Zn	B	Mn	Others
	Nominal main 0.35-0.8 0.3-0.7 ≤ 0.5	≤ 0.1	≤ 0.1	≤ 0.06 ≤ 0.03	≤ 0.1
	Duocel	99.3 0.2-0.29 0.2-0.25 0.1-0.14 0.03	0.01	0.03	0.01	-

Table 3 .

 3 .5. The second line of the table gives the properties from tensile test of another sample having dimensions of around 20 x 10 x 4 mm 3 . The table includes values of tensile tests for other Duocel foam from the literature.Figure 3.12: SEM images of indents made in: (a) the aluminium matrix (It has to be noted that a coating is present on the indent : this can be attributed to dust from the tip) and (b) the inclusions 5: Values of Young's modulus, ultimate tensile strength and strain hardening obtained from our experimental tensile tests and comparison with values from the literature for other aluminium Duocel foam

	66
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 3 7: Numerical values used in FE modelling for the "porous metal plasticity" behaviour
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	The next chapter will present the work done about another metallic cellular sample made by
	additive manufacturing.	

  Table 4.6: Values of Young's modulus, yield strength and compression strength obtained from our compression tests and comparison with values from the literature for other CoCrMo cellular samples

	Chapter 4: CoCrMo sample				
	Reference	Fabrication / Unit	Relative	Young's	Yield	Compression
		lattice	density	modulus	strength	strength
				(GPa)	(MPa)	(MPa)
			This study			
	Main sample	EBM / Cube	0.25	4.9 ± 1.1	45.6	64.3
	Other sample	EBM / Cube	0.25	-	30.2	61.3
		Examples of other samples from the literature	
	Hazlehurst et	SLM / Cube	0.18	4.8 ± 0.5	65.4 ± 1.8	90
	al.					
	[HAZ-2013]					
	Che Ghani et al.	EBM / Cube	0.2	3.8	49	57.4
	[CHE-2015]					

Examples of samples made by sacrificial template method from the literature

  

			0.32	100-300	4.1	0.75 ± 0.06
	Other sample	Uniaxial pressing: 30 MPa Sintering: 1200°C/10h	0.32	100-300	1.0	0.35 ± 0.04
	Liu et al. [LIU-2010]	Wet route Sintering: 1100°C/3h	0.2	350-500	5.1 ± 1.9	-
	Metsger et al.	Uniaxial pressing: 69 MPa Sintering: 1100°C/ ?	0.32	-	4.0	0.62
	[MET-1999]					
	Park et al. [PAR-2012]	Uniaxial pressing: 10 MPa Sintering: 1120°C/3h	0.49	100-500	3.1	0.22
	Zhang et al. [ZHA-2008]	950°C/5min Uniaxial pressing: 8 MPa Spark plasma sintering:	0.34	350-500	3.1 ± 0.4	0.048 ± 0.008

Example of samples made by other fabrication processes from the literature

  

		4.5				
		4				
		3.5				
		3				
		2.5				Loading 1
		2				Loading 2
		1.5				Loading 3 Loading 4
		1 0.5				Loading 5 Loading 6 Complete test
		0 0	0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
	Figure 5.16: Compression stress/strain curve corresponding to the different loadings and to the test until rupture
	Cai et al. [CAI-2008]	Impregnation of a PU foam Sintering: 1100°C/2h	0.37	100-500	2.7 ± 0.4	-
	Table 5.4: Values of Young's modulus and compression strength obtained from our compression
		tests and comparison with values from the literature
				128		
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	5.4.2.2.2) Results and discussion

6.3.1) Architecture of the sample 147 6.3.2) Characterization of the microstructure in the solid rods 150 6.4) Ex situ compression tests

  

	Chapter 6: HA/β-TCP sample	
	6.4.1) Experiments	153
	6.4.2) FE model	165
	6.4.2.1) Building of the model and image processing	165
	6.4.2.2) Elastic modelling	167
	6.4.2.2.1) Determination of the elastic behaviour	
	6.4.2.2.2) Results and discussion	
	6.5) Conclusion of the chapter	
	143	

  into account the sintering shrinkage of 10%. The width of the peak can be due to uncertainty in the tip movement during the process compared to what was expected with computer aided design model. The pore size distribution also exhibits values between 35 and 84 µm, corresponding to the spherical pores added by PMMA beads in the rods. The PMMA beads diameter is comprised between 45 and 100 µm, coherent with a sintering shrinkage of 10 to 15 vol %.

	Chapter 6: HA/β-TCP sample																																		
	rod spacing taking																																					
		0.25																																				
		0.2																																				
	Volume fraction	0.1 0.15																																				
		0.05																																				
		0	7	14	21	28	35	42	49	56	63	70	77	84	91	98	105	112	119	126	133	140	147	154	161	168	175	182	189	196	203	210	217	224	231	238	245	252	259
																	Rod size (µm)															

154

  Figure 6.12: Compression stress/strain curves with different loadings and to the test until rupture

	16	
	14	
	12	
	10	
	8	Loading 1 Loading 2
	6	Loading 3
	4	Loading 4 Loading 5
	2	Until rupture Colonne AU
	0 0	0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

Examples of nanoindentation from the literature

  

		Robocasting Conventional sintering: 1100°C/4h	0.74	28 ± 2	1.5 ± 0.4
	β-TCP [PER-2010]	Conventional sintering:1100°C/1h Uniaxial pressing: 32 MPa Isostatic pressing: 180 MPa	0.66	29.9 ± 3.3	0.58 ± 0.06
	β-TCP [WAN-2004]	Uniaxial pressing: 20 MPa Conventional sintering: 1100°C/2h	specified Not	24.6 ± 0.9	0.63 ± 0.04
	HA [HE-2008]	Uniaxial pressing: 100 MPa Conventional sintering: 1100°C/2h	0.66	36.5 ± 0.4	1.34 ± 0.09
	Table 6.3: Values of Young's modulus and hardness measured by nanoindentation and comparison with the literature
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Appendix A: Characterization techniques

This appendix will detail the principle of some characterization methods used in this work for the characterization of the samples: mercury porosimetry, nanoindentation, laser granulometry and thermogravimetric analysis.

A.1) Mercury porosimetry

The method is based on the filling of pores by mercury (see fig. A.1). The pores are impregnated by liquid mercury. The mercury pressure required to enter into the pore depends on the pore size. If the pores are on the surface, they are immediately accessible for mercury. Therefore, the pore size is measured. If the pores are in the bulk, they are linked to the surface by interconnections. The interconnection diameter is obtained.

The interconnection diameter D is calculated by the following relation:

(A-1) with g: surface tension, q: contact angle, P: applied pressure.

A.2) Nanoindentation

In nanoindentation, a tip penetrates into the sample with a direction perpendicular to its surface. The applied load and penetration depth are continuously recorded during the test. A load versus penetration depth curve is obtained. This curve and the geometric characteristics of the tip are used to find hardness and Young's modulus.

The diamond Berkovich indentor has a pyramidal shape with a triangular base. Table A.1 defines different important characteristics: the real contact area between the tip and the sample A r , the projected area A p of A r on the initial surface of the sample. A p will be used to calculate the 179

D=

-4 gcos(q) P 

Geometric characterization Litteral expression

Imprint size 

with h c : depth penetration when the tip is in contact with the sample, h s : displacement of the surface at the perimeter of the contact. After unloading, the final depth of the imprint is h f . -1992] Reduced elastic modulus E r enables to obtain Young's modulus of the material. It is determined from Young's modulus and Poisson's ratio of the tip:

with E and ν: Young's modulus and Poisson's ratio of the material, E tip and ν tip : Young's modulus and Poisson's ratio of the tip. Hardness is defined as the ratio between the maximal applied load and the projected contact area:

with P max : peak load, A p : projected contact area.

A.3) Laser granulometry

Laser granulometry aims at obtaining the particle size distribution of a powder. Fig . A.4 represents the main elements in a laser granulometer. A laser beam focused by lenses is sent on the sample (powder in the dry state or dispersed in a liquid medium) and is diffracted by the powder particles. The method is based on the Mie theory which indicates the diffraction depends of the particle size and refraction indices of the sample and the liquid medium [ANG-2013]. The biggest particles diffracted the laser beam with low angle whereas the smallest particles diffracted the beam with higher angles. An angle detector collects the diffraction angle. The data are transmitted to a software to post-process in order to calculate the particle size [MAL-2015]. The software output is the particle size distribution. The calculated size is the diameter of equivalent spherical particles because the Mie theory is based on the hypothesis of spherical particles. 

A.4) Thermogravimetric analysis

The thermal analyses follow the behaviour of a sample when the temperature changes. The studied sample is heated to an interesting temperature under controlled conditions (heating rates, atmosphere) and the weight change is recorded with a microbalance. An important weight loss can mean that a phase transformation or a decomposition had occurred. The follow-up by temperature enables to know the temperature or the temperature range of the observed phenomenon.
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Appendix B: Description of the plugins

The appendix will describe step by step how the plugins work to create the Abaqus input file.

B.1) Plugin associating the image and the mesh

It uses as input the 3D image (.tif file) and the mesh file from Avizo. The program is composed of a series of different subroutines (shown below). For each of them, explanation will be given below. Moreover, for a better understanding, a part of the code will be printed. for (int i=0; i<nbelements; i++) { bary

The subroutine Write_Input_File writes Abaqus input file. The general structure of an input file was explained in Chapter 2. Here will be presented the model geometry definition of Abaqus. A geometric model is divided in terms of part, assembly and instances. A part is an independent entity. An assembly contains instances of each part, each of them positioned relatively to each other. An instance is a representation of a part. Calculation (application of loads or boundary conditions) is performed on the assembly. In our case, the model consists of only a collection of nodes and elements. These nodes and elements are thus encompassed in an instance (named INSTANCE_1), which is a representation of the part PART_1. The instance belongs to the assembly ASSEMBLY_1.

185 In our case, element sets group the elements corresponding to one phase (i.e. one grey level of the image). In the plugin, creation of the elsets is done by the following code. One elset is created for each grey level. The array neighbour is covered and each element associated to the j th grey level is added to the j th elset. for (int i=min_radius; i<=max_radius; i++){ pn.print("*Elset, elset=ELEMENT"+i+"\n"); for (int j=0; j<nbelements; j++){ if (neighbour[j]==i){ pn.print((int) (listelements[j][0]+1)+", "+"\n"); } } }

B.2) Plugin creating the node sets

In order to apply boundary conditions, node sets corresponding to the sample surfaces have to be created.