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Abstract

The goal of this thesis was to develop and characterize (microstructurally and mechanically) bioinspired ceramic composites. Nacre-like alumina fabricated by freezecasting and developed during the PhD of Florian Bouville was chosen as a reference material. The simplification and up-scale of material fabrication was intended. Architectural levels were added to the microstructure to further improve mechanical properties of the material. Sophisticated processing by freeze-casting technique was substituted by a simple and well-known technique: uniaxial pressing. Electron backscatter diffraction (EBSD) observations confirmed the good alignment of alumina platelets used to prepare the material. The field assisted sintering (FAST) cycle was adapted to greater quantities of ceramic powder and organic additives.

The second part of the project was dedicated to the modification of the interphase between alumina platelets. Various possibilities were explored: adding fine zirconia powder, depositing zirconia on the surface of platelets by sol-gel reaction or substituting the glassy phase by graphene. All obtained materials were characterized microstructurally by scanning electron microscopy (SEM) and mechanically by four point bending (4PB).

The third part of this study was focused on the development of metal/ceramic composites. The composites were obtained by simultaneous sintering of ceramic powder mixture layers alternating with titanium foil. The tianium layer thickness was varied (between 20 and 500 µm) as its composition (pure titanium, Ti6Al4V alloy and pure titanium with layers of TiN deposited on both sides). The composites were characterized by SEM, EBSD, energy dispersive X-ray spectroscopy (EDX) and synchrotron X-ray tomography. Detailed microstructural and chemical characterization was performed to understand mechanisms of titanium diffusion into ceramic matrix.

Simplified material fabrication allows to prepare larger samples. Processing needs to be improved. Grain growth should be limited to maintain good mechanical properties of architectured alumina composites. Modification of the interphase between alumina platelets did not improve mechanical properties of the materials as compared to nacre-like alumina fabricated by freeze-casting. On the other hand, depositing nano-zirconia on platelets surface seems promising and it should be further investigated. In case of alumina/titanium composites, a multiscale architecture composite was obtained in a rather simple way. However, avoiding metal foil cracking is crucial to improve mechanical properties.
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Introduction

In the recent years, in order to improve properties of ceramic materials, scientists paid a lot of attention to their microstructure. Materials inspired by natural materials (e.g., nacre and bone) can exhibit improved mechanical response thanks to their architecture. Ceramics are fragile so often they are combined with small quantities of polymers to improve their ductility. The properties of bioinspired ceramic structures are better than those expected from the rule of mixtures. Often, microstructure is controlled on multiple length scales to combine benefits from different orders of magnitude.

This thesis is part of the project funded by European Research Council called "FreeCo". Its acronym comes from words "freezing colloids", as the main focus was to obtain sophisticated microstructures thanks to freezing processing. Fabricating materials by freezing allows obtaining well-ordered microstructure on a significant scale, up to a few centimetres.

A previous PhD student, Florian Bouville1 , has developed a kind of freeze-casting called freezing under flow. In this method slurry is frozen when it flows on a copper plate which is tilted by a few degrees. Thanks to freezing under flow he developped a material called "nacre-like alumina" because its microstructural features mimic those of nacre from abalone shells. The drawback of this freezing method is its sophistication and difficulty in up-scaling it. Freeze casting followed by freeze drying and sintering by field assisted sintering technique (FAST) is complex and time consuming. One of our goals was to simplify fabrication method without compromising ordered microstructure. In case of the successful simplifaction of the fabrication, next step was to prepare samples of greater dimensions than obtained up to now (pellets of 20 mm diameter and couple of millimetres thick). In addition, we planned to modify interphase between ceramic platelets and/or add another architectural level to further improve mechanical properties.

The first chapter of the manuscript is focused on the state of the art in the field of architectured ceramics. Fabrication techniques and characterisation methods are described along some most known obtained materials with their microstructure characteristics and mechanical properties. Some natural materials are described as well, to explain how some microstructural features improve mechanical behaviour of those materials. It leads to the concept of biomimicry and its recent popularity. We describe FAST, as the choice of sintering technique is crucial for obtaining satisfactory microstructure.

In the second chapter, all technical details of elaboration and characterisation of materials are given. There is a comprehensive description of each step of sample fabrication, preparation for testing (both microstructural and mechanical) and testing methods with all necessary calculations.

The third chapter is dedicated to the two of our goals: simplifying and up-scaling fabrication of nacre-like alumina developed by Florian Bouville during his thesis. In this part of the manuscript we compare freeze casting method with simpler uniaxial pressing. We check if alignment is satisfactory when material is not processed by freezing method. We adjust sintering cycle to greater quantity of ceramic powder.

In the fourth chapter, three modifications of the interphase between alumina platelets are proposed: the addition of zirconia nano-powder, the deposition of zirconia directly on platelets and the modification of the glassy phase by the addition of graphene. All composites were characterised by scanning electron microscopy (SEM) and four point bending (4PB) on notched bars and compared with reference material.

In the last chapter alumina/titanium composites are described. First part is focused on the description of the fabrication and of the multilevel structure of the composites. Different types of titanium foils were used. The chapter provides detailed analysis of structure, chemistry, crystallography and metal diffusion. Second part resumes mechanical testing ex situ and in situ. It not only provides the information on the values of mechanical properties but also toughening mechanisms in both ceramic reference material and alumina/titanium composite. 

Natural materials

As it has been known for a long time, numerous natural materials, such as abalone nacre, crab exoskeleton, turtle shell and armadillo shell to mention the most studied, present extraordinary properties in terms of mechanical performance, extending significantly values predicted from a rule of mixtures of the properties of their compounds [START_REF] Chen | Bio-mimetic mechanisms of natural hierarchical materials: a review[END_REF].

They owe it to multiple structural levels and sophisticated architectures which are unfortunately exceptionally difficult to replicate in synthetic materials.

One of the natural materials which exhibits a very sophisticated structure and toughening mechanisms is human bone (fig. 1.1). Hierarchy of bone contains seven levels. At macro-scale it is arrangement of bone tissue: compact (at the surface) and spongy (inner part). Lamellar osteons build the compact bone and protect blood vessels. Lamellae are composed of fibers arranged in various patterns. Fibril arrays create those fibers. Mineralized collagen fibrils are elementary constituents of human bone. Three chains of amino acids create tropocollagen which is a segment of collagen fibril.

As visible in the figure 1.1 even the smallest building blocks of bone contribute to its toughening mechanisms. In collagen elongation of the structure occurs and then rupture of hydrogen bonds. Between molecules of tropocollagen sliding and rupture of bonds happen. In mineralized collagen micro-cracking occurs. At larger scales one observes breakage of sacrificial bonds, more collagen fibril and uncracked-ligament bridging and in the end crack deflection by osteons. Those numerous toughening mechanisms provoke increase of fracture resistance after crack offset, as it propagates. This phenomena is called R-curve behaviour. Fig. 1.2 illustrates crack-resistant curve of hydrated human cortical bone. It is immediately visible that it is highly anisotropic material. ESEM marks samples tested in situ in environmental scanning electron microscope, HBSS samples tested ex situ immersed in Hank's Balanced Salt Solution, for each samples loading displacement rates are given.

PROPERTIES OF NATURAL AND BIOINSPIRED MATERIALS

For transverse samples failure occurred through breaking of bone structure while for longitudinal samples it happened through splitting. Main toughening mechanisms for first orientation were crack deflection and twist while for the second one it was crack bridging [START_REF] Launey | On the Mechanistic Origins of Toughness in Bone[END_REF] [START_REF] Koester | The true toughness of human cortical bone measured with realistically short cracks[END_REF]. In fig. 1.3 a schematic of two types of R-curves (flat and rising) is presented.

In case of materials with flat R-curve there is one value of fracture toughness and initial crack size is equal to critical crack size; stable crack propagation does not occur. Material with rising R-curve is not characterized by one value of fracture toughness but it evolves as crack advances. Critical crack size is greater that initial crack size [START_REF] Launey | On the Fracture Toughness of Advanced Materials[END_REF].

Another natural material which exhibits remarkable mechanical properties is nacre. Nacre also called mother of pearl is produced by some molluscs as an inner shell layer. It has a hierarchical structure and a high ceramic (aragonite CaCO 3 ) content: over 95% [START_REF] Barthelat | An experimental investigation of deformation and fracture of nacre-mother of pearl[END_REF]. It became one of the model materials for material scienitsts. In order to understand toughening mechanisms of nacre, Espinosa et al. performed a tensile test under optical microscope [START_REF] Barthelat | An experimental investigation of deformation and fracture of nacre-mother of pearl[END_REF]. Fig. 1.4 shows nacre and elements of its micro-structure which are responsible for nacre's toughening mechanisms.

PROPERTIES OF NATURAL AND BIOINSPIRED MATERIALS

Pictures of progressing crack can be taken at every stage of the test until failure. The specimen was 20 mm long, 0.6 mm thick and around 1.5 mm wide. Although the thickness might seem small, it contained about 3000 layers of platelets. Some specimens were tested in hydrated state, the rest was dried before the measurement. 400 N cell was used and samples were loaded at 0.001 s -1 strain rate, up to failure. The experimental set-up used for those measurements is presented in the fig. 1.5. Failure stress for dry samples was between 95 and 135 MPa. Young's modulus has a value of approximately 90 GPa. Hydrated samples responded differently. In the beginning they behaved in a linear elastic way, but at 70 MPa large strain began to be visible and strain at failure was significantly higher for hydrated material than for the dry one. Young's modulus was about 80 GPa. It was observed that the Young's modulus decreases when tablets start to slide. It is probably caused by less efficient transfer of load between platelets [START_REF] Barthelat | An experimental investigation of deformation and fracture of nacre-mother of pearl[END_REF]. Specific mechanisms stand behind relatively large deformations of nacre. At first, tensile stresses are transferred from one column of platelets to another via shear stress in the regions of overlapping. Once the shear strength of the interphase is reached, the sliding between tablets begin, leading to nonlinearity in the stress-strain curve.

PROPERTIES OF NATURAL AND BIOINSPIRED MATERIALS

In another publication, bending tests are performed at an even smaller scale [START_REF] Espinosa | Tablet-level origin of toughening in abalone shells and translation to synthetic composite materials[END_REF]. Authors quantified tablet sliding with nanometer precision by carrying out in situ fracture experiments with atomic force microscopy (AFM), combined with digital image correlation (DIC) to analyze the kinematic displacement field. Results for one representative sample are shown in Fig. 1.7.

In fig. 1.7, the first line represents the location of the scanned area (marked as SA) below the tip of the notch (scale bar is 100µm). In the second line there are AFM pictures of the SA before (e), during loading (f,g) and after failure (h). Arrows show direction of platelets sliding and scale bar is 500 nm. The third row of figure combines AFM pictures and DIC analysis. Colours indicate longitudinal displacements fields of platelets (colour code on the left). When the color is more intense it means that sliding was progressing. After crack passing some reversal of the sliding was observed. Fig. 1.7m is a relative longitudinal tablet displacement along the purple line from the figure 1.7i, three coloured lines correspond to loading states from figure j-l. In fig. 1.7n transverse displacement at loading state from picture 1.7k is plotted (along dashed yellow line from picture 1.7l. Figure above illustrates the phenomena of platelets sliding during bending test which helps to understand this toughening mechanism in natural material.

Test in AFM allowed to quantify the sliding between platelets and identify toughening mechanisms like crack bridging and deflection (present in bone as well). Waviness and some roughness of platelet's surface hinder the sliding. Described tests can be used as a reference for any further testing of architectured, hierarchical and biomimetic materials. 

PROPERTIES OF NATURAL AND BIOINSPIRED MATERIALS

Bioinspired materials

Many researchers focus on mimicking natural structures to obtain materials that combine properties which until now were believed to be mutually exclusive, such as strength and toughness.

Deville et al. have developed biomimetic materials which can serve as scaffolds for bone regeneration [START_REF] Sylvain Deville | Freezing as a Path to Build Complex Composites[END_REF]. They have chosen a two-step approach: ice-templating followed by inflitration. Porous hydroxyappatite scaffolds (obtained during the first processing step by ice-templating) were infiltrated with biodegradable organic phase to allow bone ingrowth. This way they have fabricated scaffolds with mechanical properties matching those of compact bone: stiffness 10 GPa, strength 150 MPa and work of fracture 220 J/m 2 [START_REF] Sylvain Deville | Freezing as a Path to Build Complex Composites[END_REF].

Launey et al. have mimicked some of nacre natural features by creating a composite from aluminum oxide and polymethyl methacrylate by ice-templating. Obtained bulk materials reveal yield strength around 200 MPa and fracture toughness about 30 M P a• m 1/2 . As in natural materials, their microstructure is anisotropic [START_REF] Meyers | Biological materials: structure and mechanical properties[END_REF]. In the direction perpendicular to the lamellae flexural strength reaches 120 MPa for lamellae and up to 210 MPa for brick and mortar structure in the composite consist--8 -
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ing of 80% alumina. Fracture toughness (K Ic ) value is almost doubled with respect to the prediction from the rule of mixtures for Al 2 O 3 and PMMA [START_REF] Launey | Designing highly toughened hybrid composites through natureinspired hierarchical complexity[END_REF]. For lamellae it is equal to 15 M P a• m 1/2 and for brick and mortar 30 M P a• m 1/2 . Those materials represent characteristic R-curve behavior: their fracture resistance increases as the crack propagates. Additional test in-situ in electron microscope revealed that toughening mechanisms are present at several architectural levels [START_REF] Munch | Tough, Bio-Inspired Hybrid Materials[END_REF]. Fig. 1.8 illustrates the difference in fracture toughness values for two types of micro-structure of bioinspired material: lamellar and "brick and mortar". Fig. 1.8a presents "brick and mortar" structure and fig. 1.8b lamellar structure. Lamellar structure is aligned over several centimetres, between lamellae (bright grey) polymer (PMMA, dark grey) was infiltrated. In "brick and mortar" structure alumina building blocks are separated by thin (less than a micrometer) layers of polymer. If high content of ceramic is required, "brick and mortar" structure seems suitable. Begley et al. explained well the underlying concept of brick and mortar composites [START_REF] Matthew | Micromechanical models to guide the development of synthetic brick and mortar composites[END_REF]. Maintaining low volume fraction (several percent) of the compliant ductile phase permits to keep high stiffness of a composite. Using ceramic bricks of small volume combined with thin layers of mortar helps to achieve high strength of a material. Loads can be concentrated onto interlocking bricks via shear transfer. Brick pull out and microcracking promote ductility [START_REF] Matthew | Micromechanical models to guide the development of synthetic brick and mortar composites[END_REF]. Brick and mortar composites exhibit high strength thanks to the ceramic phase. Increased toughness is due to some limited sliding between the bricks which helps to dissipate local stress concentrations. In case of synthetic materials the problem lays in finding a way to raise toughness without significantly lowering their strength. Wilbrink et al. developed and uniaxial model to associate scaling relationships between component properties with global strength and work of failure in the composite [START_REF] Wilbrink | Scaling of strength and ductility in bioinspired brick and mortar composites[END_REF]. Fig. 1.9 illustrates analysed composite and unit cell used for analysis. Results obtained by Wilbrink et al. [START_REF] Wilbrink | Scaling of strength and ductility in bioinspired brick and mortar composites[END_REF] suggest that an optimal mortar thickness exists. It should be big enough to provide effective load transfer. On the other hand it cannot be too large because it would lead to brick failure because of the additive effect of shear and normal stresses [START_REF] Wilbrink | Scaling of strength and ductility in bioinspired brick and mortar composites[END_REF].

PROPERTIES OF NATURAL AND BIOINSPIRED MATERIALS

Materials presented above apart from ceramics contained ductile organic phase. Florian Bouville et al. developed a bioinspired material composed entirely of ceramic called nacre-like alumina [START_REF] Bouville | Strong, tough and stiff bioinspired ceramics from brittle constituents[END_REF]. Its advantage in comparison with other materials is that it can be used at elevated temperatures, up to 600°C or more. Fig. 1.10 presents mechanical properties (flexural strength and fracture toughness) of nacre-like alumina developed by Florian Bouville compared to conventional composites [START_REF] Bouville | Strong, tough and stiff bioinspired ceramics from brittle constituents[END_REF]. In case of traditional materials the conflict of properties is clearly visible but new bioinspired material overcomes this limitation.

Fig. 1.11 shows details of the composition of the microstructure of nacre-like alumina. This complicated architecture of the material allowed to obtain improved mechanical properties. Alumina platelets mimic building blocks of nacre. Alumina nano-particles allow better sintering of the material and imitate roughness present in natural material. A glassy phase creates an interphase between the platelets.

Work presented in this thesis was built upon material developed by Florian Bouville and focused on introducing new architectural levels and new toughening mechanisms. 

FABRICATION OF MATERIALS WITH CONTROLLED MICRO-STRUCTURE AT MULTIPLE LENGTH SCALES

Fabrication of materials with controlled micro-structure at multiple length scales

A deep control over the material architecture at multiple levels is required in order to produce a bioinspired material. The process should permit to control layer thickness, roughness, adhesion between components, it should enable to change constituents and be relatively simple at the same time. It should also be possible to upscale it [START_REF] Sylvain Deville | Freezing as a Path to Build Complex Composites[END_REF]. There are two possible approaches to control the arrangement at micro-and nano-scale: bottom-up and top-down. First of those occurs in nature and scientists try to mimic it through sequential deposition methods [START_REF] Lorenz | Bioinspired Design and Assembly of Platelet Reinforced Polymer Films[END_REF] which unfortunately are limited to creating thin films at the laboratory scale and not a bulk material. Biomineralization was also recognized as a technique which could provide a material with microstructure controlled on multiple scales but it proved to be extremely complicated to transfer it to the material processing domain [START_REF] Mann | Molecular Tectonics in Biomineralization and Biomimetic Materials Chemistry[END_REF] [START_REF] Cölfen | Higher-order organization by mesoscale self-assembly and transformation of hybrid nanostructures[END_REF]. Second approach (top-down) brings difficulties in controlling multiple hierarchical
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levels. Several groups have obtained ceramic/polymer composites which reproduce some of nacre characteristics. They used techniques such as magnetic particle alignment [START_REF] André | Structural Biological Materials: Critical Mechanics-Materials Connections[END_REF] or gluing ceramic layers together [START_REF] Clegg | A simple way to make tough ceramics[END_REF] obtaining relatively good results in terms of controlled microstructure [START_REF] Munch | Tough, Bio-Inspired Hybrid Materials[END_REF]. In the process which uses magnetic fields to align platelets, polyurethane is used as a matrix [START_REF] Erb | Composites Reinforced in Three Dimensions by Using Low Magnetic Fields[END_REF]. To obtain the highest toughness values it is required to use about 20 vol.% of organic ductile phase which limits application of the material to temperatures in range of 200°C.

Presently there are no satisfying processing techniques which would make it possible to fabricate multilayered, hierarchical architectures at industrial scale, processing those materials is restricted to small amounts. A design of those bone-like and nacre-like materials is focused on incorporating numerous toughening mechanisms present at all scales (from nanometers to millimeters) [START_REF] Launey | On the Fracture Toughness of Advanced Materials[END_REF]. Creating processing route on an at least centimeter scale for bioinspired structures is a significant challenge for engineers in material science [START_REF] Launey | On the Fracture Toughness of Advanced Materials[END_REF]. The development of ice-templating technique has brought a significant progress to this field [START_REF] Sylvain Deville | Freezing as a Path to Build Complex Composites[END_REF]. Various structures with high ceramic content can be obtained using the common phenomenon of freezing of colloids. They consist of hard ceramic lamellae (bricks) and thin (thickness in range of microns) polymeric layers (mortar) which add ductility to the final material [START_REF] Munch | Tough, Bio-Inspired Hybrid Materials[END_REF].

Freezing of water is a phenomenon which drawn attention of scientists long time ago. They mainly focused on pure water and diluted suspensions [36] [37]. This physical process commonly occurring in nature plays significant role in industry (like elimination of pollutants [START_REF] Gay | Forced Migration of Nonsoluble and Soluble Metallic Pollutants ahead of a Liquid-Solid Interface during Unidirectional Freezing of Dilute Clayey Suspensions[END_REF]) and medicine (for example cryopreservation of biological material [START_REF] Karlsson | Cryopreservation: freezing and vitrification[END_REF]) as well.

Freezing turned out to be useful as ceramic material processing technique known as freeze casting or ice templating. Fig. 1.12 shows the main processing steps in this method: unidirectional freezing of ceramic slurry (ceramic particles are being repelled by advancing solidification front and thus concentrated between crystals of ice, fig. 1.12b), sublimation of the solidified phase (fig. 1.12c) and densification of lamellae through sintering (fig. 1.12d) [START_REF] Sylvain Deville | Ice templating , freeze casting : Beyond materials processing[END_REF]. Considering that freeze casting technique allows using diverse materials it might be concluded that physical interactions, not chemical ones, play the major role on suspension stability [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF].

Studies have provided some crucial pieces of information. One of them is that particles of size greater than a critical value will get entrapped by the progressing ice front. The other fact is that ice does not always grow in all directions with the same speed, if conditions are under control it is possible to obtain ice with lamellar microstructure an in result a material with anisotropical properties. Wall thickness is strongly dependent on speed of ice front or temperature gradient [START_REF] Sylvain Deville | Freezing as a Path to Build Complex Composites[END_REF].

The first step of material processing by freeze casting is preparation of ceramic slurry. Dispersants are frequently used as a good dispertion of particles in solvent is intended. The amount of porosity in the final materials can be adjusted by the solid loading, usually in 10-40 vol.% range. To avoid segregation of particles, which might
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.12: Schematic diagram of the ice-templating principles. [START_REF] Sylvain Deville | Ice templating , freeze casting : Beyond materials processing[END_REF] cause gradient in density and properties of final materials, appropriate stability of the suspension should be provided. When water is used as a solvent the slurry might be prepared in room temperature. For other solvents, like camphene or tert-butyl alcohol, temperature must be adjusted to the range of temperatures where they are liquid. An organic binder is also needed, otherwise after sublimation of solvent the green body collapses [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF].

Freezing is the core of the process and a stage that determines pore characteristics of the green body. The freezing solvent creates continuous crystals. Simultaneously ceramic particles are rejected by advancing ice fronts and compressed together between the crystals. The direction of solidification can be controlled by placing slurry in a mould, subsequently placed on a freezing plate, cold finger, or directly in a freezing media. The choice of the solvent determines the range of temperatures required for solidification, for water below 0°C and for camphene about 44-48°C for instance. During freezing, the solvent changes its volume: water expands, while camphene shrinks. This phenomenon should be taken into account during preparing moulds and determining the amount of slurry poured into them [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF].

Some of the processing parameters can be tuned in order to modify properties of obtained material. Placing ceramic slurry on cooling plate or cold finger with controlled cooling rate provides control of the speed of ice front which affects the thickness of ceramic walls. The structure obtained after sintering is porous and pores have the same shape as ice crystals [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF]. Fig. 1.13 illustrates the impact of ice front velocity on lamellae thickness. Samples were prepared from powders with grain size of about 0,3 µm [START_REF] Sylvain Deville | Freezing as a Path to Build Complex Composites[END_REF].

If platelets are used instead of spherical particles, they can by aligned by advancing ice front as demonstrated in the fig. 1.14 [START_REF] Bouville | Self-assembly of anisotropic particles driven by ice growth: Mechanisms, applications and bioinspiration[END_REF].

The next step after the solidification of the slurry is the removal of the solvent through sublimation. For water, it is needed to stay below triple point of the solvent: low temperature of approximately -80°C and low pressure are required. Depending on physical properties of solvent, sublimation conditions might be different. For water, a standard freeze dryer is sufficient. For camphene, room temperature and a pressure of 1,3 kPa is enough to provoke sublimation. After the solvent is transformed into gas we obtain a green body with pores being replicas of crystals [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF].

After sublimation of the solvent, the last processing step is needed: densification of ceramic walls. Green body has a low strength, the use of pressure during sintering is not compulsory. Binder burnout is usually not required as slurries usually contain less than 5% of the organic component. The aim of sintering is to consolidate the structure [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF]. Obtain material is porous but sometimes it is desired to eliminate Figure 1.14: Scheme of mechanism of platelets alignment by advancing ice crystals [START_REF] Bouville | Self-assembly of anisotropic particles driven by ice growth: Mechanisms, applications and bioinspiration[END_REF] the porosity to obtain a fully dense material. In such case sintering techniques with pressure, like field assisted sintering technique (FAST), might be applied [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF].

FABRICATION OF MATERIALS WITH CONTROLLED MICRO-STRUCTURE AT MULTIPLE LENGTH SCALES

The final structure of the material is influenced by all the processing stages mentioned above, but concerning the final porosity, solidification is the most critical one. To form the intended porosity during freezing, some requirements must be fulfilled:
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rejection of particles by the advancing ice front, particles redistribution and trapping of particles between crystals of solidified solvent. This will determine the architecture of pores [START_REF] Deville | Freeze-Casting of Porous Ceramics: A Review of Current Achievements and Issues[END_REF].

Preparing material by freeze casting permits to modify some processing parameters. It gives possibility to investigate influence of particular agents (amount or kind of interphase between ceramic particles for instance) on final properties. The main limitation is assessing, how difficult scale-up will be.

Obtaining porous materials by freeze-casting gives possibility of infiltrating the ceramic matrix by another phase, metal for example. Launey et al. [START_REF] Launey | A novel biomimetic approach to the design of high-performance ceramic-metal composites[END_REF] have fabricated alumina matrix by freeze-casting and after sintering infiltrated it by molten Al/Si eutectic alloy. The choice of metal was dictated by its relatively low melting point and its viscosity enabling easier infiltration. Infiltration was conducted at 900°C and pressure introduced by argon reaching 70 kPa [START_REF] Launey | A novel biomimetic approach to the design of high-performance ceramic-metal composites[END_REF]. Roy et al. [START_REF] Roy | Metal/ceramic composites from freeze-cast ceramic preforms: Domain structure and elastic properties[END_REF], [START_REF] Roy | Damage evolution and domain-level anisotropy in metal/ceramic composites exhibiting lamellar microstructures[END_REF] have also chosen Al/Si alloy to infiltrate the ceramic preforms. They applied a temperature of 800°C before performing squeeze-casting of metal phase [START_REF] Roy | Metal/ceramic composites from freeze-cast ceramic preforms: Domain structure and elastic properties[END_REF], [START_REF] Roy | Damage evolution and domain-level anisotropy in metal/ceramic composites exhibiting lamellar microstructures[END_REF].

Based on a literature, it seems that the choice of metal possible to infiltrate is limited by melting temperature and viscosity. In case of metal with elevated melting points it would be necessary to adapt all the elements of the set-up which are subjected to hight temperatures. What is more, the fabrication itself is quite long and sophisticated as it requires fabrication of ceramic preforms, sintering them and then infiltrating by metal. As one of the goals of this thesis is to simplify materials preparation, this method is not appropriate.

Field assisted sintering techniques

Sintering is a common method of material consolidation through a thermal treatment. It is accomplished at high temperatures, without reaching a melting point. Natural sintering uses high temperature to consolidate material particles but leaves macro-porosity. In order to improve this process other means of activation have been explored. As a result new sintering techniques which use pressure and electric current were developed. They allow to consolidate materials at lower temperatures and in significantly shorter time. There are several terms which refer to those techniques: spark plasma sintering (SPS), pulsed electric current sintering (PECS), field-activated sintering technique (FAST), or current-activated pressure-assisted densification [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF].

Essentially powders consolidated by FAST simultaneously undergo elevated temperatures, an electric current, and a uniaxial pressure. Thanks to the combination of those actions the processing time is significantly shorter.

The main difference between hot pressing (application of elevated temperature and pressure) and FAST is the presence of the current. It provides the heat and extreme rise of heating rate. A Fig. 1.15 below represents schematic view of PECS device.

One of the terms used to describe sintering using electric current is spark plasma sintering. Many have claimed that pulsing of current can create plasma which can
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.15: Schematic of a pulsed electric current sintering apparatus. [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF] activate particle surface of sintered powder through removing surface layers, like for example oxides. It has been a source of controversy as researchers could not prove the presence of a plasma. Contrary points of view were present in publications [44] [45]. Presently most researchers agree that evidence pointing to the lack of plasma during FAST is more convincing [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF].

In recent years there has been visible a significant increase in using PECS to consolidate powders. There are two main reasons for such a tendency. First, in comparison with conventional sintering techniques, materials sintered under action of electric current represent intrinsic advantages such as limited grain growth [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF], lack of undesirable phase transformation. Second, it was observed that in case of PECS, materials are characterized by better mechanical performance because of smaller grain size and limited amount of impurities [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF].

Apart from better properties, a processing step is significantly shorter than for instance hot pressing. According to Perera et al. to obtain fully dense Si 3 N 4 with conventional sintering and hot isostatic pressing (HIP) an over 100 minutes long dwell time was required while for FAST it was only 5 minutes [START_REF] D S Perera | Comparative study of fabrication of Si3N4/SiC composites by spark plasma sintering and hot isostatic pressing[END_REF]. Fig. 1.16 illustrates differences in values of porosity in function of temperature.

Sintering at lower temperatures and for shorter times brings other benefits:

• limited loss of material through vaporization [START_REF] Eriksson | Low temperature consolidated lead-free ferroelectric niobate ceramics with improved electrical properties[END_REF] [47] [48] [49] [50],

• less frequent undesirable phase transformation [START_REF] Drouet | Bioceramics: Spark Plasma Sintering (SPS) of Calcium Phosphates[END_REF].

Sintering material by PECS leads to finer micro-structure, lower porosity and removal of impurities from particles surface. Thanks to those characteristics numerous properties are improved:

• smaller amount of impurities and limited their segregation in grain boundaries [START_REF] Sh Risbud | Clean grain-boundaries in aluminium nitride ceramics densified without additives by a plasma-activated sintering process[END_REF] [53],

-16 - • significantly increased superplasticity of ceramic materials [START_REF] Chen | Overcoming the effect of contaminant in solid oxide fuel cell (SOFC) electrolyte: spark plasma sintering (SPS) of 0.5 weight per cent silica-doped yttria-stabilized zirconia (YSZ)[END_REF] [54],
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• in case of ferroelectrics, higher permittivity [START_REF] Takeuchi | Dielectric properties of sparkplasma-sintered BaTiO(3)[END_REF],

• better magnetic properties [START_REF] Yue | New kind of NdFeB magnet prepared by spark plasma sintering[END_REF],

• increased chemical stability [START_REF] Yue | Chemical Stability and Microstructure of Nd-Fe-B Magnet Prepared by Spark Plasma Sintering[END_REF],

• in BCC metallic solutions better hydrogen storage capacity [START_REF] Pei | Improving hydrogen storage properties of Laves phase related BCC solid solution alloy by SPS preparation method[END_REF],

• improvement of thermoelectric properties [START_REF] Zhao | Synthesis of Nanocomposites with Improved Thermoelectric Properties[END_REF] [60],

• better mechanical performance [START_REF] Amezawa | Electrical and Mechanical Properties of Sr-Doped LaPO4 Prepared by Spark Plasma Sintering[END_REF],

• better optical properties [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF] [START_REF] Morita | Spark plasma sintering condition optimization for producing transparent MgAl2O4 spinel polycrystal[END_REF]. The tree parameters most commonly related with FAST process are current, applied pressure and heating rate. The sintering temperature and current are related due to the occurrence of the Joule effect, which provokes thermal activation. Usually, to apply a DC pulsed current a low voltage of approximately 10V is used. A sequence of pulses with and without current creates a pulsing pattern. One pulse typically takes 3,3 ms [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF]. Although current is mostly associated with Joule heating it plays also a role in mass transport [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF].

According to Nagae et al. there is a difference of electrical resistivity of samples prepared from aluminum powder prepared by FAST and hot pressing. In the first case, the materials were less resistant, probably because the DC current destroyed a layer of oxide at the contact points of the particles surface [START_REF] Nagae | Effects of Pulse Current on an Aluminum Powder Oxide Layer During Pulse Current Pressure Sintering[END_REF].

Another difference between FAST and hot pressing is the heating rate. Due to the different natures of heating processes in FAST we can achieve heating rates as high as 2000°C/min. Increase in heating rate helps to limit nondensifying (grain coarsening) sintering mechanisms, like surface diffusion. In case of nonelectrically conducting materials, thermal gradients might be present and create additional driving force for sintering [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF] [64] [START_REF] German | Sintering Theory and Practice[END_REF].

There are some doubts and controversies regarding the influence of heating rate on the final materials. Experimental observations do not always correspond to theo-
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retical expectations or simulations [START_REF] Olevsky | Consolidation Enhancement in Spark Plasma Sintering: Impact of High Heating Rates[END_REF]. When analyzing the case of alumina, different studies provide different conclusions. In one case it was stated that variation in heating rate between 50 and 700°C/min did not affect the final density [START_REF] Stanciu | Effects of heating rate on densification and grain growth during field-assisted sintering of alpha-Al2O3 and MoSi2 powders[END_REF] while another study reported a negative effect, density decreases with increase of the heating rate to over 350°C/min [START_REF] Shen | Spark Plasma Sintering of Alumina[END_REF]. In both studies, higher heating rates led to smaller grains. Recent studies provided similar conclusions for alumina [START_REF] Zhou | Effects of heating rate and particle size on pulse electric current sintering of alumina[END_REF] and cubic zirconia [START_REF] Zhao | Synthesis of Nanocomposites with Improved Thermoelectric Properties[END_REF].

The final main factor, playing a crucial role in sintering materials, especially nanopowders, is the applied uniaxial pressure. Up until recently it was limited by mechanical properties of the graphite die, which gave an upper limit of approximately 140 MPa, or less. Due to recent development in area of FAST, some modifications were incorporated which allow to apply pressure up to 1 GPa [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF] [70].

To sum up, sintering techniques which use a current are a powerful group of methods of consolidating powders. They permit to obtain nanostructured materials which presently are in the spotlight of material science world. In the near future we can expect even more improvements of not only the equipment, but also simulation methods, which allow to better understand and control the mechanisms that occur during sintering.

Titanium and its composites with ceramics

As mentioned in the introduction, our objective is to further increase the toughness of bioinspired ceramics. Architectured ceramics can exhibit increased strain at failure (not true ductility) but more direct way to enhance toughness is to add some metal. To avoid complicating the fabrication process, it is suitable to chose an element with melting point high enough to sinter it with alumina during single processing step.

Characteristics of titanium

As shown in fig. 1.17 melting temperature of titanium equal to 1670°C makes it a suitable candidate to incorporate into ceramic matrix.

Pure titanium undergoes a phase change from hexagonal to body centered cubic at 882°C. Its two basic unit cells are shown in fig. 1.18. It also illustrates lattice planes which are most densely packed [START_REF] Lutjering | Titanium[END_REF].

The α-phase with hexagonal structure has intrinsically anisotropic character. It means that its elastic properties change depending on the stress axis related to c-axis of the cristal [START_REF] Zarkades | The science, technology and application of titanium[END_REF]. When stress is parallel to c-axis modulus of elasticity E reaches 145 GPa and it decreases to 100 GPa for angle of 90°. Shear modulus G changes with angle as well; from 46 GPa to 34 GPa, respectivly [START_REF] Zarkades | The science, technology and application of titanium[END_REF].

Correlation between mechanical properties of titanium and temperature has been recorded: both E and G decrease when temperature increases [START_REF] Williams | Titanium science and technology[END_REF]. Fig. 1. [START_REF] Bouville | Templated Grain Growth in Macroporous Materials[END_REF] shows that correlation is close to linear. At absolute zero elastic modulus reaches 130 GPa
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.17: Chosen characteristics of titanium in comparison with other structural metallic materials based on Fe, Ni and Al [START_REF] Lutjering | Titanium[END_REF]. Direction of the allotropic transition demonstrated in the table is from high to low temperature. Figure 1.18: Unit cells of α (hcp) and β (bcc) phase of titanium [START_REF] Lutjering | Titanium[END_REF] and sheer modulus almost 50 GPa to drop to around 58 GPa and 20 GPa at transition temperature (hcp→bcc at 882°C), respectively [START_REF] Williams | Titanium science and technology[END_REF].

Hexagonal titanium owes his ductility not only to slip by dislocations but also to twinning deformation, especially at low temperatures. Most of alloying components of titanium are clasified either as α stabilizers or β stabilizers. Firs ones increase and second ones decrease α → β transition temperature (882°C for pure Ti). Al, O, N and C fall into the first category. First image in fig. 1.20 illustrates a constant increase of transformation temperature with increase of added element content. Aluminium is an α stabilizer and has a high solubility in both hexagonal and cubic phases. It is thus a commonly used alloying element [START_REF] Lutjering | Titanium[END_REF].

In β alloys twinning is limited to single phase state. In β alloys hardened by α particles twinning does not occur. In α + β alloys twinning is almost fully suppressed but they are quite ductile thanks to the presence of T i 3 Al precipitates [START_REF] Lutjering | Titanium[END_REF]. Figure 1.20: Schematic phase diagrams of titanium alloys depending on alloying elements [START_REF] Lutjering | Titanium[END_REF] β stabilizers can be divided into two categories: isomorphous and eutectoid forming. Difference between the phase diagrams for those two categories is ilustrated in fig. 1.20. Some widely used β isomorphous elements are V, Mo, Nb or Ta. Right amount of those allows stabilising bcc phase at room temperature. Fe, Cr and Si are commonly used β eutectoid forming elements, others applications are very limited [START_REF] Lutjering | Titanium[END_REF]. Fig. 1.21 lists concentration of elements needed to stabilise β phase at RT.
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The neutral group (do not change temperature of phase transition) includes elements like zirconium or tin. Zirconium is chemically similar to tianium, isomorph with it: have same α → β transition (but not affecting significantly its temperature) and completely soluble in both phases of Ti. It is often used in commercial multicomponent alloys. Tin is able to replace aluminum in T i 3 Al (hexagonal phase α 2 ) [START_REF] Lutjering | Titanium[END_REF].

Commercially available titanium alloys can be divided into three groups: α, α + β and β (it depends on phase ratio). Table 1.1 shows a table with the most common Table 1.1: Selected commercial titanium alloys from [START_REF] Lutjering | Titanium[END_REF]. CP-Ti: commercially pure titanium Four grades of commercially pure titanium contain some iron to stabilize low amounts of bcc phase and different concentrations of oxygen (0.18% for grade 1 to 0.40% for grade 4) to increase yield stress. Their mechanical properties are listed in table 1.2. With increase of oxygen content in CP titanium, yield and tensile strength increase while elongation decreases [START_REF] Lutjering | Titanium[END_REF]. Properties of α + β alloys are not listed here as they are strongly dependant on their structure: fully lamellar, fully equiaxed or bi-modal. They do not have one single value for each property but rather its evolution in function of obtained structure [START_REF] Lutjering | Titanium[END_REF]. A common characteristic of α + β alloys is their martensitic transformation from β phase during fast cooling to room temperature. The most well known alloy from this category is Ti6Al4V; its mechanical properties are extremly well balanced (fracture toughness: 65-90 MPa • m 1/2 , fatigue strength at 10 7 cycles: 620-725 MPa and
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modulus of elasticy: 110-114 GPa [START_REF] Niinomi | Mechanical properties of biomedical titanium alloys[END_REF]). The version extra low interstitials of oxygen (ELI) has remarkable damage tolerance and higly elevated fracture toughness (values listed as in Ti6Al4V: 91-92 MPa • m 1/2 , 598-816 MPa and 101-110 GPa [START_REF] Niinomi | Mechanical properties of biomedical titanium alloys[END_REF]) [START_REF] Lutjering | Titanium[END_REF].

Among numerous known alloys of titanium Ti6Al4V is the most commonly used one. It is essential to aerospace industry due to its high specific properties and also widely used in biomedical area because of its biological compatibility [START_REF] Collings | Materials properties handbook: titanium alloys[END_REF].

This alloy covers a range of compositions. It can contains between 0.08 wt.% and 0.2 wt.% of oxygen, up to 0.05 wt.% of nitrogen, even 6.75 wt.% of aluminium and up to 4.5 wt.% of vanadium. O and N increase the strength of material. ELI grade is characterised by exeptionaly high damage tolerance, in particularly at cryogenic range of temperatures [START_REF] Collings | Materials properties handbook: titanium alloys[END_REF].

In case of β group alloys, commercially used ones are metastable. They do not exhibit martensic transformation when cooled rapidly. β alloys after fast cooling and aging at temperature range 500°C-600°C reach yield stress of 1200 MPa and even more. In comparison with previous groups of alloys, ones of type β are not used as ofthen as the others [START_REF] Lutjering | Titanium[END_REF].

Titanium's mechanical properties are particularly important for most of applications, but some physical ones are of special interest as well, namely density, corrosion behaviour and oxidation. Some physical properties are listed in fig. 1.22 and compared with other selected metallic materials. Linerar thermal expansion coefficient does not differ much between different commercial titanium materials but is significantly lower than other metals (for comparison CTE of alumina= 7.2 ×10 -6 K -1 ). It is worth highlighting that for hexagonal structure of titanium there is a difference of around 20% in values of CTE depending on the crystallographical direction. Electrical resistivity is notably higher that one of Fe, Ni and Al. Electrical resistivity of αTi is much lower that the one of α + β alloy (Ti6Al4V) and β one (Ti-15-3) [START_REF] Lutjering | Titanium[END_REF].

Titanium with its potential equal to -1.63 V is not intrinsically noble. However it is strongly resistant to corrosion in majority of environments. It owes it to covering of T iO 2 layer; as long as oxide coating is not broken it protects metal from corrosion in oxidazing environments, like chlorides, hypochlorites, sulfates, and sulfites, or in

TITANIUM AND ITS COMPOSITES WITH CERAMICS

nitric and chromic acid solutions. Unfortunately, under reducing conditions titaniums corrosion resistance is compromised. Protecting oxide layer is broken down in sulfuric, hydrochloric, and phosphoric acids [START_REF] Schutz | Corrosion of titanium and titanium alloys[END_REF].

To improve titanium's resistance to corrosion in reducing environment, low quantities (up to 0.2%) of platinium group metals are incorporated, palladium most frequently. It is an expensive element so it is limited to applications where low price is not a priority. Ruthenium is a lower cost alternative to palladium, even though higher amounts are required to obtain the same effect. Very likely materials owe their superior corrosion resistance to presence of intermetallics like T i 2 P d or T iRu [START_REF] Lutjering | Titanium[END_REF]. Fig. 1.23 lists various applications of titanium, where combination of its mechanical and corrosion properties are highly important. One notices directly that spectrum of industrial use of Ti is extremely wide, from paper production to biomedicine and spacecraft. 

Alumina/titanium composites fabricated by FAST

Advantage of using titanium as reinforcement for alumina is its elevated melting point which allows those two components to be sintered in one processing step, without necessity of sintering alumina first.

Meir et al. have fabricated alumina/titanium composites using titanium hydride (T iH 2 ) as a starting powder [START_REF] Meir | Mechanical properties of Al2O3/Ti composites fabricated by spark plasma sintering[END_REF]. It was chosen to avoid formation of undesired phases from oxide layer present on the surface of Ti powder. During thermal tratement T iH 2 decomposed [START_REF] Meir | Mechanical properties of Al2O3/Ti composites fabricated by spark plasma sintering[END_REF]. Powders with different Al 2 O 3 and T iH 2 (Ti precursor) ratios were sintered by FAST. Fig. 1.24 shows conditions of thermal treatment of the material. A temperature of 1300°C was reached with heating rate of 25°C/min and -23 -
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held during 30 minutes. Simultaniously a uniaxial pressure of 64 MPa was applied [START_REF] Meir | Mechanical properties of Al2O3/Ti composites fabricated by spark plasma sintering[END_REF].

Figure 1.24: Sintering cycle for alumina/titanium composite processing [START_REF] Meir | Mechanical properties of Al2O3/Ti composites fabricated by spark plasma sintering[END_REF] Phase composition of obtained composite was examined by XRD. Fig. 1.25 shows patterns for titanium and four composites which differ by titanium content. T iH 2 was not detected after sintering. Indentified peaks were attributed to alumina and α titanium. Peak for α titanium is a bit shifted, further analysis revealed that it was caused by a presence of Ti[Al,O] solid solution [START_REF] Meir | Mechanical properties of Al2O3/Ti composites fabricated by spark plasma sintering[END_REF]. 
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results for all materials tested. Uncertanties are given in parentheses, ND not determined properties due to the lack of cracks after indentation [START_REF] Shmuel Hayun | Phase Constitution and Dynamic Properties of Spark Plasma-Sintered Alumina-Titanium Composites[END_REF]. Young's modulus, sheer modulus and Vickers hardness evolve approximately with agreement with the rule of mixtures. Nevertheless, it seems that improvement of mechanical properties with incorporation of titanium was not reached. 100% ceramic material had fracture toughness of 6.5 MPa • m 1/2 and bending strength of 693 MPa. Fracture toughness decreased with titanium content to 2.4 MPa • m 1/2 for 85% wt. Ti. For composite 90 wt. % Ti it increased drastically to 11.8 MPa • m 1/2 . Bending strength values were increased in the beginning (767 MPa for 20 wt. % Ti and 722 MPa for 25 wt. % Ti) but afterwards they were dropping to 122 MPa for 90 wt. % Ti and 194 MPa for 95 wt. % Ti. Bending strength for pure titanium was given as 1045 MPa. It rises a question if tensile test should not have been performed instead of bending. Some values of mechanical properties increased with increased titanium content. Unfortunately they were not balanced. It other words, when fracture toughness was higher (11.8 • m 1/2 for 0.9 of Ti) the bending strength had lower values (122 MPa) and vice versa, when bending strength had its higher values (767 MPa for 0.2 of Ti), fracture toughness was reduced 4.7 • m 1/2 ). On the other hand, reliability and validity of fracture toughness obtained by Vickers indentation is controversial even for pure ceramic materials. Applying this method for ceramic/metal composites raises even more questions. Fig. 1.27 shows micro-structure of materials with various titanium content. It is quite clear that in each case Palmqvist mode cracks could have significantly different lengths within the same sample, depending on the region when indent was made. For composites with titanium content above 0.9 there are only some isolated grains of alumina in the metal matrix. It allows to think that calculating fracture toughness from Palmqvist mode cracks of composite with very high metal content is not an optimal method.

Fabricating alumina/titanium composites with not interconnected titanium located isotropically at random places in ceramics does not seem to improve ceramic properties. However, incorporating titanium into architectured alumina composites might help to improve its ductility. Unfortunately, because of explosive character of very fine powders it does not seem feasible to include it directly into the interphase between alumina platelets. On the other hand, fabricating layered materials with titanium foil between ceramic pellets would add another microstructural level into composite.
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Conclusions of the chapter

Bioinspired materials with high alignment of their microstructural elements (like alumina platelets) exhibit improved mechanical performance thanks to their architecture. Freeze casting is a technique which allows obtaining materials with controlled microstructure at various levels.

This chapter and bibliographic sections of some result chapters provide the state of the art on exceptional properties of natural materials, benefits of taking bioinspired approach and possibilities of improving present solutions.

In the chapter "Materials and methods" all techniques of material preparation and characterisation (microscopic and mechanic) are described. More details (like sintering parameters) are given in the results chapters.

As mentioned, freeze casting is a complex technique that does not allow preparing large samples. One of the goals of this thesis was to simplify fabrication method and enable making larger quantities of the material (chapter "Simplifying material fabrication).

During this thesis, we investigated how to further improve mechanical properties of nacre-like alumina. Two approaches were chosen: modifying interphase between alumina platelets (chapter "Modification of the interphase between platelets) and adding new level of the architecture by incorporation of titanium foil (chapter "Alumina/titanium composites").

Chapter 2

Materials and methods

The work presented in this chapter is divided into two main parts: description of the materials processing and of the characterization techniques used.

First part was built around the concept of designing new bioinspired composites based on nacre-like alumina (F. Bouville et al. [START_REF] Bouville | Strong, tough and stiff bioinspired ceramics from brittle constituents[END_REF]) and exploring the possibility of introducing more complexity into their microstructure to improve their mechanical behaviour. In other words, it was intended to add architectural levels and modify already existing elements. Different compositions of the interphase between platelets were proposed: adding zirconia nano powder, deposing zirconia on the surface of alumina nano platelets and substituting glassy interphase by graphene. Furthermore, adding layers of metal was planned as a way of increasing material complexity and introducing ductility.

Second part of this manuscript was focused on detailed characterisation of obtained materials: their microstructure (SEM, EDX, EBSD, synchrotron) and mechanical properties (three and four points bending). Significant effort was made to assess the influence of each component on global properties (in situ three points bending).

In this chapter, fabrication methods and testing protocols are described and explained.

Materials preparation

Two different processing routes were explored in this work to generate microstructure with aligned alumina platelets. The first one, freezing under flow, was developed by Florian Bouville [START_REF] Bouville | Templated Grain Growth in Macroporous Materials[END_REF] and which allows to use ice crystals growth to align alumina platelets (see the "Literature review" chapter). The second one, uniaxial pressing, was chosen to simplify the materials' fabrication.

Samples obtained by freezing under flow

Freezing under flow is a type of freeze casting where a slurry flows on the surface of a cooling plate. The first step of the procedure is the preparation of the slurry. The slurry consists of alumina platelets, alumina nanoparticles, glassy phase precursors
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and rheology modifiers. Afterwards, the suspension is frozen and freeze-dried to remove ice. The final step is sintering by field assisted sintering technique (FAST). As our materials are supposed to mimic a natural structure of nacre, each constituent plays a well-defined role. The main component of the slurry are alumina platelets (Rona Flair White Sapphire, Merck) which are the main building blocks of the final ceramic composite (see Fig. 2.1). They are 500 nm thick and around 8 µm in diameter.

Figure 2.1: Alumina platelets used in this study [START_REF] Bouville | Self-assembly of anisotropic particles driven by ice growth: Mechanisms, applications and bioinspiration[END_REF] Nanoalumina (100 nm diameter, TM-DAR, Taimei Chemicals Co., Ltd.) is added to the slurry to serve as ceramic bridges between platelets and improve their sintering. Calcium carbonate (20 nm diameter, Sigma-Aldrich) and colloidal silica (20 nm diameter, Nexsil 20K, Nyacol) are incorporated. During thermal treatment of the material they create a glassy interphase which binds the platelets together. Carbopol and Darvan are added to improve dispersion and rheological properties of the slurry. In the table 2.1, a detailed composition is presented. For Carbopol, percentage of water mass is given because it serves as a rheology modifier. Value for Darvan is in respect to total powder content. Nexsil 20K and Calcium Carbonate during the sintering form 1,5 vol.% of glassy phase in the final material.

A special care during elaboration is required as, apart from the composition, the microstructure plays an important role in resulting properties. Obtaining satisfactory level of alignment of the platelets is crucial because it allows to obtain material with superior mechanical properties. Freeze casting has been proven to be able to align alumina platelets and create lamellar porosity (see the "Literature review" chapter). However, if one desires to prepare dense material, after pressing and consolidation by field assisted sintering techniques (FAST), the direction of porosity is critical: crystals are vertically aligned but domains of lamellar orientation can be present due to ocurrence of nucleation at different locations [START_REF] Sylvain Deville | Metastable and unstable cellular solidification of colloidal suspensions[END_REF]. Freezing under flow allows to induce long-range order. In this case, the slurry is not frozen in cylindrical molds but it enables a slurry to leak out. Just outside there is a recipient for the slurry which is pumped back by peristaltic pump. Flow is controlled by the tap. This way flow continues until a layer of thickness of a few milimeters is frozen. In that moment the slope is removed, the gate closed and the closed silicon mold filled with the remainig slurry. Ice cristals continue to grow until all slurry is completely frozen. The Fig. Ice crystals, after sublimation -pores, created during freezing under flow are very well aligned thanks to two gradients: fluid's velocity and temperature. The freezing rate is 1 °C/min [START_REF] Bouville | Supplementary information[END_REF]. The slurry flows faster at one border of the silicon mold and, as a consequence, temperature decreases slowlier there [START_REF] Bouville | Templated Grain Growth in Macroporous Materials[END_REF]. In the Fig. 2.3 is presented a schematic view of those phenomena.

The frozen material is then placed in freeze dryer at -83 °C and around 50 mbar for at least 48 hours to ensure a complete elimination of the ice. After freeze drying the prepared porous (80% average) bar is cut into smaller pieces that fit into sintering matrix (7 cylinders of 2 cm height and 2 cm in diameter). After sintering by FAST at 1600 °C with heating and cooling rate set at 100°C/min. (HP D25 from FCT, equipment of MATEIS laboratory) we obtain dense materials with highly aligned microstructure.

MATERIALS PREPARATION

Apart from standard samples, modified formulations were also prepared to investigate the possibility of improving mechanical properties through the modification of the interphase. Details are given in the chapter "Modification of the interphase between platelets".

Composites prepared by pressing

Freeze casting is a technique to fabricate materials with aligned microstructure. However it has some significant limitations; it is time consuming and difficult to scale-up. Uniaxial pressing was proposed as a simple alternative to align alumina platelets in a dense, bulk sample. It is simple and well-known in industry. It was expected that manufacturing layered composites by pressing should be easier and faster.

First trials were conducted to check the validity of this hypothesis. A slurry with reference composition (Table 2.1) was prepared and frozen in liquid nitrogen. It was placed in freeze dryer for 48 hours. 0.7 g of obtained powder were placed directly in the graphite sintering matrix (20 mm diameter) and pressed at approximately 100 MPa for 20 seconds. It was repeated four times so that the entire sample consisted of 2.8 g of powder. This quantity was necessary to obtain a sample of the similar thickness as those prepared by freezing under flow which is approximately 2 mm. Samples were sintered by FAST at 1600 °C. Heating and cooling rate were set at 100 °C/min. No dwell time was applied.

MATERIALS PREPARATION

Metal/ceramic composites prepared by pressing

Simplifying material fabrication thanks to uniaxial pressing was chosen in order to introduce additional microstructural level through addition of metal foil between pressed layers (foils from GoodFellow).

Titanium was chosen because of its high melting point of 1660 °C; it permits to sinter both materials (alumina and titanium) in one step. Powder was prepared as in previous section. The only difference was that between each ceramic layer a titanium foil was placed. Final disc consisted of four ceramic layers separated by three titanium layers (Fig. 2.4). Sintering temperature was decreased to 1500°C, with heating and cooling rates remaining at 100°C/min. A prepared pellet was cut into pieces and polished (see 2.1.4) to verify the platelets alignment by SEM. Results of tests performed on both types of composites (ceramic only and ceramic/titanium) are described in chapters: "Simplifying material fabrication" and "Alumina/titanium composites".

Sample processing before characterization

As the size of samples is limited due to a preparation protocol by freeze-casting (discs of 20 mm in diameter and 2-3 mm high), size of bars for mechanical testing in bending was adapted (see section 2.2.2). Selected length (l) is equal to 14 mm, height and width (h and b respectively) are approximately 2 mm.

Cutting and polishing

A high quality of specimen's surface, obtained thanks to proper polishing, plays a crucial role in obtaining reliable results for both microstructural and mechanical characterisation. For anisotropic materials like those with high platelets alignment,

MATERIALS PREPARATION

determining a suitable protocol is not straightforward. For multimaterials like alumina/titanium layered composites it gets even more complicated. Ceramic grains might be pulled out and cause damages to the Ti foil. After dedicating time and patience to this problem, an optimal polishing protocol was established. Cutting sintered material by wire saw enables to begin polishing directly by disc with fine grain size of 30 µm (polishing materials supplied from Presi). It not only saves time but most of all prevents from damaging surface. A detailed polishing protocol is presented in the -33 -
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Characterization techniques 2.2.1 Morphological characterization

Optical microscopy

An optical microscope (Zeiss Axiophot with camera AxioCam MRc) was used to measure the size of the notch. It helped to more accurately determine the crack propagation and length and improved the precision of the calculation of mechanical properties. It was also used for general observations (surface quality, presence of visible defects) before techniques with better spatial resolution were used.

Confocal microscopy

A confocal microscope (Leica TCS SP8 in LSFC laboratory in Cavaillon) was used to image the crack path. Multiple pictures of one sample were taken, each at a different depth of view. Afterwards using programmes LAS AF (Leica Microsystems) and Fiji (based on ImageJ, developed at National Institutes of Health, Bethesda, Maryland, USA) all pictures were combined into one with an extended depth of view. The crack can clearly be observed. A good contrast between the ceramic and the metal is obtained, because of different reflection properties. 

Scanning Electron Microscopy (SEM)

SEM was used for microstructural characterisation. A Supra 55 (Zeiss) allows observations at low acceleration voltage (between 1 and 2 kV), on uncoated samples, which otherwise would not be possible as alumina charges rapidly. Several detectors -34 -
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were used. Secondary electrons InLens detector was used to observe intermetallics created on the Ti/Al 2 O 3 interphase. For more detailed observations of the titanium layer (intermetallics, cracks, grains), a Backscattered Electrons detector (BSE) was used.

Electron Backscattered Diffraction (EBSD)

The development of alumina/titanium composites raised some complex questions concerning crystallography of metallic phases. One of studied aspects was to determine influence of sintering parameters (heating and cooling speed for example) on the diffusion of titanium into ceramic matrix. Changing of cooling speed might have affected the crystallography of titanium layer. To study titanium crystallography, EBSD (integrated with SEM) was used. The same technique was used to observe and characterize the alumina platelets alignment. AZtec program (Oxford Instruments) was used for result analysis.

Energy Dispersive X-ray Spectroscopy (EDX)

In some metal/ceramic samples it was necessary to perform local chemical analysis to determine their composition. EDX provides information on chemical elements present in the studied area. Electron beam induces X-ray emission from the material. Each element is characterised by a unique set of peaks in the electromagnetic emission spectrum. The same software as for EBSD was used.

X-ray Microtomography

X-ray microtomography is a non-destructive imaging technique which allows to create 3D reconstruction of a sample. In the laboratory we have two microtomographs with the possibility of installing equipment for in-situ tests. The first one is a v|tome|x s from GE Sensing & Inspection Technologies Phoenix X|ray. Its detector, Varian Paxscan, has an active surface of 250 × 200 mm and matrix of 1920 × 1536 pixels (pixel size equal to 127 µm). A second one, EasyTom Nano from RX Solutions, can perform scans with a higher resolution than the first one. It operates with two types of filaments: tungsten and LaB6. It has two sorts of detectors, a very high resolution camera CCD and a plane sensor (2400 × 2400 pixels of 50 µm) for high resolution acquisitions at high energy (up to 160 kV). We used both devices to characterize the materials. The second microtomograph was specially useful during preparations for experiments in synchrotron facility (ID16 beam line) to verify the quality of the chosen samples and decide which zones should be scanned. Fig. 2.9 on the left shows one of those reconstructions.

Synchrotron

Experiments at the European Synchrotron Radiation Facility in Grenoble were conducted on titanium/alumina samples. ESRF is a world-class research center, where thanks to high brightness X-rays, we were able to obtain high-quality scans of the materials microstructure. The major goal of those observations was to image the distribution of the metal phase in the ceramic matrix to better understand the mechanisms of titanium diffusion into the ceramic matrix. Scans in phase contrast were conducted in ID16 beam line with help of Julie Villanova. Samples were cut by wire saw into bars of 2 mm height and 500 µm width and thickness. The chosen resolution was 50 nm. Each scan took around 3 hours. Images were reconstructed by Victor Vanpeene (MATEIS). Image analysis was performed using Fiji. The most important step was to clearly separate all present phases using filters: 3D Gaussian Blur and 3D Median. Throughout entire process brightness and contrast were repetitively adjusted. To differentiate all phases Image Calculator tool was used, it permits to separate image of ceramic matrix from metal grains for example. The analysis allowed to obtain 3D reconstruction of titanium infiltrated into pores between alumina platelets (fig. 2.9 on the right). Those reconstructions help to better understand the process of titanium diffusion during sintering.

CHARACTERIZATION TECHNIQUES

Mechanical testing

As one of the major goals of this project was to obtain materials with high mechanical performance, choosing the right measurement method was crucial. Single edge notch bending test was selected to characterize crack propagation resistance (toughness). It does not require a large number of samples to get reliable results. Notch is the most significant defect of the same size for all the samples so results are less scattered. In the part focused on interphase modification, four point bending was used as a tool to compare diverse compositions. In the further steps three point bending was chosen, mainly for comparison purposes with data from the literature.

Commonly used bars for SENB tests on ceramic materials are 40 mm long. Due to limitations of the fabrication process (freeze casting, FAST) the length of samples is only 14 mm. Modified testing set ups had to be designed and fabricated.

CHARACTERIZATION TECHNIQUES

Four-and three-point bending

An original set up was designed using Solid Edge ST3 (Siemens PLM Software). It is a program for CAD solid modelling in 3D which allow executing technical sketches for manufacturing as well.

The specimen size plays an important role in mechanical testing of ceramic materials. It is not advised to reduce the dimensions of a setup too much (see the "Literature review" chapter and publication by Lube et al. [START_REF] Lube | The Miniaturisation of the 4-Point-Bend Test[END_REF]). As sample length is 14 mm, we decided that the maximum distance between outer rollers should be 12 mm and 3 mm between the inner ones. Otherwise it could be too difficult to position samples properly. Initially rollers had 1 mm diameter but based on test results it was increased to 2 mm in order to limit its indentation into samples surface (see below eq. 2.9). Given that it is intended to perform bending in elevated temperatures as well, bottom rollers can be changed in case of creep deformation and entire montage is made of alumina. Manufacturing was delegated to Sceram Ceramics (Champagne au Mont d'Or, France). A semi-cylinder on the top of the four point bending upper part allows the testing of samples with non-perfectly parallel upper and lower surfaces. It was glued after manufacturing so it is not presented in the design. The bottom part of the testing set up is versatile so the set up can be easily adapted to perform 3PB. A specific upper parts for both tests (3PB and 4PB) were machined. Fig. 2.12 shows an assembled set up, and how the sample should be placed. Four-and three-point bending was performed with 5 kN load cell and controlled with a 0.5 mm LVDT at a speed of 5 µm/min. Based on those measurements we calculated (according to an ASTM norm E1820-08 2008) J -non-linear strain-energy -37 - 
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J = J el + J pl (2.1)
where based on linear-elastic mechanics J el is defined as:

J el = K 2 I E (2.2)
where K I is the stress-intensity factor I, E'=E/(1 -ν 2 ) in plane stress, E is Young's modulus and ν is a Poisson's ratio. For notched samples K I is calculated based on applied load P:

K I = P S BW 3/2 f (a/W ) (2.3)
where f is a non-dimensional function of the crack length a:

f (a/W ) = 3(a/W ) 1/2 [1.99 -(a/W )(1 -a/W )(2.15 -3.93(a/W ) + 2.7(a/W ) 2 )] 2(1 + 2a/W )(1 -a/W ) 3/2
(2.4) Plastic component J pl for a crack in bending is calculated as follows:

J pl = 1.9A pl Bb (2.5)
where A pl is a plastic area under force/displacement curve, b is a uncracked ligament length (W-a). It can not be ignored that as crack advances, ligament b decreases. An incremental version of Eq. (2.5) should be applied:

J pl(i) = J pl(i-1) + 1.9 b (i-1) A pl(i) -A pl(i-1) B 1 - a (i) -a (i-1) b (i-1) (2.6) 
Calculations are limited for crack length equal to 0.25 of height of the ligament of the specimen (around 0.5 mm).

When samples are relatively small some phenomena, often are not taken into consideration, become crucial for obtaining reliable results. In this case we corrected values of displacement by taking into account shear modulus and contact between rollers and surface of samples.

∆l s = P (L -L ) 4GBH (2.7)
where ∆l s is a displacement due to shear stress G, P is a force applied, L is distance between outer roller and L' between inner rollers, B is sample width and H sample height. For three-point bending analogical equations is used without subtraction of L'. G was calculated as follows:

G = E sp 2(1 + ν sp ) (2.8)
where E sp is sample's Young's modulus and ν sp its Poisson's ratio (0.25). Displacement due to contact between rollers and specimen's surface, ∆l c was calculated as well:

∆l c = 4 P 2BπE r (2.9)
where E r is reduced modulus:

E r = 1 1 -ν 2 al E al + 1 -ν 2 sp E sp (2.10)
where E al is Young's modulus of alumina and ν al its Poisson's ratio. Both values were added to displacement measured by LVDT.

In situ three-point bending

In case of nacre-like alumina, extrinsic toughening mechanisms are present during crack. Performing bending in situ in SEM allows to observe with high precision the crack propagation in the material and identify those mechanisms. Experiments were conducted with the help of Sophie Cazottes and Thierry Douillard (MATEIS).
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Fig. 2.13 shows a montage from Deben (Suffolk IP30 9QS, UK) adjusted for this type of experiments. Its size does not correspond to that of the ex situ set-up; velocity of bending is higher so this experiment serves for exploring crack path and not for the exact calculations of mechanical properties. The first tests were performed with 0,1 mm/min speed but it was significantly higher than the value used in ex situ testing. For further experiments we applied a minimal speed: 0,033 mm/min. Bending was stopped each time when crack visibly progressed to enable detailed observations and to take pictures. Results of experiments in situ are presented in the chapter "Alumina/titanium composites".

-40 -

Chapter 3

Simplification of material fabrication

Freeze-casting is a method which allows to fabricate materials with high alumina platelets alignment. Unfortunately, it is limited for now to laboratory scale and not yet proper for the production of large quantities of material. Up to now, the largest samples prepared by this method are 20 mm in diameter. Freezing under flow of large quantities of slurry and maintaining platelets alignment does not seem feasible because increasing thickness of slurry limits control of the cooling rate. It is an obstacle for industrialization of the process. In order to transfer production to industry other method should be employed. It needs to be rather simple and, most importantly, possible to up-scale.

Furthermore, in order to compare results with other studies it is convenient to perform mechanical testing according to ASTM standards which recommand rollers outer span of 40 mm [START_REF] Astm C | Standard Test Methods for Determination of Fracture Toughness of Advanced Ceramics at Ambient Temperature[END_REF]. Smaller dimensions are possible but they should not be lower than 16 mm outer span.

In this chapter we investigate if uniaxial pressing of alumina platelets (with additives from standard formula) is a reasonable and efficient alternative to freezecasting. To verify that this technique can be used to manufacture architectured material at larger scale, microstructural and mechanical testing is required. EBSD analysis (with T. Douillard and N. Vache, MATEIS laboratory) helped determine level of alumina platelets alignment and three points bending of notched samples allowed to compare mechanical properties with samples prepared by freeze-casting.

First step of the study was to characterize reference material: samples prepared by freeze-casting. Results of the mechanical testing (fig. 3.1) revealed significant differences between properties of materials prepared by the same processing protocol (all parameters were identical) by two different operators. It is one of the drawbacks of the freezing under flow: although one person is capable of preparing samples with very consistent mechanical behaviour, there is variance between materials prepared by different people. It might be caused by some small differences in manipulation, like changing position of cooling plate (from tilted to allow flow of the slurry to horizontal) at slightly different moment.

Later, uniaxial pressing process was introduced on the small scale and its results compared with reference. Powder used for fabrication of samples by pressing technique had the same composition as for freezing under flow. First, it was ball-milled and then frozen in liquid nitrogen and freeze-dried. The last part was focused on up-scaling new fabrication protocol.

FREEZE-CASTING

Freeze-casting

Freeze-casting is a starting point for fabrication of materials with aligned microstructure. It should be replaced by significantly simpler process. Details of "freezing under flow" are described in "Materials and methods" chapter. Sintering cycle is shown in fig. 3.2.

Heating and cooling rates are set to 100°/min. There is no holding time at 1500°. Pressure of 75 MPa is applied at the beginning and removed immediately after cooling.

As a result, a material composed of well-aligned alumina platelets is obtained, as illustrated in fig. 3.3. On the right side of the figure, colour codes for texture mapping are presented. Intense red/fuchsia colours correspond to platelets orientation close to 001 plane. Those colours were visibly dominant in the picture. EBSD analysis shown that platelets orientation is consistent and it allowed to calculate platelets size distribution.

Table 3.1 lists platelets area and its percentage. 24.48% of platelets has area inferior to 1 µm 2 . 5.84 % of grains have surface superior to 10 µm 2 . It means that some grain growth during sintering occurred (average initial size of a platelet: 0.5 µm thickness and 5-7 µm diameter). This data will serve as a reference for assessment of influence of material fabrication on microstructure parameters.

For mechanical properties evaluation three points bending (3PB) of notched samples was done. Force-Deflection curves show raw results (fig. 3.4). Orange arrows It is worth noting that just after crack initiation value of force drops slightly only to grow next. This phenomena is representative of crack propagation resistance, known as R-curve behaviour. Although individual values differ between samples, shapes of plots are similar. Fig. 3.5 shows strain/stress curves of tested samples. Stress-strain values were calculated on the basis of sample height with subtracted notch depth and assuming a purely elastic behaviour. Two of them (A and B) are comparable while the third Plots confirm the crack propagation resistance for those samples. Some variations in materials properties are present.

FREEZE-CASTING

Uniaxial pressing

Uniaxial pressing was proposed as an alternative to freeze-casting. It is simple and straightforward method, frequently used for pieces of large dimensions in industry. Pellets can also be pressed directly in the sintering die, without a risk of damage during demolding.

To begin, samples of 20 mm diameter (same as in freeze-casting) were prepared by pressing in hydraulic press four layers of 0.7 g of powder of the same composition as for freezing under flow, each with pressure of about 150 MPa, maintained during around 20 sec at room temperature. Sintering cycle was the same as previously (fig.

3.2).

First step of sample characterization was SEM and EBSD analysis to check alumina platelets alignment. Fig. 3.7 shows the results indicating very similar platelets orientation as in case of sample prepared by freezing under flow. Alignment of alumina platelets.

In table 3.2 the grain size distribution is listed. For this sample 40.25 % of grains have area inferior to 1 µm 2 in comparison to 24.48 from the sample prepared by freeze casting. Only 0.51 % of grains has surface higher than 10 µm 2 , and there are non over 50 µm 2 . It is visible that in sample prepared by uniaxial pressing platelets are smaller although it is not clear why. For all three samples crack starts to propagate at stress between 175 and 200 MPa and strain between 0.0015 and 0.002.

UNIAXIAL PRESSING

Values of fracture toughness as a function of crack extension are presented in fig. 3 In comparison with samples prepared by freeze-casting, those fabricated by uniaxial pressing reveal good mechanical properties. Crack begins to propagate at values of stress 50 MPa higher than in case of the previous material. Strain at fracture initiation is between 2 and 4 times higher. Samples survive longer crack extensions with ∆Kj (for crack extension of 0.5 mm) is between 3 and 5 MPa • m 1/2 , while for frozen samples it is only 2 MPa • m 1/2 . Those properties are inferior to those of material prepared by Florian Bouville using freezing under flow but significantly better than those prepared by freezing in this work. As uniaxial pressing is a straightforward method of fabrication hopefully there would be less inconsistencies in material properties of samples prepared by different operators.

UNIAXIAL PRESSING

To sum up, uniaxial pressing proves to be useful for preparation of aligned alumina with satisfactory mechanical properties.
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UP-SCALE

Up-scale

One important purpose of studying the effect of changing of material processing from freeze-casting to uniaxial pressing was to determine if this method could allow up-scale production. It was confirmed that pressing is a suitable alternative to freezing which permits to obtain architectured material. Consequently the next step was an attempt to fabricate significantly larger sample. The goal was to prepare disc of 50 mm diameter. It is a considerable in size which could determine if larger samples could achieve the same mechanical properties. This disc diameter allows cutting bars suitable for three point bending with rollers' outer span of 35 mm, as recommended by ASTM standards [START_REF] Astm C | Standard Test Methods for Determination of Fracture Toughness of Advanced Ceramics at Ambient Temperature[END_REF] [START_REF]Standard Test Method for Measurement of Fracture Toughness[END_REF].

Approximately 90 g of powder (alumina nanoplatelets, alumina nanopowder and glassy phase precursors) is needed to prepare a sintered pellet of 50 mm diameter and around 10 mm height. Powder was placed inside a sintering die in 20 portions, each of 4.5 g (0.5 mm height after sintering). Each layer was subjected to pressure of 25 MPa. It was lower than in case of smaller samples because at higher pressure values graphite sintering die was cracking and some pieces of it were contaminating powder. When whole powder was pressed, the sintering die was placed in FAST device. During the first trial the previous thermal treatment protocol was applied. Unfortunately, during the initial increase of pressure, before the temperature rise (fig. 3.2), the sintering die exploded. In fig. 3.11 moment of the explosion on the thermal treatment scheme is marked by red "X". Internal pressure induced by organic phase burn out must have been to high. When only 2.8 g of powder was sintered (20 mm of diameter and 2 mm height) pressure from binder burn out was low enough not to give negative effects on the thermal treatment cycle. Dashed line indicates the temperature which was intended for sintering. Previously less that 3 g of powder was sintered at a time so burn out of organic components did not affect

UP-SCALE

sintering considerably. In comparison with 90 g sample, burn out of organics became most likely too violent and combined with application of external force resulted in cracking of the matrix. To avoid this issue for the next trials, modification of sintering cycle was crucial. It was decided to change two aspects. Firstly, holding time of about 3.5 hours at 490°C was applied in order to let organics burn out completely. Secondly, pressure was not applied as usually at the beginning of the sintering, but at the end of the stage of bonder burning to allow gas release. Afterwards pressure was introduced and then temperature increased during 1 hour up to 1600°C (heating rate of 20°C/min). Unfortunately cooling rate was extremely high (around 600°C/min) and sample was very cracked although it held in one piece.

Later, cooling rate was set to 10°C/min to avoid cracking. Final sintering protocol is shown in fig. 3.12.

It allowed the fabrication of a pellet of 50 mm diameter and 8.5 mm height (fig. 3.13). Sample was superficially damaged but it held in one piece due to lack of deep cracks.

To verify alumina platelets alignment in up-scaled material processed by uniaxial pressing EBSD analysis of first sample (heating 20°C/min, cooling 600°C/min) was performed. In the fig. 3.14 results are presented in comparison with sample processed by freeze casting. Platelets alignment is satisfactory. It is also visible that grain size has significantly increased in comparison to previous samples. Size distribution was not calculated as there is not enough grains in the analysed area. Decrease of heating speed from 100°C/min to 20°C/min increased time of thermal treatment, resulting thus in grain growth.

Samples sintered according to final protocol were cooled slower (10°/min) so it is possible that grain growth was even more pronounced. It is highly probable that con- siderable increase in grain size will have negative effects on mechanical properties of the material. It is crucial to find a way to modify thermal treatment to limit grain growth. It is probable that as slurry stability is less important in case when there is no freezing under flow required, some organic components could be excluded from the composition or at least theirs quantities limited. That could shorten burn out step. On the other hand presence of polymers might induce platelets sliding which allows their alignment. It should be also possible to perform some powder pre-treatment to eliminate organics before sintering. However, it is most important to limit time when sample's temperature is over 1400°C. Maybe slightly faster heating and cooling would not result in material cracking. There is no doubt that uniaxial pressing simplifies fabrication of materials with aligned alumina platelets and that there is still room for improvement. Unquestionably, replacement of freeze-casting by uniaxial pressing and adapting sintering cycle to greater quantities of a powder is a step towards industrializing of architectured alumina. There are some aspects that should be improved before moving towards mass production. Grain growth problem should definitely be solved. Eliminating of freezing under flow step permits to change some components of the slurry, like reducing organics content. After optimising of fabrication mechanical testing must be performed to determine whether mechanical properties of the material are close to material prepared at the laboratory scale.

UP-SCALE

UP-SCALE

Chapter 4

Modification of the interphase between platelets

Nacre-like alumina, elaborated by Florian Bouville during his thesis, turned out to be a superior material. Its excellent mechanical properties proved that if we manage to mimic natural microstructures, we can obtain materials with mechanical performance that surpasses what we could have expected from the rule of mixtures. It leads to a conclusion that good arrangement of components of composite is also crucial. Satisfactory alumina platelets alignment leads to improvement of mechanical properties. It gives us the opportunity to work on novel materials combining properties which were believed to be mutually exclusive.

To reveal the potential of bioinspired materials various modifications were introduced into primary formulation. In this chapter, we focus on modifications of the interphase between platelets. Firstly, alumina nanopowder was replaced by zirconia nanopowder to check if it would allow to improve the interphase properties. Zirconia is frequently added to alumina to improve its mechanical performances. The fracture resistance of alumina can be improved thanks to residual stresses arising from difference in thermal expansion coefficients of those materials. Using graphene oxide as a mortar for 'bricks' of alumina was another option explored to improve first hierarchical level.

This chapter summarises the outcome of mentioned experiments and compares them to each other. Four point bending was used to measure the mechanical properties of the diverse composites. Crack propagation helps assess if a particular interphase composition improves the properties of a material. Fig. 4.1 illustrates this dependency.

The figure above shows stress-strain curves of three composites made of alumina nanoplatelets, with different interphases: nanoparticles of alumina, glassy phase and nanoparticles with glassy phase. Material containing nanoparticles has increased value of strain but material with glassy phase has significantly higher stress at failure. There is also a visible difference in materials' failure: nanoparticles allow cracks to propagate in a more stable way before complete failure while material with glassy phase is rapidly broken in a brittle mode The third curve illustrates that mixture of two elements of the interphase provides the optimal mechanical response. 

INCORPORATION OF ZIRCONIA

Incorporation of zirconia

Alumina is commonly used in industrial applications due to its satisfying mechanical behaviour. On the other hand increasing its fracture toughness is a desired modification. One way to improve the mechanical response of alumina is to add stabilised zirconia and thus develop a transformation-toughened ceramic [START_REF] Fegley | Preparation of Zirconia-Alumina Powders by Zirconium Alkoxide Hydrolysis[END_REF] [START_REF] Claussen | Design of transformation-toughened ceramics[END_REF]. As it is commonly stated in the literature improvement of fracture resistance can also be obtained by introducing residual stresses [START_REF] Claussen | Fracture toughness of Al203 with an unstabilized ZrO2 dispersed phase[END_REF] [START_REF] Ruhle | Transformation and Microcrack Toughening as Complementary Processes in ZrO2-Toughened Al2O3[END_REF].

These residual stresses are the result of a difference between values of coefficient of thermal expansion of both materials: 10.5 ×10 -6 K -1 for ZrO 2 and 7.2

×10 -6 K -1 for Al 2 O 3 .
The difference is probably even higher in the case of alumina platelets which are highly anisotropic. As illustrated in fig. 4.2, thermal expansion occurs mainly along the thickness direction and value of difference in size for length and width is significantly lower. The most desired microstructure of such composite is small (nanoscale) grain size of zirconia and narrow particle size distribution of both components [20] [83].

Several techniques to incorporate ZrO 2 into Al 2 O 3 matrix are known: mechanical mixing of powders [START_REF] Claussen | Design of transformation-toughened ceramics[END_REF], attrition milling of zirconia grinding media [START_REF] Claussen | Design of transformation-toughened ceramics[END_REF] or various sol-gel syntheses [START_REF] Fegley | Preparation of Zirconia-Alumina Powders by Zirconium Alkoxide Hydrolysis[END_REF] [START_REF] Schehl | Alumina nanocomposites from powderalkoxide mixtures[END_REF].

In this study we considered two approaches to develop alumina/zirconia composites with architectured microstructure and investigated their properties in com--54 - parison to the reference nacre-like alumina. In both cases, ZrO 2 replaces Al 2 O 3 nanopowder which creates bridges between platelets and surface roughness. In the first approach, TM-DAR was simply exchanged by the same amount of fine stabilised zirconia powder to benefit from both: transformation toughening and residual stresses. The second approach consisted of sol-gel processing of alumina platelets and, as a result, the deposition of zirconia at their surface.

Zirconia nanopowder

To prepare Al 2 O 3 / ZrO 2 composite, TM-DAR from the standard formula (see chapter "Materials and methods") was replaced by the same weight of TZ-3Y-E fine powder (TOSOH) in the slurry (composition no. WS_56). As the density of zirconia and alumina are different, we ended up with different vol. % (2.1 vol. % instead of 3 vol. %). In the table no. 4.1 all constituents are listed. Later the mixture was frozen under flow with a cooling rate of 1°C /minute in the range 0 to -60°C. Its rheology was not studied; it was only required that it flows
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through tubes of the freezing setup and at the surface of the freezing plate. Afterwards a sample was placed in a freeze dryer for about 48h. The obtained material had lamellar porosity. It has been cut into cylinders of 20 mm diameter and 20 mm height. It was sintered by FAST (heating rate: 100°/minute, max. temperature: 1600°and pressure: 75 MPa). The addition of zirconia did not affect negatively sintering: the obtained material had 96.1% density (in comparison to 95.3% of reference formula).

Samples were cut into small bars and notched (see chapter "Materials and Methods). Four-point bending was chosen to the evaluation of material properties and comparing them with others. As samples had notches it was decided that two samples were enough for the purpose of initial screening which was conducted in order to choose the most promising formulations which would be tested further. The results are presented in figures 4.3, 4.4 and 4.5.

Unnotched samples should be used to calculate stress-strain curves. As notched samples were used here, we present force-deflection curves as well. For stress-strain curves calculations from sample height, the notch depth was subtracted. 
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Conclusions

The modification of interphase between alumina platelets was performed in order to improve mechanical properties. Results of mechanical testing were thus compared to our reference material: nacre-like alumina prepared by freeze-casting and tested by four points bending as well. Fig. 4.7 shows stress-strain curves of compared materials.

Adding fine zirconia powder does not seem to improve material properties. Although values of stress are similar to that of the reference material, its strain at failure is significantly lower. It seems that proposed composition is not as efficient as expected. It is possible that the vol. % of nanoparticles should be increased.

On the other hand, adding ZrO 2 might give better results if processing route is changed. Depositing fine zirconia particles by sol-gel processing can result in different microstructure and improve mechanical properties of the material.

Alkoxide

As it was already mentioned, there are several techniques to incorporate ZrO 2 into Al 2 O 3 matrix: mechanical mixing of powders [START_REF] Claussen | Design of transformation-toughened ceramics[END_REF], attrition milling of zirconia grinding media [START_REF] Claussen | Design of transformation-toughened ceramics[END_REF] or various sol-gel syntheses [START_REF] Fegley | Preparation of Zirconia-Alumina Powders by Zirconium Alkoxide Hydrolysis[END_REF] [START_REF] Schehl | Alumina nanocomposites from powderalkoxide mixtures[END_REF].

Hydrolisis of zirconium alkoxide on alumina particles meets requirements in terms -58 - Schehl et al. described a few procedures to prepare of alumina based composites by alkoxide processing; one of them leads directly to alumina/zirconia material with controlled zirconia percentage [START_REF] Schehl | Alumina nanocomposites from powderalkoxide mixtures[END_REF]. The composite obtained after sintering contained 5% of ZrO 2 , fig. 4.9 shows that fine zirconia particles are well distributed at alumina grain boundaries.
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The mean grain size of alumina shown above is 1.63 µm, and zirconia 200 nm. Zirconia is located in 50% of triple points [START_REF] Schehl | Alumina nanocomposites from powderalkoxide mixtures[END_REF]. The density of this material is 98.99%, Young's modulus 381 GPa, bending strength 343 MPa and fracture toughness 7.5 MPa • m 1/2 (in comparison with alumina without additives: Young's modulus 400 GPa, bending strength 326 MPa and fracture toughness 4.5 MPa • m 1/2 ). Mechanical properties were measured by four point bending technique, fracture tougness -59 -Figure 4.9: SEM image of alumina/zirconia composite fabricated thanks to alkoxide processing [START_REF] Schehl | Alumina nanocomposites from powderalkoxide mixtures[END_REF] was measured on single edge notched samples (a/w=0.4) [START_REF] Schehl | Alumina nanocomposites from powderalkoxide mixtures[END_REF].

Improvement of some mechanical characteristics might be explained by alkoxide processing. Materials prepared by alkoxide technique show good mechanical properties and it seems that sol-gel processing could help to improve mechanical performance of nacre-like alumina and other alumina platelets based composites.

The processing protocol described by Schehl et al. was followed in this study -60 - [START_REF] Schehl | Alumina nanocomposites from powderalkoxide mixtures[END_REF].
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To obtain an amount of powder necessary for freezing under flow, 55g of White Sapphire were mixed into 500ml of ethanol absolute 99.9% (any trace of water is undesired during this processing). The slurry was stirred with a magnetic stirrer at room temperature. 6.46g of Zirconium IV-propoxide, 70% solution in 1-propanol (Sigma-Aldrich) was placed in measuring cylinder. Its volume was around 6 ml. 3 ml of ethanol absolute were added; the solution was stirred for a couple of minutes. Alkoxide solution was being added drop-wise to stirred slurry during approximately 15 minutes. Quantities of those components were chosen to obtain 2 vol. % of zirconia in solid phase. In order to evaporate ethanol the mixture was left on the stirrer at 40°overnight. In the morning it was removed from the hot plate and placed in a rotary evaporator. The powder was left in a furnace at 80°. After Like previous compositions, the slurry WS_57 was frozen under flow and freezedried for 48 hours. After sintering (heating rate: 100°/minute, max. temperature: 1600°and pressure: 75 MPa), the material density (93.9%) was slightly lower in comparison with reference formula and the one with fine zirconia powder instead of TM-DAR. A protocol of preparation of samples for mechanical testing was exactly the same. Results of 4PB are presented in figures 4.11,4.12 and4.13.

Value of stress (almost 170 MPa) are higher than in case of using fine zirconia powder (close to 160 MPa). However, values of strain are very different for two samples. One sample failed at value only slightly surpassing 0,0005 while the other reached value almost five times higher.

While both have value of fracture toughness only slightly over 5 MPa • m 1/2 at the onset of crack propagation, the first one breaks at crack extension of 0.38 mm and fracture toughness of 6.86 MPa • m 1/2 ; the second one reaches value of 8.29 MPa • m 1/2 at crack extension of 0.4 mm without breaking. Fig. 4.14 illustrates crack propagation in the material with platelets processed by alkoxide reaction.

As in case of previously tested material crack beginning is located at notch tip (indicated by a white arrow) and parting directly to the side (images A and B). In the image C crack branching is visible. In the image D the are pulled out platelets. Assessing material elaborated by sol-sel chemistry is more difficult. Stress is comparable with reference but strain does not provide clear information if it is favourable modification: one sample is significantly better that the other. Homogeneity of deposit should be assessed by TEM to determine if processing should be improved. It is possible that thanks to some adjustments in the processing, the results could be -62 - this work we also took into account optimisation of material preparation and its potential to be upscaled. Conducting alkoxide reaction is quite complicated and time consuming. Seeing that potential improvement of mechanical properties is not that significant regarding level of complexity needed to obtain it, it was decided that a more efficient solution should be found.
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GRAPHENE

Graphene

Adding various forms of zirconia into alumina composite was not the only way to modify the interphase between alumina platelets. Another approach was to add graphene to the material.

Since its discovery in 2004 by A.K. Geim (althought its existence has been theoretically predicted in 1947 by P. R. Wallace [START_REF] Wallace | The band theory of graphite[END_REF]) graphene has attracted a lot of attention [START_REF] Choi | Graphene: Synthesis and Applications[END_REF]. Graphene exhibits exceptional electrical [START_REF] Geim | The rise of graphene[END_REF], mechanical [START_REF] Lee | Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene[END_REF] and thermal properties [START_REF] Alexander A Balandin | Superior Thermal Conductivity of Single-Layer Graphene[END_REF]. It seems like a good candidate to improve properties of materials applied in lithium ion batteries [START_REF] Pumera | Electrochemistry of graphene: new horizons for sensing and energy storage[END_REF], bio-sensors [START_REF] Mohanty | Graphene-Based Single-Bacterium Resolution Biodevice and DNA Transistor: Interfacing Graphene Derivatives with Nanoscale and Microscale Biocomponents[END_REF], transparent conductors [START_REF] Wu | Organic Light-Emitting Diodes on Solution-Processed Graphene Transparent Electrodes[END_REF] or supercapacitors [START_REF] Stoller | Graphene-Based Ultracapacitors[END_REF].

Graphene exists in several forms: nanosheets (GNs), carbon nanofibers (CNFs), single-walled carbon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs) or graphene platelets (GPLs) [START_REF] Rincón | Al2O3-3YTZP-Graphene multilayers produced by tape casting and spark plasma sintering[END_REF]. Adding GPLs seems to be particularly interesting in case of this study as it could form desired flat interphase between the alumina platelets. As one of the steps of freeze casting processing is slurry preparation, it would be advantageous to choose a form of graphene that could be easily dispersed in water.
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Graphene oxide has functional groups on its surface so obtaining stable suspension seems feasible. Its polar character provokes electrostatic repulsion so it is easily dispersed in polar solvents like water [START_REF] Rincón | Tape casting of alumina/zirconia suspensions containing graphene oxide[END_REF] [START_REF] Centeno | Graphene for tough and electroconductive alumina ceramics[END_REF].

A. Centeno et al. obtained graphene/alumina composites using GO as a graphene precursor and sintering their powders by FAST [START_REF] Centeno | Graphene for tough and electroconductive alumina ceramics[END_REF]. They have confirmed by Raman spectroscopy that thermal reduction of GO has occurred.

H. Porwal et al. [START_REF] Porwal | Graphene reinforced alumina nano-composites[END_REF] studied the effect of graphene content in alumina matrix on material fracture toughness. They used powder processing route and spark plasma sintering to obtain dense composites with various amounts of graphene. In Fig. 4.16 an optimal amount of graphene in terms of mechanical performance exists around 0.8 vol.%. Increasing concentration above 1 vol.% did not further increase K IC but significantly reduced it. According to the authors the addition of 0.8 vol.% of graphene improved K IC by around 40% when measured by Vickers indentation fracture test and by approximately 25% when measured by chevron notch method. The addition of graphene changes the mechanisms of crack propagation in alumina from inter-granular to trans-granular. Graphene anchored between the grains of alumina induces various toughening mechanisms (Fig. 4.17) like graphene pull out, crack bridging, crack deflection, and crack branching [START_REF] Porwal | Graphene reinforced alumina nano-composites[END_REF].

As there are publications which report positive effect of addition of graphene on mechanical properties of ceramics, there are also ones that claim no effect or even a -65 -
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.17: Toughening mechanisms in GPL alumina composite [START_REF] Liu | Mechanical properties of graphene platelet-reinforced alumina ceramic composites[END_REF] negative one.

A. Rincon et al. prepared three groups of samples to compare material properties and estimate the influence of graphene addition. Those groups were: pure alumina (A), alumina reinforced with zirconia (AZ), and alumina reinforced with zirconia and graphene (AZGO). In Fig. 4.18 it is shown that in comparison with pure α-alumina the addition of ZrO 2 and graphene reduces values of hardness and modulus [START_REF] Rincón | Al2O3-3YTZP-Graphene multilayers produced by tape casting and spark plasma sintering[END_REF]. % of graphene oxide [START_REF] Rincón | Al2O3-3YTZP-Graphene multilayers produced by tape casting and spark plasma sintering[END_REF] Even though it has not been clearly determined if the addition of graphene to ceramic leads to improvement of mechanical behaviour, we decided to study if the addition of graphene into the interphase of nacre-like alumina could promote extrinsic reinforcement mechanisms and as a consequence an increase its strength and toughness.
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Presently on the market there are numerous graphene products available. Making our own synthesis was not required as a first stage. Graphene Oxide is known for being a proper precursor of graphene if the material is sintered by FAST. This technique provides the reducing atmosphere necessary to obtain ceramic/graphene composite [START_REF] Porwal | In situ reduction of graphene oxide nanoplatelet during spark plasma sintering of a silica matrix composite[END_REF]. In order to avoid sophisticated dispersing process of the compound, ready-made suspension was used to prepare a slurry. Its concentration (4mg/mL) was appropriate for using it directly instead of distilled water. This way the quantity of GO in respect to alumina platelets was equal to 1.6%. It is an adequate proportion, similar to that of organic phase to aragonite in natural nacre [START_REF] Heinemann | Gastropod nacre: Structure, properties and growth -biological, chemical and physical basics[END_REF].

Substituting interphase composed of calcia and silica by graphene is not straightforward. It requires adapting quantities of of additives like dispersant or binder. From the broad spectrum of currently available binders, Isobam 104 was chosen as the most promising. It is not only water soluble but also improves strength of a green body making it easier to handle. Apart from functioning as a binder it is also a dispersing agent. In order to determine how much of Isobam 104 was needed to obtain a green body easy to handle, various formulations were considered. As typically low dosages are required we studied three values: 1%, 3% and 5% of the mass of alumina platelets. In table Prepared mixtures were sonicated at 30% amplitude during approximately 8 minutes. Afterwards they were poured into moulds placed on the copper freezing plate and frozen at 1°C/minute. Once completely frozen (at -65°) they were placed in the freeze-dryer for 48h. When samples were completely dry we assessed if their handling was satisfactory. All concentrations of the binder seem to work well and provide materials with adequate green strength. A binder concentration of 1% was chosen for further works, because it makes it easier to eliminate organics during sintering.

Slurry number GO_11 was prepared to preform first trial with alumina/graphene composite. Its composition is shown in the table below. For comparison with composition mentioned above a slurry of standard composition was prepared as well. Isobam 104 was replaced by Carbopol and Darvan; TM-DAR powder was also added. Unfortunately this slurry was extremely viscous and it was not possible to freeze it under flow. It is not sure why viscosity was so high. It might have been due to interactions between nanoparticles of alumina and liquid phase precursors and graphene oxide. It was frozen in the cylindrical moulds instead but those samples were not appropriate for comparison of mechanical properties because their porosity was oriented in another direction. During sintering by FAST it was observed that the maximal densification occurred at lower temperature than for material without addition of graphene (decrease of maximal temperature from 1600 to 1500°C). Samples made from slurry GO_11 were tested according to the same protocol as Al A proper estimation of the evolution of fracture toughness value was difficult, as the determination of the onset of crack propagation is not obvious. Yellow arrows in figs. [START_REF] Sylvain Deville | Habilitation a Diriger des Recherches[END_REF].19 and 4.20 mark the probable onset of crack propagation. Fracture toughness, even though increasing with crack propagation, is not satisfactory as stronger -68 - [START_REF]Standard Test Method for Measurement of Fracture Toughness[END_REF]). Values for crack extension surpassing 0.5 mm are not valid for ASTM norms. Fig. 4.22 illustrates crack propagation in the material with graphene in the interphase. There seems to be an extreme crack deflection here.
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As in case of previously tested material crack onset is located at notch tip (indicated by a white arrow) and moving directly to the side (images A and B). Image C illustrates a zone where crack sharply changed its direction from horizontal to vertical. In the picture D higher magnification of fracture zone is presented. There are some flaky structures visible. They could be stacks of graphene platelets but it is not -69 - In case of samples where graphene substituted glassy phase and nanoparticles of alumina it is clearly seen that mechanical properties are strongly reduced. Then again, because of rheological requirements, that slurry had do flow through the freezing setup, adding graphene to standard composition without eliminating some components was impossible. In case when mechanical properties are the most important, the addition of graphene does not seem to be useful. Maybe, if priority is developing electrically or thermally conductive ceramics (like self-monitoring materials [START_REF] Olivier | Using graphene networks to build bioinspired self-monitoring ceramics[END_REF]), some compromises in terms of material strength can be made. 
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Conclusions of the chapter

In this chapter we proposed three modifications of the material interphase to improve the mechanical behaviour of biomimetic alumina material. In the plots below (fig. 4.24), the comparison of properties of materials with tested formulations is presented, one selected sample for each formulation. -71 -
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While maximal stress values are close, strains reached by two samples are completely different: one did not reach value 0.001 and the second was close to 0.002. It seems clear that more tests should be performed to optimize this processing.

Samples with fine zirconia powder instead of TM-DAR (nano alumina) reached values of stress slightly lower than reference material but strain was importantly lower, not reaching 0.0008. It is difficult to say, why residual stresses did not improve mechanical properties of the material. It is possible that influence of TM-DAR on the quality of alumina platelets sintering is so important that excluding it from the formulation has a negative effect difficult to compensate by another additives. Plots in the fig. 4.1 suggest that the presence of nanopowder of alumina ameliorate failure strain of the material with aligned alumina nanoplatelets. Maybe combining optimal quantities of two types of fine powders could improve mechanical properties.

Replacing the reference interphase with graphene gave the least impressive properties. As for previous formulations it was probably lack of alumina nanopowder which provoked decrease in mechanical properties. In addition, in case of formulation containing graphene, it was impossible to freeze under flow slurry with liquid phase precursors, so formulation tested by 4PB was lacking not only TM-DAR but also glassy phase precursors. It is understandable that graphene alone could not substitute alumina nanopowder and glassy phase at once. Those two components contribute significantly to increase of stress and strain and excluding them from the composition gives negative effects. Maybe using another, non polar form of graphene could decrease its interactions with nanoparticles in the slurry and thus enable freezing under flow composition with graphene and TM-DAR in the interphase.

To sum up, tested modifications did not meet our expectations. We decided that adding another hierarchical level to material's architecture should be more efficient that modifying interphase which already seems well optimised.

Chapter 5 Alumina/titanium composites

Adding some metal is a direct way of inducing ductility in ceramic materials. To avoid complicated fabrication process it is suitable to choose metal with high melting point, which would allow to sinter it simultaneously with alumina. Titanium melting temperature equal to 1670°C [START_REF] Lutjering | Titanium[END_REF] makes it a proper element to incorporate into aligned alumina matrix. In the chapter "Literature review" there is a section dedicated to mechanical and physical properties of titanium which further justifies the choice of this metal (Young's modulus 105 GPa, stress 170-480 MPa, tensile strength 240-550 MPa and elongation 15-24 % for commercially pure titanium of grades 1-4 [START_REF] Lutjering | Titanium[END_REF]).

This choice is a bit unusual as alumina is commonly paired with aluminium. With some additives, aluminium creates strong interphase with alumina [START_REF] Levi | Interface interactions during fabrication of aluminum alloy-alumina fiber composites[END_REF]. In this case its low melting point (660°C) would complicate already sophisticated fabrication technique.

Fabrication and structural characterisation

Fabrication

To fabricate titanium/alumina composites, a powder of the reference composition (alumina platelets, nano-alumina powder and glassy phase precursors) and titanium foil of various thickness (20-500µm, 99.6 % purity, GoodFellow) were used. Alternating layers of ceramic and metal (four ceramic layers and three metal layers) were pressed directly in the sintering die (around 150 MPa). Field assisted sintering technique (FAST) protocol was simple: heating at 100°C/min up to 1500°C and immediate cooling with the same speed, applied pressure of 75 MPa (fig. 3.2). After sintering each ceramic layer was approximately 500 µm thick. More details can be found in the chapter "Materials and methods".

Obtained material was cut into bars and polished (as in "Materials and methods"). Microscopic observations were conducted first. Scanning electron microscope (SEM) picture (fig. 5.1) illustrates the obtained microstructure. It can be divided into three parts: titanium foil, diffusion zone of metal into ceramic matrix and alumina part. Thanks to diffusion, metal is incorporated between platelets. This interphase mod-

FABRICATION AND STRUCTURAL CHARACTERISATION

ification otherwise is very difficult, if not impossible, to achieve. Inflitrating metal into so small pores can be difficult and it would add one more processing step (first sintering of ceramic matrix and then infiltration). Furthermore, elements of a set-up for liquid metal infiltration are made of alumina so melting point of titanium is too elevated for this processing [START_REF] Leger | Capillarity in pressure infiltration: Improvements in characterization of high-temperature systems[END_REF]. Adding titanium nano-powder directly into powder mixture would also not be feasible due to its high explosivity. Thanks to one simple processing step we have obtained a composite with a sophisticated hierarchical structure. Firstly alumina platelets are aligned thanks to uniaxial pressing (see the chapter "Simplification material fabrication). Abnormal grain growth was not noticed. Interphase between the platelets is composed of nano particles of alumina and glassy phase. Pores are infiltrated by titanium and remaining porosity is low (less than 5%). Finally, ceramic pellets alternate with titanium foil. To our knowledge nobody has achieved ceramic/metal composites with three hierarchical levels in one processing step.

Energy Dispersive X-ray Spectroscopy (EDX) allowed us to analyse the obtained composite. Entire foil thickness and an area close to it were chosen (see fig. 5

.2).

EDX revealed that in the Ti foil there was some oxygen in the entire cross-section and some traces of aluminium close to the interphase (fig. 5.

3).

As during SEM observations numerous cracks in the metal were noticed, closer look at them was taken. Backscattered Electron (BSE) detector allowed us to see foil topography in more detail (fig. 5.4). Some cracks seem to be superficial but it is visible that there are cracks passing through the foil. Any cracking was not noticed in alumina layers. 
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σ T i = h Al 2 O 3 E Al 2 O 3 E T i (α Al 2 O 3 -α T i ) ∆T (1 -ν T i ) E Al 2 O 3 h Al 2 O 3 + h T i E T i (1 -ν T i ) (5.1) 
where: h layer thickness, E Young's modulus and ν Poisson's ratio. Table 5.1 shows values of stress merging from the difference in CTE values for both materials: titanium and alumina. Calculated stress does not surpass titanium tensile strength of 430 MPa.

In fact, stress stemming from the difference of CTE might be significantly higher. In the chapter "Modification of the interphase between platelets" fig. 4.2 there is a graph showing the difference between CTE in plane (xy) and out of plane (z) of alumina platelets. In plane shrinkage during the cooling is significantly smaller than -75 - Table 5.1: Values of stress merging from the difference of CTE of alumina and titanium (∆=1500°C). Alumina thickness was always 2 mm (in four layers). There were always three titanium layers so values of thickness given in the table are triple of single titanium foil thickness.

out of plane. Ozer et al. performed measurements of the shrinkage during sintering of different alumina samples [START_REF] Ozer | Anisotropic sintering shrinkage in alumina ceramics containing oriented platelets[END_REF]. They compared sintering behaviours between material containing 100% spherical nano-powder and materials containing 10% and 20% of oriented alumina platelets. In samples without addition of platelets the shrinkage was isotropic in all directions, while in samples with platelets significant differences between xy direction and z direction were observed [START_REF] Ozer | Anisotropic sintering shrinkage in alumina ceramics containing oriented platelets[END_REF]. It further confirms anisotropy of thermal expansion in alumina platelets that may lead to significantly higher stress values than indicated in table 5.1.

It was decided that cooling speed should be lower, it was changed from 100°C/min to 10°C/min (possible stress relaxation at high temperature). Unfortunately it did not permit to completely eliminate cracking.

Changing cooling speed could significantly affect crystallography of metal component. Electron Backscattered Diffraction (EBSD, with help of Thierry Douillard
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and Nicolas Vache, MATEIS laboratory) was done to confirm it. On the left there is image of sample cooled 100°C/min and on the right the one cooled 10°C/min. Band contrast image (fig. 5.5) allows to see the intensity of diffracted signal. The second image (fig. 5.6) shows the crystallography of the titanium foil. Both phases of titanium (hexagonal α and cubic β) are present but in different proportions. In the first sample, cubic phase is present mostly on the outside of the foil while hexagonal is more concentrated closer to the middle. In the second sample is it contrary. In addition, in the sample on the left there is approximately 70% of hexagonal phase and 30% of cubic phase while in the second sample proportion is 82% and 18% respectively. O, Al, and Ti were detected. When those elements were observed separately (fig. 5.8) it became clear that those intermetallic structures did not contain titanium, only aluminium and oxygen. It seems that these are ceramic inclusions in the titanium foil. In further paragraph more detailed analysis is presented (see table 5.2 and 5.5).
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Study of titanium diffusion

Diffusion of titanium is a phenomenon which called for attention. Being able to control it could lead to development of metal/ceramic composites with sophisticated microstructure, gradient materials for example. To better understand diffusion mechanisms, various thermal treatments in FAST were conducted. Holding times of 30 minutes at different temperatures (1200°C, 1300°C, 1400°C and 1500°C, heating and cooling rate: 100°C/min.) were applied. The idea was to give time for diffusion of titanium into the porosity before sintering alumina. Graphs below present temperature profiles for those four sintering cycles.

After sintering the samples were cut, polished and observed by SEM. There is a clear difference in diffusion between them. In the fig. 5.10 images of a specimen with holding time at 1200°C are presented. Picture on the right was taken with higher magnification to show that even in close proximity to the foil there are only few small Ti grains in the ceramic matrix. In fig. 5.12 there is a SEM image of a sample with holding time at 1400 °C. The difference in the intensity of diffusion is immediately visible. It is not homogeneous along the foil. There are some regions (from the left to the center of the image) where distance of diffused grains from the foil reaches 50 µm. In fig. 5.13 picture of sample with applied holding time at 1500 °C is presented. Diffusion resembles the diffusion in the previous specimen.
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Pictures in figures 5.10 and 5.11 were taken with higher magnifications than 5.12 and 5.13 to demonstrate that even close to the foil diffusion was minor and grains smaller than in samples where holding time was applied at temperature 1400 °C and 1500 °C. There seems to exist an activation temperature for titanium diffusion between 1300 °C and 1400 °C.

X-ray tomography observations could improve understanding of titanium diffusion into alumina matrix giving 3D information instead of 2D by SEM. It was decided to perform some experiments in synchrotron (European Synchrotron Radiation Facility in Grenoble, ID16, with help of Julie Villanova and Victor Vanpeene). Chosen scan resolution was 50 nm. More details available in corresponding section in the chapter "Materials and Methods". The scan of the specimen with 30 min holding time at 1200°C confirmed that in the entire volume, diffusion was minimal in comparison with samples where holding time was applied at 1400°C and 1500°C. Fig. 5.14 shows one image from the volume reconstruction, perpendicular to the Ti film. Dark grey colour is the ceramic phase, while light part is the residual porosity in the samples. There is no visible titanium diffused into the alumina matrix. 
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On the other hand, the scan of the sintered sample with a 30 min holding time at 1500°C showed significant diffusion all around the titanium foil. Fig. 5.15 presents 3D reconstructions of titanium diffused into ceramic in this sample. Foil was removed from the analysed volume because there was too much noise in the interphase between metal and ceramic. Yellow lines mark plane, where the titanium foil is placed. Careful observations allowed to see that many grains of diffused titanium are interconnected. In fig. 5.16 a close-up look on the interconnected grains and some residual porosity is presented. -82 -
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Interconnections between diffused grains suggests that titanium was liquid while infiltrating porosity. Even if during sintering programmed temperature was supposed to reach only 1500°C it is possible that conductive titanium was heated much faster than not conductive alumina. Rathel et al. performed experimental and finite elements analysis of heat distribution during FAST sintering of two materials: electrically conductive (tungsten carbide) and non-conductive (96 wt.% silicon nitride with addition of alumina and yttria) [START_REF] Rathel | Temperature distribution for electrically conductive and non-conductive materials during Field Assisted Sintering (FAST)[END_REF]. Results confirm that heating and heat distribution depend on properties of sintered materials. Non-conductive ones tend to have elevated temperature in the outside part while conductive on the inside [START_REF] Rathel | Temperature distribution for electrically conductive and non-conductive materials during Field Assisted Sintering (FAST)[END_REF]. Fig. 5.17 illustrates differences in material temperature measured by internal and external pyrometer.

Figure 5.17: Temperature differences between internal and external zone of the material [START_REF] Rathel | Temperature distribution for electrically conductive and non-conductive materials during Field Assisted Sintering (FAST)[END_REF]. Sintering dies differed in diameter and thickness. Horizontal lines: thin die, grid: thick die.

In addition, it is visible that titanium grain size decreases with distance from the foil. Possibly, during thermal treatment porosity closes simultaneously with diffusion. In consequence some pores are already partially closed when titanium reaches them.

In summary, it is probable that during thermal treatment titanium is liquid. Titanium grain size decreases with distance from the foil. Cooling rate during sintering affects crystallographic structure of metal. Holding time applied at 1200 and 1300 °C impede diffusion. During sintering, sophisticated chemical and physical phenomena occur.

Changing foil chemistry

One of considered possibilities of solving the problem of titanium foil cracking was to change its chemical composition. Changing chemical composition should not drastically change CTE but can modify mechanical properties. Two alternatives were tested: Ti6Al4V and Ti foil with thin layer (around 2-3µm, coated by physical vapour deposition technique) of TiN on both sides.
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Sample with layer of Ti6Al4V

Titanium alloy's Ti6Al4V ultimate tensile strength indicated by supplier is significantly higher that one of pure titanium (896 MPa in comparison with 430 MPa). It raised hopes that during cooling the foil would not crack.

As in case for pure titanium composites, diffusion was noticed. Unfortunately, metal foil was cracked as well. "Brain-like" intermetallic structures were found during SEM observations (Fig. 5.18). Metallic matrix contained in average 90.3 at% of titanium, 7.5 at% of aluminium and 2.2 at% of vanadium. Inclusions are composed of 51.1 at% of oxygen, 31 at% In case of measurement of quantity of elements inside inclusions there is a risk of having some signal coming from matrix as inclusions are quite thin (maximum 300 nm). Spectra 12-20 were analysed to determine compounds and their quantities in metal grains diffused into nacre-like alumina matrix and the matrix itself (Fig. 5.21).
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Grain 20 contains 15.7 at% of oxygen which is unusual so average values were calculated from spectra 13, 14, 15 and 18 which do not include oxygen. Ratio of titanium is 60.2 at%, of aluminium 33.5 at%, vanadium 2.2 at% and silicon 0.6 at% Spectres of alumina in proximity to metal [START_REF] Munir | Electric Current Activation of Sintering: A Review of the Pulsed Electric Current Sintering Process[END_REF][START_REF] Collings | Materials properties handbook: titanium alloys[END_REF][START_REF] Meir | Mechanical properties of Al2O3/Ti composites fabricated by spark plasma sintering[END_REF][START_REF] Bouville | Templated Grain Growth in Macroporous Materials[END_REF] gave values of 56 at% for oxygen, 43.3 at% for aluminium and small amounts of yttrium (0.5 at%) and zinc (0.2 at%). Table 5.3 summarizes those measurements.

During observations differences of colour within same grain were noticed. It was noticed for multiple grains in the diffusion zone. Differences of shade seen by BSE detector correspond to differences in chemical composition of observed material. Spectra 21-27 address the question of chemical composition of diffused grains (Fig. 5.22). Odd numbers correspond to lighter parts and even numbers to darker parts.

Average atomic percentages for lighter grain parts are as follow: 53. SEM picture below (Fig. 5.23) presents one of these "dual" grains. It was analysed to determine chemical composition of lighter and darker part.

K series (X-ray photon emission corresponding with L→K electronic transition) analysis shows three heterogeneously dispersed elements in the grain (Fig. 5.24). Outer part is significantly different from the inner one. In the inner part of the grain there is titanium and no oxygen. Closer to ceramic, matrix concentration of aluminium is higher and it decreases significantly towards the center part. On the -86 - other hand, center is rich in silicon which is not present in the outer part. Silicon probably comes from the glassy phase which acts as a mortar in nacre-like alumina.
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A profil line was traced from the Ti6Al4V foil trough ceramic matrix and two diffused grains (Fig. 5.25). This way of analysing chemical composition allows to follow -87 - As in previous analysis there were five elements detected: Ti, O, Al, V, Si (Fig. 5.26). Thanks to lines corresponding to each element, boundaries between ceramic matrix and metallic grains are clearly visible. Evolution of the quantity of titanium as a function of distance from the foil is detailed in fig. 5.27. In the first grain (10 µm from the foil) ratio of titanium is above 60 at% while in the second grain (25 µm) it is below 30 at%. In the second grain detected quantity of titanium might be affected by the surrounding alumina matrix.
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In contrast, the quantity of aluminium logically increases with distance (Fig. 5.28). Inside the metal foil it is almost not present, then it increases from around 25 at% (in the first grain) to a bit over 30 at% (in the second one). Increased amount of detected aluminium might come from the surrounding ceramic phase as well.

In case of oxygen relationship between distance and quantity is not so clear (Fig. 5.29). While foil in direct proximity of ceramic contains oxygen (up to 25 at%), in the first grain it is almost completely absent and in the second one it exceeds a value of 35 at% -89 - 
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Sample with Ti coated by TiN layer

Another proposed way of improving composite was to use a pure titanium foil with a layer of titanium nitride (thickness around 2-3 µm). TiN is commonly used as a coating for turbines and engines for instance. It significantly increases superficial hardness (up to 2400 HV). According to supplier its Young's modulus reaches 600 GPa. It was tested to check if a layer of TiN could protect Ti from cracking or change diffusion mechanism.

As in case of pure titanium and Ti6Al4V alloy, in composite there are grains diffused into alumina and "brain-like" inclusions present in the foil (Fig. 5.30).

Looking at the picture shown in fig. 5.31 it seems that there is a difference of shades between metal in direct contact with inclusions and metal deeper in the foil. Spectra from 28-34 were analysed to determine if slight difference in shade is related to material chemistry. There is more oxygen 56.7 at% (in comparison with 51.1 at%), more aluminium 34.3 at% (as opposed to 31 at%) and less titanium 9 at% (17.4 at% in case of Ti6Al4V).
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To determine the nature of intermetallic two spectra were compared. Spectre 29 from metal and 38 from inclusion were plotted together (Fig. 5.33).

First peak of spectre 38 at 0.5 [keV] proves that inclusions contain oxygen. Titanium detected in spectre 38 (4.1 % at.) probably comes from the surrounding titanium matrix due to the size of interaction volume (0.5-1.0 µm 3 ). It leads to the conclusion that intermetallics are actually oxides, possibly Al 2 O 3 (see fig. 5.19 where titanium was not detected inside the inclusions). One can apply same reasoning to composite with Ti6Al4V alloy.

Metal grains in the diffusion zone were analysed to detect potential differences between them (Fig. 5.34).

Based on spectra analysis they were divided in three "subgroups": rich in Al and Ti [START_REF] Tokita | Development of Advanced Spark Plasma Sintering (SPS) Systems and its Industrial Applications[END_REF][START_REF] Nanko | Neck growth on initial stage of pulse current pressure sintering for coarse atomized powder made of cast-iron[END_REF][START_REF] Gallet | Spark plasma sintering of iodine-bearing apatite[END_REF][START_REF] Campayo | Spark plasma sintering of lead phosphovanadate Pb-3(VO4)(1).(6)(PO4)(0.4)[END_REF], rich in Ti and Si [START_REF] Zhao | Microstructure and anisotropic mechanical properties of graphene nanoplatelet toughened biphasic calcium phosphate composite[END_REF][START_REF] Ym Kan | Spark plasma sintering of bismuth titanate ceramics[END_REF][START_REF] Drouet | Bioceramics: Spark Plasma Sintering (SPS) of Calcium Phosphates[END_REF] and one grain "transitive" [START_REF] Eriksson | Low temperature consolidated lead-free ferroelectric niobate ceramics with improved electrical properties[END_REF]. Averages of elements in spectra 44, 45, 47, 48 are 56.9 at% for titanium and 43.1 at% for aluminium. In grains with numbers 49-51 ratios of elements are as follows: 55.9 at% Ti, 33.7 at% Si and 10.3 at% Al. Transitive grain contains mainly titanium (60.5 at%), with addition of aluminium (23.7 at%) and silicon (15.8 at%). Again, silicon probably comes from the glassy phase from the reference formula of ceramic phase. First subgroup of grains (rich in Al and Ti) is visibly placed closer to the metal foil, while the second subgroup (rich in Ti and Si) is much further. "Transitive grain" is localised between those subgroups.
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For composite with titanium foil covered with layer of titanium nitride chemical linear analysis was performed (Fig. 5 foil (with small inclusion) and two diffused grains in ceramic matrix. Variation in quantity of titanium (Fig. 5.37) is not as significant as in previous composite (with Ti6Al4V foil). In both grains titanium ratio is slightly below 60 at% while in the foil this value reaches 70 at%. Observation of oxygen ratio in alumina/surface treated titanium composite (Fig. 5.40) is coherent with observation from the previous section (Ti6Al4V). There is some oxygen present in the foil, in the first grain its atomic percentage is slightly over 30 and in the second grain there is below 10 at% of oxygen. Thanks to simultaneous sintering of alumina and titanium by FAST, ceramic/metal composites can be fabricated. In one processing step multiple hierarchical levels are obtained. Diffusion probably occurs when titanium is liquid. Decreasing cooling rate from 100°C/min to 10°C/min does not prevent cracking of metal foil. After sintering, two crystallographic phases of titanium are present; hexagonal and body centred cubic. Depending on cooling rate their proportion change. Inside the titanium foil some "brain-like" inclusions are present, further testing suggested that in fact, it is alumina. Composition of metal grains in the diffusion zone varies. Further microscopic tests are required to further understand physical and chemical phenomena occurring during the thermal treatment. -98 -
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MECHANICAL PROPERTIES

Mechanical testing in situ

Three point bending in situ was conducted in SEM to identify toughening mechanisms of fabricated materials (Thierry Douillard, Sophie Cazottes, MATEIS laboratory). Two samples were chosen for comparison: reference nacre-like alumina and a sample with titanium layer and without glassy phase.

First 3PB was performed at 0.1 mm/min speed. Pre-load of 6N was applied. Test was paused for observations at force of: 37, 67 and 90 N. Fatal failure with multiple signs of reinforcement occurred at 120 N. Fig. 5.44 shows a broken reference sample. Fig. 5.44A shows an entire path of the crack from the tip of the notch (in the right upper corner). Crack deviated from the beginning and changed its direction multiple times. In the fig. 5.44B there is a close-up on the first part of the crack propagation. Fig. 5.44C presents a thin crack branch which deviated from the main path. Fig. 5.44D and E show zoom on the zone, where crack branch first deviated and then notably changed its direction to return to the main crack. In the picture D some platelets pull-out is also visible.

Second test was conducted on the sample with titanium foil and without glassy phase. Fig. 5.45 and 5.46 present pictures taken during this test. Fig. 5.45 shows the sample during the crack offset (at 70 N) from the tip of the notch.

As in case of 100 % ceramic sample, crack deviates directly at the beginning. Close-ups are in figures 5.45B and C. Fig. 5.46 shows the same sample but after its failure (at 73 N). After the off-set of the crack it propagated rapidly. As in full ceramic sample, presence of crack branching and deviation is visible. Unfortunately crack passes easily through cracked titanium foil. Presence of metal layer does not seem to improve mechanical properties by enhancing ductility. On the other hand, it seems that propagating crack is "searching" for a deep crack, already present in the foil, making it easier for crack do deviate. Nevertheless, avoiding cracking of the titanium foil would then improve mechanical behaviour of the composite. 
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Influence of the foil thickness

Due to cracks in titanium foil after cooling (100µm thickness) it was decided to fabricate composites with a lower foil thickness (20µm) to see if it could be diffused entirely and with high foil thickness (500µm) to check if cracks morphology was dependant on the foil thickness. There were always three metal layers, so volume fraction of titanium varied. Unfortunately, in all cases foil was cracked. For each foil thickness diffusion occurred. In the sample with 20µm foil diffusion and layer of metal were present. Results of mechanical testing of those samples are presented below. All samples had three metal layers. First there are curves for specimens with 20µm foil (figures 5.47, 5.48 and 5.49). Yellow arrows mark onset of the crack propagation. On the other hand R-curves for specimens B and C have unusual form. Their valid fracture toughness might be lower than indicated. In comparison with the reference there is no visible influence of titanium foil on the mechanical performance.

Results for material with foil of 100µm are presented in figures 5.50, 5.51 and 5.52, force/deflection, calculated stress/strain and fracture toughness respectively. Sample A, after a slight drop at stress value during crack propagation, surpasses stress values of 150 MPa before its failure with strain higher than 0.004. Sample B does not reach stress of 150 MPa and its strain only slightly surpasses 0.003. Samples C reaches the highest value of stress at over 200 MPa but afterwards it decreases quickly. Its strain is close to 0.004. It seems probable that crack during its propagation "searches for" a deep crack in the metal foil.
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Regarding fracture toughness, for specimen A and B it increased from 3 MPa•m 1/2

-104 - Shape of stress-strain curves for all three samples is quite similar: slight decrease of stress after onset of crack propagation, then increase, drop and a small plateau before the failure (no plateau for B). This behaviour was not seen in previous samples. Here, the foil is relatively thick (500 µm). This is why those "jumps" in stress In the fig. 5.56 stress-strain curves for three foil thickness are compared (one typical curve for each case). In elastic regime slope and maximal value of stress decreases with increase of foil thickness. When foil thickness increases, strain at failure increases as well. Depending on the sample, distance between the notch and foil might differ. For each sample notch depth was measured and taken into account during calculations. Two presented samples are very different. First one (B) reaches its highest stress value of almost 125 MPa even before crack propagation and afterwards it decreases until failure at strain of almost 0.006. For the second one (C) stress continues to increase after the crack began to propagate and its maximum value is around 100 MPa. Its strain at failure is quite high 0.01.
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Values of fracture toughness also differ visibly. For specimen B the starting value is close to 4 MPa•m 1/2 and increases to almost 7 MPa•m 1/2 . In case of specimen C those values are even lower: 1 and 3 MPa•m 1/2 respectively. 
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Ti(N)

After micro-structural analysis (section 1.1.3 of this chapter) mechanical testing was conducted on the samples with titanium foil coated with thin layer of TiN (total thickness of around 500 µm and thickness of coating 2-3 µm). Results are presented in figures 5.60, 5.61 and 5.62. Both compositions showed higher stress and strain values. Sample with Ti6Al4V foil had approximately as many cracks as in samples with pure titanium of various thickness (even each 100 µm) while in Ti(N) foil crack were less frequent (roughly each 400 µm). It seems reasonable that to significantly improve mechanical properties of the composite, cracks should be completely eliminated. Diffusion was present as in all previous materials containing metal. Slight improvement might be linked with the fact that Ti6Al4V and TiN have some better properties in comparison with pure titanium. 
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General discussion

Certain parts of this chapter were complicated to interpret. A lot of imaging techniques were used to comprehend phenomena discovered during elaboration and explain some microstructure characteristics.

Multiscale structure

When titanium is sintered with alumina in a layered composite at a maximum temperature of 1500 °C, it diffuses into the ceramic matrix, unless holding time at temperature below 1400°C is applied. In this case, almost no diffusion is observed. It is possible that during the 30 minutes of holding time at 1200°C and 1300°C, pores had already been closed before conditions favouring diffusion were reached or that titanium was not liquid. To obtain a material with titanium well-diffused into ceramic matrix it is necessary to reach 1400°C before holding the temperature.

Unfortunately, the metal foil was seriously cracked after cooling due to CTE mismatch between alumina platelets and titanium. Even lowering cooling speed from 100°C/min to 10°C/min to favour stress relaxation did not solve this problem. It is possible that removing the pressure before cooling could help to avoid undesired damage.

As changing cooling speed so significantly could affect crystallography of metal component, EBSD analysis was performed to compare the microstructures obtained for the two cooling conditions (fig. 5.6). The first specimen (cooled 100°C/min) was rich in both titanium phases: hexagonal (α) and body-centred cubic (β). In the outer area of the foil, the concentration of β phase was higher, while in the center,
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there was more α phase. In case of second sample (cooled 10°C/min), the hexagonal structure was dominant, with the presence of cubic phase in the middle of the foil. The possible explanation of different proportions of α and β phase in two materials is that during the fast cooling, titanium was not able to reverse its phase change and consequently there was high cubic phase content. During slower cooling, some cubic phase might have been transformed back to hexagonal. Chemical and physical interactions during sintering were also complex.

Titanium was sintered in presence of alumina (platelets and nanoparticles) and liquid phase precursors (silica and calcium carbonate). As titanium reacts easily with oxygen and aluminium (α stabilizers), it is probable that it affected the final microstructure. In both materials, α and β phase were ordered in lamellae. A big difference in microstructure was noticed at the edges of the foil. The second sample (cooled 10°C/min) had lamellae in titanium only in the middle while ordered dual structure of the first sample was present in the entire thickness.

The presence of "brain-shaped" inclusions at the border of the Ti foil was noticed. We initially thought these regions were TiAl intermetallics. However, EDX analysis seemed to indicate that they could be Al 2 O 3 . EBSD also indexed those structures as alumina. Moreover, in the Ellingham-Richardson diagram (see fig. 5.64) it is visible that thermodynamically alumina is more stable than titanium oxide (T iO 2 ) in temperature range we use for sintering.

Understanding interactions between ceramic and metal phase during sintering should allow to explain how alumina penetrated the titanium foil. It is possible that alumina diffused into the molten titanium and re-precipitated upon metal solidification.

By conducting tomography scans with a very high resolution (50nm/pixel) at the ESRF, we hoped to understand the mechanisms of diffusion in those layered composites. By comparing samples prepared in various sintering conditions, we were able to select the "model sample" with very pronounced diffusion and a good quality of the scan: sintered during 30 min at 1500°C. 3D reconstruction allowed us to see that many of the titanium grains were in fact interconnected. It was something we could not determine by SEM due to 2D limitation of this analysis. Possible explanation of the interconnections between grains is that some quantity of the titanium was liquid during the thermal treatment. Even though the maximal programmed temperature was 1500°C and melting point of titanium is the 1670°C, it is probable that the conducting metal heated much faster than non-conducting ceramic. Difference in heating of conductive and non-conductive material are discussed in the part analysing diffusion of titanium and in [START_REF] Rathel | Temperature distribution for electrically conductive and non-conductive materials during Field Assisted Sintering (FAST)[END_REF]. The partial melting of metal during FAST would also explain the difference in microstructure between the centre and the edge of the foil. Fig. 5.65 shows the zone of the foil that was probably liquid during sintering because its structure is not lamellar like in the middle.

In the fig. 5.65 lamellae of titanium cubic (in yellow) seem to alternate lamellae of titanium hexagonal (in blue) in a regular manner. This particular morphology is also visible in the fig. 5.66 which shows IPFZ map (Inverse Pole Figure ) for both cubic and hexagonal phases (A and B respectively). It is visible that lamellae of hexagonal phase are surrounded by cubic phase within well-defined domains (first domain is 
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contoured in red dashed line in picture A, and the second one in black). Those domains could correspond to parent grains before sintering. This grain morphology is not very common for pure Ti alloys, but commonly observed in the case of TiAl alloys after quenching. 
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titanium [START_REF] Burgers | On the process of transition of the cubic-body-centered modification into the hexagonal-close-packed modification of zirconium[END_REF], [START_REF] Germain | Determination of parent orientation maps in advanced titanium-based alloys[END_REF]. However the OR that was found is: {0001} α {111} β and 11-20 α 110 β, often called Blackburn OR [START_REF] Su | Lamellar orientation control in directionally solidified TiAl intermetallics[END_REF]. This result seems to confirm that both phases origin from the same grain. The same analysis was performed on the second domain and same relations were found.

Ti6Al4V

Apart from pure Ti, Ti6Al4V was used to fabricate layered composites. Detailed microstructural and chemical characterisations were conducted as it was proven before that metal/ceramic interactions are complex and can lead to obtaining sophisticated microstructures.

Ceramic inclusions are present in the titanium alloy foil as in case of pure titanium foil. It is not very surprising as the melting point of Ti6Al4V varies between 1604 and 1660°C [104] so it is probable that some part of this alloy was liquid during the sintering and as a consequence, that alumina could be embedded in metal during its solidification. EDX confirmed that those inclusions are composed of oxygen and aluminium.

In the SEM pictures, some differences of grey level within grains were noticed. During chemical analysis it became clear that differences in brightness stems from different ratios of elements present (fig. 5.22). Lighter parts of grains contain almost 40 at% of silicon in comparison to none in the darker parts. Darker parts are however rich in aluminium: 72.5 at% while light ones only around 5.6 at%. It is thus probable that presence of O, Al and Si during the sintering has shifted equilibrium of elements of the alloy and provoked significant heterogeneities.

A linear analysis along the foil, ceramic matrix and diffused grains allowed to examine if some elements diffused gradually (fig. 5.26). Moving away from the foil, the percentage of titanium in grains drops from around 60% in the foil and in the first grain to below 30% in grain 25µm in the ceramic matrix. On the other hand, it is quite opposite for the aluminium content. In the foil it is almost zero, in the first grain over 20% and in the second close to 30%. It seems that further away from the metal foil, titanium is substituted by aluminium. Evolution of quantity of oxygen is less straightforward. Inside the titanium foil, it varies significantly (between 5 and 45 %), in the first diffused grain it drops to almost 0% only to increase in the second one to over 35%.

Ti(N)

The last layered material analysed was composed of alumina with titanium foil coated with a layer of TiN (2-3 µm thickness). As previously, a detailed microstructure and chemical analysis was applied.

"Brain-like" inclusions in the metal foil were found also in this composite. Some differences in grey level between metal in direct proximity with inclusions and metal further away were noticed. Chemical analysis revealed that material outside of inclusions zone contains 96.4 at% of titanium and 3.4 at% of aluminium in comparison to 83.9 at% of Ti and 15.4 at% between inclusions. Interestingly nitrogen was not
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detected. It is possible that part of titanium which melted during sintering dripped outside of nitride layer (TiN melting point is 2950°C [START_REF] Pierson | Handbook of Refractory Carbides and Nitrides: Properties, Characteristics, Processing and Apps[END_REF]). Differences in Ti and Al content seems to confirm that part of titanium was liquid during the sintering and reacted with components of ceramic matrix.

Comparison of spectra of metal and of inclusions further proved that inclusions are most probably Al 2 O 3 . In that case it is logical that same structures were found in all types of metallic foil used in this study.

Analogically with Ti6Al4V different metal grain types were found. Closer to the foil they were composed of 56.9 at% of Ti and 43.1 at% Al, while further into the ceramic matrix, the titanium content dropped slightly to 55.9 at%, the aluminium content dropped significantly to 10.3 at% and silicon appeared at ratio of 33.7 %. It seems that titanium diffused further in the ceramic matrix in alumina/titanium composites reacts stronger with glassy phase precursors which are also liquid during the thermal treatment.

Linear chemical analysis was also performed. Two diffused grains were placed quite close to each other and their titanium content was similar (52 and 58 %). On the other hand they differed in terms of aluminium content (14 and 26 % respectively) and oxygen (30 and 0 % respectively). Nitrogen was detected only within the foil and its distribution was heterogeneous. The aluminium content inside the metallic foil increased closer to the interphase. Oxygen was also present in the foil. It is probable that in all types of composites described in this chapter, oxygen in the metallic phase comes from ceramic matrix. Three types of fabricated composites do not differ significantly between each other.

Those results prove that the interactions between elements during thermal treatment in FAST are complex and it will require a lot of additional analysis to understand them.

We managed to fabricate composites with sophisticated multilevel structure in a relatively simple way (preparation of the slurry, uniaxial pressing and FAST). To our knowledge this has not been accomplished so far. Even without freezing step platelets are well-aligned. Thanks to diffusion and probable extrusion of liquid metal through the porous structure due to the applied pressure, metal was incorporated between alumina platelets. There are still possibilities of improvement, limiting cracking of the foil is the crucial one.

Mechanical properties

The ceramic/metal composites were fabricated to obtain material with mechanical properties improved in comparison to nacre-like alumina, especially in terms of fracture toughness. Results from three point bending on notched samples were compared with reference sample made from powder of Bouville's composition and pressed (without freezing under flow step). In figure 5.68 results obtained for samples with different foil thickness for a pure titanium foil were compared and in figure 5.69 results for samples with different foil chemistry are plotted. For each kind of sample one typical result was chosen.
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In case of different thickness values, sample with 20µm foil had similar maximum stress value but a slightly lower strain at failure. Sample with 100µm foil had both values lower than the reference. Sample with 500µm foil had higher strain at failure but its maximum stress value was significantly lower. 
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When comparing material of various foil compositions with the reference ceramic, sample has significantly higher stress at failure than any metal/ceramic multimaterial. Composite Ti6Al4V/Al 2 O 3 has high strain at failure but its maximal stress is quite low (probably due to cracks in the metal layer). In situ test in a SEM has shown the importance of cracks coming from the mismatch of CTE of both materials.

For the moment, improvement of mechanical properties was not achieved. It is crucial to prevent metal foil cracking to avoid compromising mechanical response. Some possible solutions should be considered. Maybe removing the pressure during sintering, before cooling of the sample could reduce foil cracking. If not, adding some material between titanium and alumina should be considered. It could lower residual stresses coming from the difference in CTE and help preserve Ti. On the other hand surely it would affect diffusion so it could complicate the processing and testing of the material. On another hand, changing ceramic component to the one with higher CTE (like zirconia) could help solve the problem of foil cracking.

General conclusions

The main goal of this work was to improve mechanical properties of nacre-like alumina developed during the PhD of Florian Bouville. One of explored possibilities was modification of the interphase between alumina platelets. Another alternative was to introduce another level to material architecture by developing ceramic/metal layered composites. In this thesis, we also intended to simplify and up-scale material fabrication.

Simplification of material fabrication

Simplification of the material fabrication was essential in order to up-scale it. EBSD maps confirmed the satisfactory alignment of alumina platelets after uniaxial pressing and FAST sintering. It allowed to avoid sophisticated elaboration by freezecasting. Sintering greater quantities of powder (90 g instead of 2.8 g) required adjustments to the thermal treatment. Considerable grain growth was noticed due to significantly longer sintering cycle (almost 7 hours 30 minutes instead of 30 minutes). To keep satisfactory mechanical properties, grain growth should be limited. It should be studied, if faster heating and/or cooling could be applied.

As freezing under flow is no longer necessary, the rheology of the slurry is less important. Maybe the quantity of organic phase could be limited to shorten burnout time. On the other hand, it is probable that polymer improves platelets sliding during pressing and their alignment. It should be investigated, if adapting the type and quantity of organic phase could help to keep good alignment and reduce burnout time.

Modification of the interphase between platelets

Different modifications of the interphase between alumina platelets were tested in order to improve the mechanical properties of the material.

Zirconia was introduced into the materials in two different ways: added directly into the slurry instead of alumina nano-powder or deposited on platelets surface by sol-gel reaction. Samples prepared with sol-gel chemistry exhibited better mechanical properties that those with zirconia simply added to the slurry. It might be caused by difference in homogeneity of the mix of powders. Samples with alumina platelets processed by alkoxide reaction have mechanical properties comparable (similar maximal stress, increased strain at failure) with the reference composition. It is possibly
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caused by the presence of residual stresses. It is possible that optimization of sol-gel reaction and the quantity of zirconia could lead to more significant improvement.

Another tested modification was the substitution of the glassy phase and alumina nano-particles by graphene. The mechanical properties were significantly worse than the properties of the reference samples. The slurry with graphene, glassy phase precursors and nano-alumina was too viscous to freeze it under flow. The elimination of the glassy phase precursors while keeping graphene and alumina nano-powder could be a reasonable compromise. However, working with graphene is quite complicated (obtaining good dispersion, different graphene forms and qualities) so we decided not to follow that path due to limited time.

Alkoxide processing of alumina platelets was the most promising approach. Yet, observed improvement of mechanical properties did not seem significant enough. We decided that working on higher architectural level could bring more enhancement of mechanical response of the materials.

Alumina titanium composites

The goal of preparing alumina/titanium composites by uniaxial pressing and FAST sintering was to introduce an additional structural level to the material. This method turned out to be very adequate. It allowed to obtain a material with several desired characteristics: aligned platelets, alternating layers of metal and ceramic and, in addition, some metal diffused into the interphase between alumina platelets. To our knowledge, it is the simplest way to obtain this level of microstructural sophistication in a ceramic/metal composite at different length scales.

Several observations (SEM, EBSD, laboratory and synchrotron tomography) suggested that during sintering some part of metallic foil is liquid and in liquid state metal penetrates porosity in ceramic. Grains of diffused titanium are interconnected and EBSD has shown that foil after sintering has two different crystallographic configurations. Regardless foil thickness (20-500 µm), metal layers in all samples had significant cracks. These cracks are most likely related to the thermal expansion mismatch between metal and ceramic layers. The substitution of pure titanium by alloy Ti6Al4V did not lead to significant change in diffusion mechanism nor did it prevent foil from cracking. Using titanium foil with thin layers of titanium nitride from both sides did not seem to affect diffusion. Titanium diffused into porosity and nitrogen stayed within the foil. Changing cooling speed (from 100°C/min to 10°C/min) was not enough to stop cracking of the metal layer. At the same time it changed significantly the crystallography of titanium.

Mechanical testing ex situ and in situ shown that the improvement of the mechanical properties of the ceramic/metal composite in respect to purely ceramic material can not be successful without solving the problem of foil cracking first. Although, sometimes crack propagating from the tip of the notch seems to deviate more in search of crack in the foil, it passes easily through the metal layer. To introduce ductility from metal to the composite, the metal part must remain uncracked after processing.

During this thesis we managed to significantly simplify material fabrication and
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to increase the size of prepared samples. Thanks to using uniaxial pressing instead of freezing under flow we developed layered alumina/titanium composites. We also proposed processing alumina platelets by sol-gel reaction in order to improve interphase properties. It is a considerable progress in the field of architectured materials, although additional work is needed to achieve high mechanical properties, especially in terms of resistance to crack initiation and propagation.
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 1 Figure 1: A schematic presentation of material constituents discussed in chapters four and five.
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 11 Figure 1.1: Structure and toughening mechanisms on multiple structural levels (from nanoto macro-scale) which improve mechanical properties of natural material: bone [1]
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 12 Figure 1.2: Crack-resistant curves (R-curves) of human bone tested in two directions: transverse and longitudinal [2]
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 13 Figure 1.3: Schematic illustrations of crack-resistance curves (R-curves) [3]
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 1 [START_REF] Espinosa | Tablet-level origin of toughening in abalone shells and translation to synthetic composite materials[END_REF] presents values obtained in this study. Dry nacre behaves like a monolithic ceramic with a linear elastic behaviour and a failure in a brittle manner. It resembles pure aragonite, also plotted in the figure.
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 1415 Figure 1.4: The structure of nacre: aligned aragonite tablets (diameter approximately 8 µm and thickness 0.4 µm) and thin organic interphase[START_REF] Sylvain Deville | Habilitation a Diriger des Recherches[END_REF] 
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 16 Figure 1.6: Values of tensile strain obtained during measurements[START_REF] Barthelat | An experimental investigation of deformation and fracture of nacre-mother of pearl[END_REF] 
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 17 Figure 1.7: Fracture tests (3 point bending on notched samples) performed on natural nacre in AFM, combined with quantitative analysis of tablet sliding[START_REF] Espinosa | Tablet-level origin of toughening in abalone shells and translation to synthetic composite materials[END_REF] 
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 18 Figure 1.8: On the left: comparison of fracture toughness in alumina composites with two types of microstructure: lamellar and "brick and mortar" [7]. On the right: SEM picture of "brick and mortar" structure (a) and lamellar structure (b).
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 19 Figure 1.9: Scheme of a) the analysed composite and b) the single unit cell for the analysis [8]
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 110111 Figure1.10: Improved mechanical properties of biomimetic nacre-like alumina in comparison to conventional composites of alumina[START_REF] Bouville | Strong, tough and stiff bioinspired ceramics from brittle constituents[END_REF] 
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 1 Figure 1.13: (A) Thickness of the lamellae in alumina samples as a function of the speed of the solidification front. The scanning electron micrographs shown in the graph correspond to cross sections parallel to the direction of movement of the ice front. Sample (E) was obtained with ultrafast freezing to gauge the thickness limit achievable by this technique. Scale bars indicate (B) 50 mm, (C) 10 mm, (D) 5 mm, (E) 5 mm.[START_REF] Sylvain Deville | Freezing as a Path to Build Complex Composites[END_REF] 
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 116 Figure 1.16: Comparison of percentage of open porosity in ceramics sintered by FAST and sintered naturally with HIP step at different temperatures[START_REF] D S Perera | Comparative study of fabrication of Si3N4/SiC composites by spark plasma sintering and hot isostatic pressing[END_REF] 
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 119 Figure 1.19: Change of value of elastic and sheer modulus in function of temperature of αTi [15]
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 121 Figure 1.21: Concentration of elements required to stabilise β phase at room temperature[START_REF] Collings | Materials properties handbook: titanium alloys[END_REF] 
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 122 Figure 1.22: Chosen physical properties of titanium and its alloys in comparison with other structural metallic materials[START_REF] Collings | Materials properties handbook: titanium alloys[END_REF] 
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 123 Figure1.23: Industrial applications of titanium thanks to its corrosion resistance[START_REF] Lutjering | Titanium[END_REF] 
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 125 Figure 1.25: Comparison of XRD patterns for titanium and alumina/titanium composites[START_REF] Meir | Mechanical properties of Al2O3/Ti composites fabricated by spark plasma sintering[END_REF] 
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 126 Figure 1.26: Material properties of alumina/titanium composites fabricated by FAST[START_REF] Shmuel Hayun | Phase Constitution and Dynamic Properties of Spark Plasma-Sintered Alumina-Titanium Composites[END_REF] 
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 1 Figure 1.27: SEM pictures of alumina/titanium composites fabricated by FAST [17]. Content of titanium (light gray) in wt% is as follows: A) 80, B) 60, C) 40 and D) 20.

  2.2 ilustrates described set up developed by Bouville et al.[START_REF] Bouville | Templated Grain Growth in Macroporous Materials[END_REF].
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 22 Figure 2.2: A schematic view of freezing under flow set up[START_REF] Bouville | Templated Grain Growth in Macroporous Materials[END_REF] 
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 2 Figure 2.3: A schematic view of gradients created during freezing under flow[START_REF] Bouville | Templated Grain Growth in Macroporous Materials[END_REF] 
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 24 Figure 2.4: A scheme of alumina/titanium composite

  ) and then sharpened by razor blade with diamond paste of 3 µm in a home-made apparatus (fig. 2.5). Sharpening of the notch was conducted for about 15 minutes for each sample. Obtained notch is shown in fig. 2.6.
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 25 Figure 2.5: A notch sharpening set up
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 26 Figure 2.6: A notch prepared according to the protocol
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 27 Figure 2.7: Titanium/alumina sample polished by Ilion II+. Inside the etched zone we can see titanium foil and diffusion zone (light colour) and alumina matrix (dark colour).
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 28 Figure 2.8: An example of crack observation by confocal microscopy
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 29 Figure 2.9: Comparison of 3D reconstructions of scans performed in EasyTomo Nano tomograph in MATEIS laboratory (on the left) and in ESRF synchrotron facility (on the right). Samples were composed of layers of alumina and titanium with significant diffusion of metal into ceramic matrix. Resolution on the left: 700 nm, on the right: 50 nm. In the right picture titanium foil is not visible because of the noise in the scan, yellow lines indicate where titanium was placed.
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 2 10 and 2.11 present details of design. The bottom part was made to fit into the measurement machine (INSTRON electromechanical system 8800). A hole is machined on the bottom part to allow using a linear variable differential transformer (LVDT TM ), necessary for accurate displacement measurement. A hole in front side permits to observe a specimen during the test. Grooves in the front and back help to place upper part in the right position.
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 210 Figure 2.10: Bottom part of bending set up
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 211 Figure 2.11: Upper parts of three and four point bending set up
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 2 Figure 2.13: A set up allowing to perform 3PB in SEM
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 31 Figure 3.1: Differences between mechanical properties prepared by the same processing protocol by two different people (thesis of Florian Bouville [11] and this work)
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 3233 Figure 3.2: Sintering cycle for samples prepared by freeze-casting
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 34 Figure 3.4: Force-Deflection curve of the material processed by freeze casting
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 35 Figure 3.5: Stress-Strain curve of the material processed by freeze casting
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 36 Figure 3.6: R-curves of the material processed by freeze casting
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 37 Figure 3.7: Platelets orientation and grain boundaries of sample processed by uniaxial pressing instead of freeze casting
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 10 For all samples initial value is close to 5 MPa • m 1/2 . At 0.5 mm of ∆a sample A has Kj of 8 MPa • m 1/2 , sample B close to 9 MPa • m 1/2 and sample C over 10 MPa • m 1/2 .
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 38 Figure 3.8: Force-Deflection curve of the material processed by uniaxial pressing
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 3 Figure 3.10: R-curves of the material processed by uniaxial pressing. ASTM invalid area concerns crack extension surpassing 0.25 of ligament length.
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 311 Figure 3.11: Sintering cycle for the first attempt of up-scaling material fabrication, 90 g sample
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 312 Figure 3.12: Optimized sintering cycle for up-scaling material fabrication
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 314 Figure 3.14: Comparison of platelets orientation and grain size of sample processed by uniaxial pressing and up-scaled one
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 41 Figure 4.1: Stress-Strain curves of materials with three variants of the interphase (notched samples) [9]
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 42 Figure 4.2: Linear thermal expansion of a composite composed of 25% alumina platelets and 75% TM-DAR (alumina nano-powder) as a function of direction: in plane (xy) or out of plane (z)
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 43 Figure 4.3: Force-Deflection curve of the material with fine zirconia powder instead of TM-DAR
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 44 Figure 4.4: Stress-Strain curve of the material with fine zirconia powder instead of TM-DAR
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 46 Figure 4.6: SEM images of crack in the sample with zirconia powder instead of TM-DAR. A) A white arrow indicates the tip of the notch and beginning of crack which propagates visibly on one side; B) Same zone of the sample with higher magnification; C and D) Crack branching
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 47 Figure 4.7: A comparison of stress-strain curves of the material with fine zirconia powder instead of TM-DAR with standard nacre-like alumina
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 48 Figure 4.8: A scheme of reaction which allows to deposit zirconia on the surface of alumina platelets
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 4 Fig. 4.10 illustrates zirconia grain distribution in two composites, prepared by different processing routes: conventional powder mixing and sol-gel technique.
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 410 Figure 4.10: Zirconia grain size distribution depending on processing route[START_REF] Schehl | Alumina nanocomposites from powderalkoxide mixtures[END_REF] 
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 4 Figure 4.11: Force-Deflection curve of the material with platelets processed by alkoxide reaction
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 4 Figure 4.13: R-curves of the material with platelets processed by alkoxide reaction
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 4 Figure 4.14: SEM images of crack in the sample with platelets processed by alkoxide reaction. A) A white arrow indicates the tip of the notch and beginning of crack which propagates visibly on one side; B) Same zone of the sample with higher magnification; C) Crack branching; D) Zone where some platelets probably have been pulled out, it looks like crack had passed from their both sides
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 4 Figure 4.15: A comparison of stress-strain curves of the material with platelets processed by alkoxide reaction with standard nacre-like alumina
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 416 Figure 4.16: Values of fracture toughness measured by indentation and chevron notch as a function of graphene content in dense alumina composites[START_REF] Porwal | Graphene reinforced alumina nano-composites[END_REF] 
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 418 Figure 4.18: Mechanical properties measured by nanoindentation for laminates: A-alumina, AZ-alumina with 5 vol. % of 3Y-TZP and AZGO-alumina with 5 vol. % of 3Y-TZP and 2 vol.% of graphene oxide[START_REF] Rincón | Al2O3-3YTZP-Graphene multilayers produced by tape casting and spark plasma sintering[END_REF] 
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 23 ZrO 2 composites. Results of 4PB are presented in figures 4.19,4.20 and 4.21.
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 4 Figure 4.19: Force-Deflection curve of the material with graphene in the interphase
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 4 Figure 4.20: Stress-Strain curve of the material with graphene in the interphase
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 4 Figure 4.21: R-curves of the material with graphene in the interphase
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 4 Figure 4.22: SEM images of crack in the sample with graphene in the interphase. A) A white arrow indicates the tip of the notch and beginning of crack which propagates visibly on one side; B) Same zone of the sample with higher magnification; C) A zone where crack has changed its path (from horizontal in the middle of the image to vertical on the left); D) Zone where some flaky structures are visible on the surface of some alumina platelets

Figure 4 .

 4 Figure 4.23: A comparison of stress-strain curves of the material with graphene in the interphase with standard nacre-like alumina

Figure 4 .

 4 Figure 4.24: A comparison of stress-strain curves of all the material formulations tested in this study

Figure 5 . 1 :

 51 Figure 5.1: SEM image of alumina/titanium composite (sintered at 1500°C) showing three regions (initial titanium foil thickness of 50νm, final 30-40µm). Some platelets pull out has occurred during polishing in the alumina matrix.
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 5253 Figure 5.2: Area chosen to be analysed by EDX

Figure 5 . 4 :

 54 Figure 5.4: SEM image of titanium foil sintered between alumina pellets (BSE detector)

Figure 5 . 5 :

 55 Figure 5.5: Band Contrast image of the titanium foil (camera EBSD). Both samples sintered at 1500°C. Sample on the left: cooling 100°C/min, initial foil thickness 50µm, sample on the right: cooling 10°C/min, initial foil thickness 100 µm. Magnification on both images is not the same.

Figure 5 . 6 :

 56 Figure 5.6: Comparison of crystallographical structure of two foils (100°C/min vs 10°C/min)

Figure 5 . 7 :

 57 Figure 5.7: EDX image of the observed intermetallics, sample cooling speed: 100°C/min.

Figure 5 . 8 :

 58 Figure 5.8: EDX images of particular elements present in the intermetallics

Figure 5 . 9 :

 59 Figure 5.9: Temperature profiles of applied sintering cycles. Holding time of 30 minutes at 1200, 1300, 1400 and 1500°C respectively, max. temp. 1500°C for all treatements.

Figure 5 .Fig. 5 .

 55 Figure 5.10: A sample sintered at 1500 °C with 30 minutes holding time at 1200 °C; minor diffusion of titanium (BSE detector)

Figure 5 .

 5 Figure 5.11: A sample sintered at 1500 °C with 30 minutes holding time at 1300 °C; minor diffusion of titanium (BSE detector)

Figure 5 .

 5 Figure 5.13: A sample sintered at 1500 °C with 30 minutes holding time at 1500 °C; significant diffusion of titanium (BSE detector)

Figure 5 . 14 :

 514 Figure 5.14: One picture from volume reconstruction of the sample 30 min at 1200°C. It shows residual porosity (light) in ceramic matrix (darker). It is the zone close to the titanium film (scan perpendicular to the metal layer) but no visible diffusion was noticed.

Figure 5 .

 5 Figure 5.15: 3D volume recontruction of the sample sintered during 30 min at 1500°C. Ceramic phase was removed from the reconstruction to show titanium which infiltrated porosity.

Figure 5 .

 5 Figure 5.16: Close-up look on grain interconnections and residual porosity which was not infiltrated by metal. Sample sintered during 30 min at 1500°C. Ceramic phase was removed from the reconstruction to show titanium and porosity. Titanium phase is in cyan and porosity in magenta.

Figure 5 . 18 :

 518 Figure 5.18: Intermetallic structures inside Ti6Al4V foil. Bright grey: metal,dark grey: inclusions.

Figure 5 . 19 :

 519 Figure 5.19: Chemical analysis of intermetallics

Figure 5 . 20 :

 520 Figure 5.20: Placement of spectra measurements
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 522523 Figure 5.22: Differences of composition within titanium grains in the diffusion zone (BSE detector)

Figure 5 . 24 :

 524 Figure 5.24: Varied chemical composition of a single grain

Figure 5 . 25 :

 525 Figure 5.25: Analysis of linear composition of diffusion zone

Figure 5 . 26 :

 526 Figure 5.26: Linear analysis of all elements present in the composite starting from alumina to titanium layer, through the diffusion zone

Figure 5 . 28 : 25 Figure 5 . 29 :

 52825529 Figure 5.28: Linear analysis of aluminium along the line shown in fig. 5.25

Figure 5 .

 5 Figure 5.30: SEM picture of metal foil and diffusion zone in the composite Al 2 O 3 /T iN/T i. Sintering temperature: 1500°C, heating rate: 100°C, cooling rate: 10°C.
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 5319155 Figure 5.31: Difference between metal in inclusions zone and metal deeper in the foil
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 532 Figure 5.32: Analysis of intermetallics

Figure 5 . 33 :

 533 Figure 5.33: Comparison between spectres of metal and intermetallic. Y-axis: number of X-rays received and processed by the detector [cps/eV], X-axis: energy level of those counts [keV].

Figure 5 . 34 :

 534 Figure 5.34: Analysis of grain composition in the diffusion zone. Sample with Ti(N) foil, sintered at 1500°C, heating rate 100°C/min, cooling rate 10°C/min.
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 535 Figure 5.35: Analysis of linear composition of diffusion zone

Figure 5 . 36 :

 536 Figure 5.36: Linear analysis of all elements present in the composite along the line shown in fig. 5.35

Figure 5 . 37 :

 537 Figure 5.37: Linear analysis of titanium along the line shown in fig. 5.35

Figure 5 . 38 :

 538 Figure 5.38: Linear analysis of nitrogen along the line shown in fig. 5.35

Figure 5 . 39 : 35 Figure 5 . 40 :

 53935540 Figure 5.39: Linear analysis of aluminium along the line shown in fig. 5.35
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 5 Figure 5.42: Stress-Strain curves of the reference material

Figure 5 .

 5 Figure 5.45: SEM pictures of the sample with a layer of titanium foil (without glassy phase) in the moment of crack offset (at 70 N) during three point bending in situ

Figure 5 .

 5 Figure 5.46: SEM pictures of the broken (at 73 N) sample with a layer of titanium foil (without glassy phase) during three point bending in situ

Figure 5 .

 5 Figure 5.47: Force-Deflection curves of the material with 20µm foil. Sintered at 1500°C, heating rate: 100°/min, cooling rate: 10°/min.
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 5 Figure 5.48: Stress-Strain curves of the material with 20µm foil
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 550551 Figure 5.50: Force-Deflection curves of the material with 100µm foil

Figure 5 .

 5 Figure 5.52: R-curves of the material with 100µm foil

Figure 5 .

 5 Figure 5.54: Stress-Strain curves of the material with 500µm foil

Figure 5 . 56 :

 556 Figure 5.56: Comparison of Stress-Strain curves of materials with different foil thickness

Figure 5 .

 5 Figure 5.57: Force-Deflection curves of the material with Ti6Al4V foil (around 500µm thick)

Figure 5 .

 5 Figure 5.60: Force-Deflection curves of the material with Ti foil with TiN layer (around 500µm thick)

Figure 5 .

 5 Figure 5.62: R-curves of the material with Ti foil with TiN layer (around 500µm thick)

Figure 5 . 63 :

 563 Figure 5.63: Comparison of Stress-Strain curves of materials with different foil chemistry (500 µm thick metal layers)

Figure 5 .

 5 Figure 5.64: Ellingham-Richardson diagram of common oxides (free energy in function of temperature). It shows that thermodynamically alumina is more stable than titanium oxide (T iO 2 ) in our temperature range.

Figure 5 . 65 :

 565 Figure 5.65: Microstructural difference between the zone which was solid and the zone that was probably liquid during sintering

Figure 5 .

 5 Figure 5.66: IPFZ maps for the titanium foil. A) IPFZ for cubic phase, B) IPFZ for hexagonal phase, C and D) color codes for grain orientations for cubic and hexagonal phase, respectively. Images obtained from EBSD analysis and software Channel 5.

Figure 5 . 67 :Fig. 5 .

 5675 Figure 5.67: Orientation relationships between cubic and hexagonal phase found in the first domain (contoured in a red dashed line in the picture 5.66B)

Figure 5 . 68 :

 568 Figure 5.68: Comparison of Stress-Strain curves of materials with different foil thickness with reference material
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	Grade 1	105	170	240	24
	Grade 2	105	275	345	20
	Grade 3	105	380	445	18
	Grade 4	105	480	550	15

: Mechanical properties of commercially pure titanium from

[START_REF] Lutjering | Titanium[END_REF] 

Table 2 .

 2 

1: Standard composition of the slurry for freeze casting flows on the freezing plate (see fig. 2.2). Copper plate is tilted by 10°; on its surface a silicon rectangular mold is attached. It has an opening gate at the end of the plate;

Table 2 .

 2 2. 

	Polishing disc	Suspension	Force [N] Plate Speed [rpm] Head Speed [rpm] Direction Time [min]
	P500 diamond	none	20	100	30	coincident	3
	P500 diamond	none	30	150	60	coincident	3
	P1200 diamond	none	30	150	60	coincident	4
	Fabric NWF+	6 µm diamond	30	150	60	opposed	5
	Fabric NWF+	3 µm diamond	30	150	60	opposed	5
	Fabric NWF+	1 µm diamond	30	150	60	opposed	6

Table 2 . 2

 22 

: Details of the polishing protocol Bending tests were conducted on notched samples: first by a diamond disc (0.3 mm thick, Struers

Table 3 .

 3 

1: Size distribution of alumina platelets in sample processed by freeze casting

Table 3 .

 3 2: Size distribution of alumina platelets in sample processed by uniaxial pressing instead of freeze casting EBSD indicates that pressing and sintering protocols lead to materials with good platelets alignment. It is justified to perform mechanical testing. It is needed to specify that all samples were notched. Stress-strain values were calculated on the basis of sample height with subtracted notch depth. In fig.3.8 raw results from 3PB are presented because to calculate stress-strain curves notched samples were used instead of unnotched. Orange arrows indicate onset of crack propagation.

Table 4 .

 4 

1: Components of the slurry WS_56

  3 hours it was used to prepare a slurry no. WS_57. Its components are listed in the table below.

	Component	Mass [g]	Percentage massive [%]
	Water	80.0	60 (of entire slurry)
	Carbopol	0.243	0.3 (of water)
	Darvan 7-NS	0.516	1.0 (of ceramic powder)
	WS alkoxide modified	51.59	38.5 (of entire slurry)
	Nexsil 20K	1.288	2.4 (of ceramic powder)
	Calcium carbonate	0.129	0.24 (of ceramic powder)

Table 4 . 2
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: Components of the slurry WS_57

Table 4 . 3

 43 4.3 detailed compositions of tested slurries are given.

	Slurry Water [g] Graphene Oxide [g] Alumina platelets [g] Isobam 104 [g]; [%]
	GO_1	20.0	0.08	8.80	0; 0
	GO_3	20.0	0.08	8.80	0.088; 1
	GO_4	20.0	0.08	8.80	0.264; 3
	GO_5	20.0	0.08	8.80	0.44; 5

: Concentrations of Isobam 104

Table 5 .

 5 2 lists those elements.

	Elements [at%]:	Ti	Al	V	O
	Metallic matrix (spectra 1-3)	90.3 7.5 2.2	-
	Inclusions (spectra 4-8)	17.4 31 0.4 51.1

Table 5 .

 5 2: Comparison of composition of the metal matrix and inclusions

  Figure 5.21: Analysis of ceramic matrix and metal grains composition (BSE detector)

	Elements [at%]:	Ti	Al	V	Si	O	Y	Zn
	Spectra 13-15, 18 (titanium grains)	60.2 33.5 2.2 0.6	-	-	-
	Spectra 12, 16, 17, 19 (alumina)	-	43.3	-	-	56 0.5 0.2
								3 for tita-
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5.1. FABRICATION AND STRUCTURAL CHARACTERISATION

Table 5 .

 5 3: Composition of diffused grains and ceramic matrix nium, 39.6 for silicon, 5.6 for aluminium and 1.5 for vanadium. In darker areas silicon has not been detected. They contain high amount of aluminium (72.5 at%), some titanium (26.9 at%) and traces of vanadium (0.2 at%). Based on this measurement we can differenciate two types of areas in diffused grains: rich in aluminium and rich in silicon and titanium. Table5.4 lists all the elements and their quantities.

	Elements [at%]:	Ti	Si	Al	V
	Lighter parts (spectra 21, 23, 25, 27)	53.3 39.6 5.6 1.5
	Darker parts (spectra 22, 24, 26)	26.9	-	72.5 0.2

Table 5 .

 5 4: Differences in composition of diffused grains, average of spectra as indicated

Table 5 .
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Mechanical properties

The main objective of fabricating titanium/alumina composites was to improve ductility without compromising strength. Three point bending (3PB) on notched samples was conducted to measure mechanical response: stress-strain and R-curves.

Preliminary study

Those materials were formed by uniaxial pressing so for the reference, samples from pressed powder without metal foil were prepared. 3.8g of powder was divided into four portions and pressed one after another in order to maintain platelets alignment (each layer was around 500 µm thick after sintering). They were sintered at 1500 °C. Afterwards they were cut into bars (2 mm height and width, 14 mm length).

All samples were tested according to the same protocol (deflection speed equal to 5µm/min). More details in the chapter "Materials and Methods". The results are presented in figures below 5.41, 5.42 and 5.43.

In the chapter "Modification of the interphase between platelets" it was stated that unnotched samples should be used to calculate stress-strain curves. As notched samples were used in this case, we present force-deflection curves as well. For stressstrain calculations from sample height, the notch depth was subtracted. Calculations were conducted as described in "Materials and methods". Yellow arrows mark onset of the crack propagation.