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Introduction Context, objectives and overview of results

Silicon carbide (SiC) is a widely used industrial ceramic because of its excellent properties such as its high mechanical stiffness, low density, high thermal conductivity, low coefficient of expansion, and high resistance to corrosion, which makes it useful for a wide range of applications for aerospace, automotive, mechanical, military, chemical, electronic, and optical and nuclear energy fields [1]. The regular industrial process, to manufacture these wide and complex parts, has been successfully developed since the '90s. However, for some specific applications, the component design could be improved by additive manufacturing. In this context, the European project DOC-3D-PRINTING to which I belong, is focused on developing the whole value chain of ceramics 3D printing from processing feedstock to testing in products for commercialization 1 .

As one of additive manufacturing methods, Powder Bed Selective Laser Processing [2], also called Selective Laser Sintering/Melting (SLS/SLM), has been expected to fabricate complicated shape components in recent years. This technique is a powder bed fusionbased method (ASTM ISO 59000), which has similarities with other methods like binder jetting, for example. In general, Powder Bed Selective Laser Processing (PBSLP) of ceramics is classified in direct and indirect [3].

Direct PBSLP is the method by which the ceramic powder is heated by a laser beam to "bond" particles as a result of solid state sintering or melting and, in contrast indirect PBSLP is the method by which the laser irradiation melts sacrificial organic polymer binder added to the ceramic powder, resulting in the bonding of the ceramic particles.

The main difference between both techniques is the debinding process which is only present in the indirect method. In consequence, indirect PBSLP involves melting of a sacrificial (generally) organic binder phase to produce green parts. The green parts are subsequently debinded and sintered to produce ceramic parts. On the other hand, direct PBSLP does not involve a sacrificial binder phase and the ceramic parts are produced by direct sintering or melting. However, the presence of a binder in these techniques is not necessarily a condition to be considered as indirect if, for example, it is also an integral part of the final product.

However, direct PBSLP is considered unfit for making silicon carbide components because the high density of the ceramic components and the high preheating temperature when forming leads to stress during the manufacturing process and can result in cracking [3]. Moreover, this process is specifically complicate since SiC does not have a melt phase under normal atmospheric circumstances but instead decomposes at temperatures in excess of 2545 °C into liquid Si and solid C. For that reason, indirect selective laser sintering have been generally adopted to form silicon carbide ceramic components by sintering/melting polymer binders in a composite powder [4].

As a solution from the scientific community to conduct direct PBSLP of SiC, typically, an initial powder mixture of silicon carbide and silicon (Si) powders are used since the Si melts and re-solidifies to bind the primary SiC particles. Afterwards, these Si-SiC preforms are impregnated with a phenolic resin, which is pyrolyzed yielding porous carbon and transformed into secondary reaction formed SiC when the preforms were infiltrated with molten silicon in the final step. This results in Reaction Bonded Silicon Carbide (RBSC) parts. However, this process to obtain full dense bodies of RBSC sacrifices the optimization of mechanical properties when compared to a SiC part.

The original scientific approach of this PhD thesis resides in the production of innovative SiC powders that enable direct PBSLP by grain surface functionalization. This surface modification, where a SiC preceramic precursor is grafted onto the grain surface of SiC powder, is a potential method to improve the sintering behaviour of this ceramic material. The purpose is to directly grow polymer thin films on the surface of the particles resulting in a core-shell type material architecture that does not affect the flowability of the powder which would imply the impossibility of using this feedstock in PBSLP processes. So then, in this work the influence of temperature, ultrasounds, grafted wt. % of the preceramic precursor, reproducibility and durability of a 2 steps-process by wet route were studied and the experimental procedure optimized.

Moreover, the sintering behaviour of both SiC powder and surface modified SiC was studied in spark plasma sintering, a well-established technique in the densification of silicon carbide, prior the use of the modified surface in PBSLP. The thin molecular layer of a preceramic precursor on the grain surface of SiC particles, acts as a sintering additive without producing contamination by heteroatoms since, in addition to hydrogen, it contained only Si and C in the same ratio 1:1 as silicon carbide. By means of SPS, the SiC samples and the surface-modified SiC (smSiC) were highly densified using the same SPS conditions. Interestingly, the densification is always found better for smSiC than for raw SiC sample. Moreover, the surface-grafting of the oligomer-derived ceramic does not affect the final phases. This study allowed us to determine that the surface modification of the SiC powder decreases the sintering start temperature by about 180°C and therefore a better densification is obtained.

On the other hand, working on parallel with the previous process of powder modification, this research was also focused on the investigation of the manufacturing process optimization by means of PBSLP. Specific, additive manufacturing of SiC using PBSLP involves optimization of many manufacturing parameters such as laser power, scanning speed, layer thickness, scanning strategies and powder compaction. Nevertheless, previous research on this field are focused just on the laser power and scanning speed modification, overlooking other parameters.

Firstly, a study was carried out to investigate the manufacturing possibility of SiC by direct PBSLP experimentally and numerically. The results showed that the direct PBSLP of SiC is possible with the optimization of the process parameters. Layer thickness and hatching distance, which is distance between centres of adjacent laser beam tracks, are the most important parameters that needed to be optimized. Also, the laser power and scanning speed needed to be adjusted so that the scanning temperature was between the sintering and the decomposition limits.

Secondly, the scanning strategies effect on direct PBSLP of SiC was also studied experimentally and numerically. Four scanning strategies which are available in the commercial 3D printer used in this work were considered in this study. These scanning strategies are Concentric in-out, Hexagonal, Linear, and Zigzag. The laser power, scanning speed, hatching distance and layer thickness were kept constant to only consider the effect of scanning strategy.

Afterwards, following the results obtained previously, silicon carbide parts were manufactured by means of direct PBSLP in absence of post-treatments and any addition of additives in the initial powder mixture. The individual optimization of the each parameters, laser power, scanning speed, hatching distance, hatching distance and powder compaction was performed. Moreover, the process viability can be confirmed with the manufacturing of SiC complex shapes, specific, SiC lattice structures which cannot be obtained with traditional manufacturing techniques.

Finally, PBSLP has been conducted to manufacture SiC and surface-modified SiC 3D parts in order to study the efficiency of the sintering and the densification in the process.

Moreover, Spark Plasma Sintering (SPS) was used as post-treatment to further densify the manufactured samples and mechanical properties. The Vickers Hardness and 3-point bending strength were measured.

Chapter 1: Literature review 1.1 Silicon Carbide

Silicon carbide (SiC) is a ceramic material that has unique characteristics, such as high strength, high hardness, low density, good chemical stability and excellent high temperature performance, and has become a more and more important material during the last decade for aerospace, mechanical, chemical, electronic, optical and nuclear energy fields due to its unique properties [1], [5].

Properties

The physical properties of SiC are very important subjects of academic study as well as critical parameters for its accurate usage in different applications, since silicon carbide crystallizes in a wide variety of structures, each of which exhibits unique electrical, optical, thermal, and mechanical properties [6].

From a crystallographic point of view, SiC is the best known example of polymorphism [7]. For most materials, only one stacking structure (often either the zincblende or wurtzite structure) is usually stable. However, SiC crystallizes in surprisingly many (more than 200) polytypes [6].

In Ramsdell's notation, polytypes are represented by the number of Si-C bilayers in the unit cell and the crystal system (C for cubic, H for hexagonal, and R for rhombohedral). 3C-SiC is often called β-SiC, and other polytypes are referred to as 𝛼-SiC. The structures of most popular SiC polytypes; 3C-SiC, 4H-SiC, and 6H-SiC, are shown schematically in Figure 1, where open and closed circles denote Si and C atoms, respectively. The stability and nucleation probability of SiC polytypes depend strongly on temperature.

For example, 3C-SiC is not stable, and is transformed into hexagonal SiC polytypes such as 6H-SiC at very high temperatures, above 1900-2000 ∘C [START_REF] Yoo | Solid-State Phase Transformation in Cubic Silicon Carbide[END_REF]. This instability of 3C-SiC makes it difficult to grow large 3C-SiC ingots at a reasonable growth rate. Thus, 4H-SiC and 6H-SiC polytypes are very popular, and have been extensively investigated to date and it is possible to find many examples in the literature. As well as these three main polytypes, 15R-SiC is occasionally obtained, and has been studied to some extent [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology: Growth, Characterization, Devices, and Applications[END_REF]. Because all SiC polytypes consist of similar Si-C bonds, mechanical properties such as hardness are very similar among different SiC polytypes [1]. However, different periodic potentials in different SiC polytypes result in very different electronic band structures, and thus significant variation in optical and electronic properties. This means that, for device applications, it is crucial to grow only the single desired SiC polytype; polytype control is a vital aspect of crystal growth of SiC.

Because SiC is a compound semiconductor, the valence electrons are slightly localized near C atoms, which are more electronegative than silicon (C: 2.5, Si: 1.8). In this sense, Si atoms can be referred to as cations and C atoms as anions. This ionicity gives rise to polarity in SiC, which is of academic and technological importance.

Regarding to thermal properties, SiC, with its significant contribution from phonons, has a much higher thermal conductivity (180 W m -1 K -1 for high-purity SiC at room temperature) than Si. It has been reported that the thermal conductivity is not sensitive to the SiC polytype, but depends on the doping density and the crystal direction [START_REF] Mcd | Status of Large Diameter SiC Crystal Growth for Electronic and Optical Applications[END_REF].

The mechanical properties of SiC are also unique; SiC is one of the hardest known materials. Table 1 shows the major mechanical properties of SiC and Si [1], where the polytype dependence is small. The hardness and Young's modulus (380-700 GPa) of SiC are much higher than those of Si, while the Poisson's ratio (0.21) of SiC is very similar to that of other semiconductors. SiC retains its high hardness and elasticity, even at very high temperatures. The yield (fracture) strength of SiC is as high as 550 MPa at room temperature [START_REF] Suzuki | Yield Strength of Diamond[END_REF]. Specific heat (J g -1 K -1 ) 0.69 0.7

Thermal conductivity (W m -1 K -1 ) 39-180 13-15

In summary, SiC possesses high hardness (HV > 22 GPa), high Young's modulus (> 400

GPa), high thermal conductivity (39-180 W m -1 K -1 ), very low thermal expansion (3.6 -4.1 10 -6 K -1 at 20 to 400 °C), high thermal stability, high resistance to corrosion, abrasion and erosion, and also toxicologically safe. SiC is resistant to any acids or alkalis or molten salts up to 800 °C. In air, SiC forms a protective silicon oxide film and is capable of being used up to 1600 °C. The high thermal conductivity coupled with low thermal expansion and high strength make this material excellent thermal shock resistance [1].

In the following Table 2 some of the properties of hexagonal SiC (α-SiC) are compared to the most commonly used materials: aluminium 6061 and stainless steel 316. Similar to all other ceramics, SiC is brittle. However, many efforts have been made to produce fiberreinforced SiC composites that have shown promising impact strength for wide applications.

Table 2. Comparison of material properties [1]. 

Material

Applications

Notwithstanding the difficult processing and manufacturing, SiC is already used in a variety of applications due to its wide bandgap, high thermal stability, and resistance to corrosive environments. In particular, SiC is an enabling technology for many applications that cannot be served by conventional semiconductors. Among these applications are high-power microwave devices for commercial and military systems, including bulletproof vests; high-temperature and electronics devices (LED's, MOSFET's), car brakes and diesel particulates filters for automotive, space telescope mirrors and low thermal expansion frames for the aerospace sector, and well-logging;

rugged MEMSs (micro-electro-mechanical sensor) devices for hostile environments; gas and chemical sensors for internal combustion engines, furnaces, and boilers; and solarblind UV photodetectors [START_REF] Kimoto | Fundamentals of Silicon Carbide Technology: Growth, Characterization, Devices, and Applications[END_REF].

Sintering of Silicon Carbide

Pure SiC is colourless but the dark grey, brown, or black colour of commercial SiC is from impurities such as iron. This ceramic material can be produced from a mixture of SiO2 and some form of carbon low in ash. Theoretically, when using silicon and carbon to form SiC, SiC cannot be formed until the melting point of silicon (1430 ºC) is reached.

However, currently the reaction temperature can be as low as 1000 ºC if using nickelsilicon or aluminium-silicon alloys [START_REF] Yoo | Solid-State Phase Transformation in Cubic Silicon Carbide[END_REF].

The fabrication of SiC with specified shape is commonly made by a conventional fabrication of ceramics which includes a heat treatment process called sintering, during which the powder material is bonded and formed into a desired shape and then, is converted into a dense solid. One of the main problems associated with the practical applications of SiC is the difficulty in densification because of its strong covalent bonding nature and low self-diffusivity. The bonding between Si and C atoms is 88% covalent and 12% ionic [1], which makes it difficult to consolidate SiC. Therefore, pure SiC can be densified only by sintering at very high temperatures under ultra-high pressures. For example, Nadeau [START_REF] Raju | Sintering additives for SiC based on the reactivity: A review[END_REF] acquired a fully densified SiC at 2500 °C and 5 GPa without a sintering additive. Because of this reason, silicon carbide is considered to be unsinterable in the absence of additives by many authors [START_REF] Greskovich | Sintering of Covalent Solids[END_REF]. As an example, Boron and Carbon additives were used for the pressureless solid-state sintering of SiC around 2100 °C since the early 1970s, which resulted in a 98% density. On the other hand, Omori et al. [14] introduced Y2O3-Al2O3 liquid phase sintering additives in the early 1980s, which required temperatures lower than 2000 °C for the densification of SiC.

In summary, for the sintering of SiC, high temperatures and/or sintering additives are required. The properties of sintered SiC are critically dependent on the additives used for consolidation. Sintering additives provide an increase in shrinkage rate and hence the densities at relatively low sintering temperatures. On the other hand, the presence of sintering additives results in the segregation of secondary phases at grain boundaries, which has adverse effects on the high temperature properties. Pressure can also be applied to provide an extra driving force for sintering, which can also allow a decrease in sintering temperatures and sintering time [START_REF] Raju | Sintering additives for SiC based on the reactivity: A review[END_REF]. A range of techniques with different sintering additives have been used for the densification of SiC, which are listed briefly below in Table 3. 

SiC sintering technique

Featured results

Pressureles sintering

Chen and Zeng [START_REF] Chen | Pressurelessly sintering silicon carbide with additives of holmium oxide and alumina[END_REF]: found that HO2O3/Al2O3=0.25 gave a 96% relative density by forming a eutectic liquid at 1780 °C.

Malinge et al. [START_REF] Malinge | Pressureless sintering of beta silicon carbide nanoparticles[END_REF]: reported a 98% density by sintering at 2100 °C using β-SiC nanoparticles and B4C sintering additive.

Rodriguez-Rojas et al. [START_REF] Rodríguez-Rojas | Oxidation behaviour of pressureless liquid-phase-sintered α-SiC with additions of 5Al2O3+3RE2O3[END_REF]: reported the effects of Al2O3 and some rare-earth oxides.

Hot pressing Lin et al. [START_REF] Lin | Hot-Pressing of beta-SiC Powder with Al-B-C Additives[END_REF]: examined the effects of metal additives (Al, B, and C) instead of oxides to form a liquid phase at 1600-1800 °C under pressures of 20-60 MPa. They found that 50 MPa was required to obtain at least a 95% relative density at 1650 °C. Gadzira et al. [START_REF] Gadzira | Solid solution of carbon in b-SiC[END_REF] performed UHP at 1400-1800 °C under 4-6 GPa for 1 min to sinter SiC-C and form super-hard materials.

Gas

X. Mao-lin et al. [START_REF] Mao-Lin | Densification of nano-SiC by ultra-high pressure effects of time, temperature and pressure[END_REF]: high density SiC added with 4wt% Al2O3 was fabricated using a nano-SiC powder at 1000-1300 °C under 4.0-4.5 GPa for 15-35 min by ultra-highpressure sintering.

Spark plasma

Sintering

Hayun et al. [24]: obtained a density of SiC bodies of 3.1870 g/cm3 (RD = 99%) in the absence of sintering additives. They have used an SPS treatment at 2050°C for 10 min, a heating rate of 400°C/min and an applied pressure of 69 MPa to densify alpha-SiC powder.

Flash sintering Olvesky et al. [START_REF] Olevsky | Flash (Ultra-Rapid) Spark-Plasma Sintering of Silicon Carbide[END_REF] conducted a flash (ultra-rapid) sintering to achieve a SiC specimen with high relative density (99%, with the evidence of the limited grain growth)

Additive manufacturing

Generally, ceramic parts, as SiC, are manufactured through conventional technologies, as we discussed in the previous section, into the required shapes from a mixture of powder with or without binders and other additives. Furthermore, several steps of machining and sintering to reach a higher densification and functionality are further needed [2].

Nevertheless, these conventional forming techniques include several limitations; the production of highly complex geometries, which becomes unreachable due to the usual use of moulds, the high cost and the long processing time. On the other hand, defects and undesirable shrinkages might also be generated in the ceramic parts and, in addition, due to their extreme hardness and brittleness, the machining of the ceramic components are highly challenging [START_REF] Sing | Direct selective laser sintering and melting of ceramics: a review[END_REF].

The introduction of additive manufacturing (AM) technologies, also known as 3D

printing, into the manufacturing of ceramic components provides new possibilities for solving the challenges and limitations mentioned above. Following the ISO/ASTM 52900 definition, AM is the process of joining materials to make parts from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing and formative manufacturing methodologies. It enables the flexible preparation of highly complex and precise structures. Other advantages of AM include the productivity increase, as many objects can be built in a single run, and cost reduction respect to traditional manufacturing methods.

Within the different AM technologies (According to the ISO/ASTM 52900 terminology standard), this dissertation is focused is focused on Powder Bed Selective Laser Processing (also known as Selective Laser Sintering/Melting). Table 4 and Table 5 show the list of AM techniques, the feedstock and commercial availability, respectively.

Specific, this dissertation will be focused on powder bed-based method, which has similarities with other methods like binder jetting. 

Brief History and State-of-Art of Additive Manufacturing of Ceramics

Additive manufacturing began to be developed in the early 80's by several researches, using different strategies. However, in 1986 Carl R. Deckard, who was still an undergraduate student, filed the first patent [START_REF] Deckard | METHOD AND APPARATUS FOR PRODUCING PARTS BY SELECTIVE SINTERING[END_REF], followed by two others later on [START_REF] Deckard | SELECTIVE LASER SINTERING WITH LASERWISE CROSS-SCANNING[END_REF] [29], that defined what is known today as Selective Laser Sintering/Melting (SLS/M).

Already in his first patent, Deckard wrote very clearly that this method was supposed to be suitable for different kinds of raw materials, in powder form: polymers, metals and ceramics.

In 1984, Deckard and his master's supervisor, Prof. Joe Beaman, started to work on a project designed by Deckard for the past few years. In his initial budget calculations, Deckard estimated a budget of around $ 30,000, considering a 100 W YAG laser. Three years later, the first academic machine, named "Betsy", allowed producing parts consistently enough to be presented to investors. Soon, a company named Nova Automation was licensed to develop SLS with an estimated budget of $300,000 and two years to raise it. Finally, in 1989, with some extra time/funding offered by the University of Austin Texas, Nova Automation had the necessary investment. Goodrich corp. funded the idea with contracts up to $6M. Other smaller grants were also obtained eventually. In 2001, after being sold once, the company was sold to 3D Systems, Inc., a company that developed Stereolithography and still produces SLS machines up to present days [START_REF] Lindstrom | Selective Laser Sintering, Birth of an Industry[END_REF].

The first scientific publications involving SLS/M of ceramics were written right after the creation of the concept machine and method. Since 1992, several approaches started to be tested using ceramic materials, as ceramic/glasses mixtures [START_REF] Marcus | SELECTIVE LASER SINTERING OF METALS AND CERAMICS[END_REF] and polymer-coated ceramics [START_REF] Nelson | Selective Laser Sintering of Polymer-Coated Silicon Carbide Powders[END_REF], for example. After these first publications on the field, the interest on developing SLS/M for ceramics is growing (Figure 2). Considering alumina, Silicon Carbide, Calcium phosphates and Zirconia, this growth is similar. The large range of possible technical applications for these four materials attracts a consistent interest of the industry worldwide. database with the following keywords on article title: "selective laser sintering" or "SLS" or "selective laser melting" or "SLM" or "Powder bed fusion" or "PBF" or "laser sintering" or "laser melting" and the selected ceramic names or formula [START_REF] Grossin | A review of additive manufacturing of ceramics by powder bed selective laser processing (sintering / melting): Calcium Phosphate, Silicon Carbide, Zirconia, Alumina, and their composites[END_REF].

In these last authors that post-processing and parameters optimization are the great and next challenges [START_REF] Chen | 3D printing of ceramics: A review[END_REF].

Powder Bed Selective Laser Processing

The terms selective laser sintering and selective laser melting in additive manufacturing

are not yet properly standardized. Every industry tends to maintain its own copyrighted names and moreover, these techniques are also applicable for polymers, plastics, metals, ceramics and non-metals. Due to these reasons, both terms are used interchangeably although the processes are different. During selective laser sintering, the particle coalescence of a powdered aggregate by diffusion is accomplished by firing at an elevated temperature and, in the other hand, during selective laser melting, the powder is transformed from solid phase into a liquid upon heating [START_REF] William | Material Science and Engineering An Introduction[END_REF].

But, not all ceramics have a liquid phase, like for example silicon carbide, therefore, for materials that cannot be melted, we necessarily refer to selective laser sintering [START_REF] Stevinson | Over-infiltration mechanisms in selective laser sintered Si/SiC preforms[END_REF]. As the SLS/M process start from a powder and leads to a solid form by applying temperature both phenomena, sintering and/or melting, can occur, but up to now studies have not evidenced which mechanisms occur for ceramic. Moreover, for example, if a mixture of polymer or another material with liquid phase and ceramic without liquid phase is used, under these circumstances, the use of selective laser melting and/or sintering does not seem to be clear either.

Both selective laser sintering and selective laser melting are techniques comprised within a process of additive manufacturing, Powder Bed Fusion (PBF), ISO/ASTM 52900 "Additive manufacturing -General principles -Terminology". Powder bed fusion methods use either a laser or electron beam to melt and fuse material powder together, following the same process than in the previous section [START_REF] Bhavar | A review on powder bed fusion technology of metal additive manufacturing[END_REF]. However, again, due to the introduction of ceramics in the use of these techniques, as we have already mentioned, it is not always possible to achieve fusion and therefore the term is not used correctly either.

In are the powder storage space, the building platform, and the powder spreading tool. In a commonly accepted design, the build platform lowers by one layer and a scraper or a roller drum spreads an exact amount of powder from the powder stock side to the building platform side with a certain thickness. PBSLP machines equipped with a roller drum mostly have the option of the compaction in order to increase the interaction between the granules in the deposited powder layer. Once the powder is dispersed in a thin layer on top of the building platform, the laser selectively sinters certain parts in the direction of the CAD/CAM design data. That layer by layer process continues through the entire piece. Any excess powder remaining after the printing session can be recovered after a proper sieving. Once all the printing parameters are individually optimized and set for a material and design, pieces with the same physical and chemical properties can be reproduced. Certain limitations have to be faced during the PBSLP process of materials; in terms of laser-matter compatibility, building capacity and thermal gradients, etc. The most important criteria for a successful PBSLP processing are the compatibility between the laser used and the powder. For a proper sintering, the laser radiation energy should be absorbed by the powder. At the certain wavelength of the laser, each material shows a different energy absorption level [START_REF] Tolochko | Absorptance of powder materials suitable for laser sintering[END_REF]. In few cases, the amount of energy absorbed by the powder is not sufficient enough for sintering/melting and forming a solid mass. In such a case, the laser absorption of a material can be enhanced by modifications like addition of an absorbent or processes like calcination. For example, Juste et al. used a small amount of graphite as an absorbency enhancer for oxide ceramic powders and pieces with almost 90% density are obtained with a commercially available PBSLP machine [START_REF] Juste | Shaping of ceramic parts by selective laser melting of powder bed[END_REF]. Besides the laser absorption, another point in terms of laser used in the equipment is the spot size. Oxide ceramic powders such as ZrO2, Al2O3 and SiO2 interact differently at the CO2 laser wavelength (λ: 10.6µm) than Nd:YAG laser wavelength (λ:

1.064µm), where the former has a substantial laser absorption, which is not observed in the latter. However, the amount of energy transferred to the powder bed still can be low due to the bigger spot size of the CO2 laser which is resulting in a decrease in the energy density. The relationship between the laser type, spot size and energy density should be studied carefully for each material.

As mentioned above, the majority of the commercially available PBSLP machines are designed and used for polymers and metallic materials mostly. Lately, using PBSLP for the manufacturing of ceramic materials gained interest too. However, it has been quite challenging to obtain dense and mechanically stable ceramic pieces without any pre and post process. While metallic and polymer materials can tolerate the thermal gradients that occur between printed layers in PBSLP method, ceramics cannot. Equipment based modifications let a number of researchers to decrease these thermal gradients and increase the mechanical properties of the pieces. For example, preheating the building chamber and the powder bed up to just below the melting temperature narrow the thermal gap between the heating and the cooling [START_REF] Liu | The effect of processing parameters on characteristics of selective laser sintering dental glass-ceramic powder[END_REF]. Another method including a post-sintering / debinding process is also developed in order to shorten thermal gradients. In this method, the green body is obtained by only sintering the polymer powder in the powder blend including ceramic powder at very low temperatures. Then, the final density is obtained with an additional sintering/debinding step and the sacrificial polymer is mostly removed from the structure. As we mentioned, the main difference between both techniques is the debinding process which is only present in the indirect method. Indirect PBSLP involves melting of a sacrificial (generally) organic binder phase to produce green parts. The green parts are subsequently debinded and sintered to produce ceramic parts. Direct PBSLP does not involve a sacrificial binder phase and the ceramic parts are produced by direct sintering or melting. Moreover, the presence of a binder in these techniques is not necessarily a condition to be considered as indirect. For example, Hon et al. mixed SiC particles with polyamide material, before laser sintering processing, with the polymer acting as the bonding system however, it is also an integral part of the final product rather than being removed in downstream processes and the process is considered as direct method [START_REF] Hon | Selective Laser Sintering of SiC/Polyamide Composites[END_REF].

Powder feedstock criteria

A successful powder bed in PBSLP technologies relies on a careful optimization of the powder properties (Figure 4). Ensuring that a ceramic powder has good handling for PBSLP processing is still not possible only by analytical analysis, but usually needs a trial and error investigation on the equipment as well [START_REF] Schmid | Flowability of powders for Selective Laser Sintering (SLS) investigated by Round Robin Test[END_REF]. Even if it is not possible to evaluate the handling of the powder with an exact accuracy there are different existing methods to evaluate their main features and deliver valuable information helping on the development of new or improved PBSLP powder feedstock [START_REF] Schmid | Flowability of powders for Selective Laser Sintering (SLS) investigated by Round Robin Test[END_REF]. Powder flow behaviour is known to have a direct impact on the quality and homogeneity of a spread powder bed hence on the density of the powder and parts. Spierings [START_REF] Spierings | Powder flowability characterisation methodology for powder-bed-based metal additive manufacturing[END_REF] made an elaborate work collecting the comparisons that different authors made between existing powder flowability measurement techniques (static and dynamic) to determine the flow properties of powders (Table 6). Krantz [START_REF] Krantz | Characterization of powder flow: Static and dynamic testing[END_REF] established that no single technique is suitable for a full characterization of a powder, it is required the use of different techniques to fully understand the flow properties of the powder and predict its behaviour under different process conditions. And hence, the powder flow characterization technique should match the powder application in order to select the most appropriate characterization technique. AM processes use a blade or a rotating cylinder as layer creation devices, where the powders have a high free surface and can be aerated to some degree depending on the speed of the device. Minimum limits on the flowability requirements will depend on the machine-specific differences, e.g., layer creation device. -HR is defined as the ratio between tapped and bulk density.

-HR measurement differs of an AM process where thin powder layers are created and no compression or tapping is applied. HR is not considered to be ideal for application in AM.

-Powders often do not reach stable density after a certain number of tapping cycles, and a high dependency on the number of tapping has been elucidated. -Time required to discharge the powder and the angle formed for the powder pile are used as a measure for flowability.

-Operators filling method can influence the results.

-The diameter of the cone opening can be too small for some powders making difficult to quantitatively compare different powders.

-Not considered as best suited since stress state of the powder in the developed powder cone is still different to the AM process.

Avalanche test

-Nearer to PBSLP process that the other techniques.

-Good correlation with angle of repose method since similar stress states are induced to the powder.

-Avalanche angle, surface fractal, volume expansion rate and many more parameters can be measured.

-Not standardized yet

Particle morphology (e.g., shape and surface) and size distribution of the powder have an important effect on final properties of the sintered artefact since they are directly related to the flowability and packing density of a powder bed. As a rule of thumb in different scientific fields, we can assume that for powders of narrow particle size distribution the most spherical and larger the particles, the better their flow behaviour [START_REF] Lu | Effect of Particle Size on Flow Mode and Flow Characteristics of Pulverized Coal[END_REF]- [START_REF] Stanford | Particle Size Effects on Flow Properties of Ps304 Plasma Spray Feedstock Powder Blend[END_REF]. The benefits of using multimodal powders as powder feedstock have been often exposed since the packing with a bimodal size distribution allows the smaller particles to fill the interstitial voids between the larger particles. A suitable size ratio between coarse and fine particles (over 1:10) and a weight fraction of large particles about 70% are the conditions showing maximum packing [START_REF] Sofia | Flowability of ceramic powders in the sintering process[END_REF]- [START_REF] Karapatis | Optimization of Powder Layer Density in Selective Laser Sintering[END_REF].

The laser is considered the most important part of a PBSLP device. Commercial devices can be equipped with either CO2 lasers or Nd:YAG lasers (also called fibre lasers), being the last one the most common for industrial applications. One of the most important properties that will influence the laser-material interaction is the capacity of the powder to absorb the laser and transform the energy into heat to be sintered/melted. This is one of the issues that researchers have to face for the developing of new ceramic PBSLP powder feedstock. The wavelength of the laser should match with the maximum absorptivity of the powder to ensure the absorption of the energy. Some authors as Tolochko [START_REF] Tolochko | Absorptance of powder materials suitable for laser sintering[END_REF] and Ho [START_REF] Ho | Effects of graphite powder on the laser sintering behaviour of polycarbonate[END_REF] studied this matter with some important statements such as that the particle size distribution doesn't affect the laser absorptance of the material and that the use of composites can improve this property and hence, the interaction with the laser.

There have been some attempts of using reactive raw materials to fabricate 3D models of high-temperature structural materials like Al2O3 through an exothermic combustion reaction with low laser energy [START_REF] Kamitani | Selective laser sintering with heat of formation by using reactive materials[END_REF]. The main problem comes from connecting the layers of the piece to each other by having different reactivity. For this reason and because there are not many works on the use of this method in ceramic materials, this topic will not be covered in this review.

Process Parameters and Strategy

Many parameters belonging to the laser PBF machine have an influence on the build-up process and, in the end, over the part's relative density. The user must manage it to have the best printed parts performance as possible by modifying those parameters Figure 5. Example of process parameters that can be programmed. *Belonging to pulsed lasers [START_REF] Grossin | A review of additive manufacturing of ceramics by powder bed selective laser processing (sintering / melting): Calcium Phosphate, Silicon Carbide, Zirconia, Alumina, and their composites[END_REF].

The input power and the scanning speed are related parameters since they define the amount of energy transferred in an area. While the power indicates the amount of energy transferred per second, the speed will control the time spent in the same area. An equilibrium between both has to be reached to avoid the formation of pores, either by too much or insufficient energy. For the same scanning strategy, the scanning speed, together with the hatching distance and the layer thickness will control the build rate. The build rate is the volume of material produced per hour, normally expressed in cm 3 /h and is used to compare processes productivity:

𝐵 = ℎ * 𝑡 * 𝑣 (1) 
Where 𝐵 is the build rate coefficient (mm 3 /s), ℎ the hatching distance (mm), 𝑡 the layer thickness (mm), and 𝑣 is the scanning speed (mm/s).

A higher scanning speed will lead to higher productivity; therefore, it is important to try to increase it. Always taking into account that a too high speed will produce poor sintering or melting of the part resulting in the formation of pores. Alternatively, an excessively slow speed can evaporate the material forming pores and imperfections as well.

The layer thickness is the distance between layers and it also has an impact on the build rate. A lower number of layer spread means that the recoater will be used fewer times having a big impact on the processing time. Additionally, the higher the layer thickness is, the lower the resolution of the part will be. In addition, if this distance is too large, it can lead in a poor attachment between layers and delamination braking of the part. For all this, the layer height must be as high as possible, but low enough to ensure the attachment between layers and avoid possible delamination.

The hatching distance refers to the distance between centres of adjacent laser beam tracks.

This parameter affects the build rate as previously explained. It is necessary to find the correct distance between tracks to avoid zones without or not enough interaction with the laser beam leading to unreacted powder. A distance to obtain a good quality part but at the same time optimizing the build rate of the process should be pursued.

During PBSLP, it is possible to shift the laser beam focus, or "defocus", by displacing the building platform in the z-axis to increase the laser spot size [START_REF] Metelkova | On the influence of laser defocusing in Selective Laser Melting of 316L[END_REF]. The diameter of the spot during the PBSLP process can influence the energy transmitted and the area affected by the powder bed. It can also originate different microstructure to the piece due mainly to a different cooling rate. Additionally, some PBSLP machines are equipped with a rotating cylinder as part of the recoating device been able to perform a controlled compression of the powder bed after its spreading. The compression would increase the packing density of the powder bed and hence have a direct influence on the final density and quality of the printed parts. The chemical species present in the chamber atmosphere during PBSLP can induce different effects on the material being irradiated since high temperatures are reached. While an inert atmosphere can avoid any chemical reaction (i.e., combustion, phase transition…) from taking place during the process, atmospheric "air" could favour it. It is the work of the user to find the best conditions to print the material in question.

Even if there are many parameters involved, most of the current research on the process optimization have only in consideration the energy density (𝐸 𝑑 ) or energy input in a defined volume that can be calculated through:

𝐸 𝑑 = 𝑃 𝑙𝑎𝑠𝑒𝑟 𝑣 𝑠𝑐𝑎𝑛 .ℎ 𝑠𝑝𝑎𝑐𝑒 .𝑡 𝑙𝑎𝑦𝑒𝑟 [ 𝐽 𝑚𝑚 3 ] (2) 
where 𝐸 𝑑 is the energy density or energy input in J/mm 3 , 𝑃 𝑙𝑎𝑠𝑒𝑟 is the laser power (𝐽/s),

𝑣 𝑠𝑐𝑎𝑛 the scanning speed (mm/s), ℎ 𝑠𝑝𝑎𝑐𝑒 the hatch distance (mm), and 𝑡 𝑙𝑎𝑦𝑒𝑟 is the powder layer thickness (mm). This parameter should be considered an approximation since a lot more aspects affect the real energy transferred to the powder bed such as the direction of gas flow, laser diameter, and scan strategy, offset at the surface of the melt and so on.

[65], [START_REF] Prashanth | Is the energy density a reliable parameter for materials synthesis by selective laser melting?[END_REF] Although recent studies have started to evaluate the effect of the scan strategy during the fabrication process [START_REF] Thijs | Fine-structured aluminium products with controllable texture by selective laser melting of pre-alloyed AlSi10Mg powder[END_REF], [START_REF] Suryawanshi | Simultaneous enhancements of strength and toughness in an Al-12Si alloy synthesized using selective laser melting[END_REF]. The use of the diameter of the laser beam (𝑑 𝑠𝑝𝑜𝑡 ) in the equation 3 instead of ℎ 𝑠𝑝𝑎𝑐𝑒 can be found in some studies. Even if the basic concept is the same, both parameters should be coordinated to control a certain overlap ratio [START_REF] Peng | Influence of energy density on energy demand and porosity of 316L stainless steel fabricated by selective laser melting[END_REF].

Figure 6 illustrates the different parameters that compose the 𝐸 𝑑 for a better understanding. Thus, 𝐸 𝑑 is the energy that the laser beam transfers per unit volume of powder bed and serves as a broad guideline for parameter selection. However, it is a thermodynamic quantity, and 𝐸 𝑑 does not include the kinetics of the irradiated material physics missing a correct understanding of the mass and heat transfer between the laser track and the surrounding material such as spattering of irradiated material. A careful approach is recommended when comparing results from experiments done under different conditions even to the same material and when testing new parameters [START_REF] Scipioni Bertoli | On the limitations of Volumetric Energy Density as a design parameter for Selective Laser Melting[END_REF]. can be calculated [START_REF] Grossin | A review of additive manufacturing of ceramics by powder bed selective laser processing (sintering / melting): Calcium Phosphate, Silicon Carbide, Zirconia, Alumina, and their composites[END_REF].

The scanning strategy is the pattern that the laser beam follows to irradiate the selected region of the powder bed. It controls the energy density distribution during the process and as explained above, it has an important effect on the final structural properties of the printed parts. Figure 7 illustrates some examples of scanning strategies used in PBSLP.

It is important to find the scanning strategy in which an optimal energy density distribution occurs for each material thus avoiding adverse effects like decomposition, thermal cracks, and so on. 

Powder Bed Selective Laser Processing of Silicon Carbide

To manufacture some complex SiC parts, regular industrial processes have been successfully developed since the 90's as we described in sections above [START_REF] Fantozzi | Les céramiques industrielles -Propriétés, mise en forme et applications[END_REF]. However, for some specific applications, due to the enormous advantages of manufacturing complex structural ceramics, additive manufacturing (AM) has been extensively studied since the component design could be improved by this emerging technology. As one of the additive manufacturing methods, PBSLP has been expected to fabricate complicated shape SiC components in recent years. However, silicon carbide ceramic parts prepared by direct selective laser sintering still exhibit some fatal defects, including low densities and poor mechanical properties. In this respect, indirect selective laser sintering can be adopted to form silicon carbide ceramic components by sintering polymer binders in a composite powder [3][4].

SiC does not have a melt phase under normal atmospheric circumstances but instead decomposes at temperatures in excess of 2545 °C into liquid Si and solid C [48]. In consequence, pure selective laser melting of silicon carbide cannot be done. To solve this problem, different solutions have been adapted depending on whether a direct or indirect SLS strategy is used.

The first research to achieve direct PBSLP of SiC was in 1993 by scanning silicon powder in an acetylene (C2H2) chamber where silicon carbide could be formed by the reaction of Si with the carbon in the atmosphere. However very porous ceramic parts with high SiC content were obtained [START_REF] Birmingham | Solid Freeform Fabrication of Silicon Carbide Shapes by Selective Laser Reaction Sintering (SLRS)[END_REF]. To increase the density by direct PBSLP processing of the final SiC part, Hon et al. in 2003 manufactured SiC/Polyamide composites by blending 50 vol.% polyamide with 50 wt.% SiC for direct SLS processing. After the PBSLP process, the polymer is also an integral part of the final product rather than being removed in downstream processes. Nevertheless, the final parts had poor mechanical properties [START_REF] Hon | Selective Laser Sintering of SiC/Polyamide Composites[END_REF]. In these terms, Löschau et al. used silicon infiltration in complex pure SiC parts where their mechanical and thermal properties can be improved and controlled via Si content [START_REF] Löschau | Prototyping of Complex-Shaped Parts and Tools of Si/SiC-Ceramics[END_REF]. Moreover, during this period, different authors developed a micro laser sintering to fabricate SiC ceramics [START_REF] Regenfuss | Principles of laser micro sintering[END_REF] [74] by blending Si-SiC powder beds with a qswitched laser. These techniques contributed to the development of current research work. As one example, Meyers. et al. [START_REF] Meyers | Direct laser sintering of reaction bonded silicon carbide with low residual silicon content[END_REF] [76] laser sintered a powder mixture of silicon carbide (SiC) and silicon (Si) powders where the Si melts and re-solidifies to bind the primary SiC particles. Afterwards, these Si-SiC preforms were impregnated with a phenolic resin, which was pyrolyzed yielding porous carbon and transformed into secondary reaction formed SiC when the preforms were infiltrated with molten silicon in the final step. This resulted in fully dense reaction bonded silicon carbide parts with up to 84 vol. % SiC.

In the terms of indirect PBSLP, first research was carried out at the University of Texas in Austin in 1993, where indirect PBSLP of reaction bonded silicon carbide was firstly investigated [START_REF] Nelson | Selective Laser Sintering of Polymer-Coated Silicon Carbide Powders[END_REF]. Since then, we can observe different combinations of powder and different binders that were used in order to increase the density and properties of the additive manufactured SiC parts (Table 7). Apart from the use of binders, another solution to reduce the porosity of the final parts was the use of the infiltration of a precursor carbon resin (phenolic resin) in the porous green part structure, then carbonized (polymer infiltration pyrolysis) and finally infiltrated with molten silicon (reaction sintering) to build SiSiC (Reaction bonded silicon carbide) which improved the properties of complex shaped Si/SiC prototypes [START_REF] Stierlen | Cerantic Prototypes via LS21[END_REF]. Moreover, in recent years, different post-treatments were investigated as another method to reduce the porosity of the additive manufactured parts.

The combination of Cold Isostatic Pressing (CIP), as a post-treatment, after the PBSLP process with the combination of polymer infiltration pyrolysis (PIP) and reaction sintering (RS) in this strict order, built SiC based 3D parts that, compared with the best flexural strength at room temperature in literature, increased the peak value of flexural strength by 55% [START_REF] Song | Performance optimization of complicated structural SiC/Si composite ceramics prepared by selective laser sintering[END_REF] and 94% of relative density [3].

To summarize, on the one hand, indirect PBSLP based approaches require a high amount of polymer binder and yield ceramics with a substantial amount of porosity. This method induces a substantial amount of shrinkage between the laser sintered and the post-sintered final ceramic. Moreover, debinding has to be done carefully in order to avoid crack formation due to excessive out-gassing. In these terms, indirect PBSLP can therefore not be considered as a net-shaping technique, since dimensional changes occur during processing. On the other hand, direct PBSLP methods do not induce shrinkage and are generally less time-consuming than indirect methods. However, SiC is notoriously difficult to process directly since the lack of melt phase under normal circumstances.

Although the use of silicon powder allows manufacturing parts based on silicon carbide, it is still a challenge to manufacture fully dense parts with a SiC pure composition (Figure 8). Table 7. Summary of the process conditions and properties of the SiC manufactured by the PBSLP process. *Values will be given when possible [START_REF] Grossin | A review of additive manufacturing of ceramics by powder bed selective laser processing (sintering / melting): Calcium Phosphate, Silicon Carbide, Zirconia, Alumina, and their composites[END_REF]. 

Sintering and Additive manufacturing techniques from preceramic polymers to SiC

Preceramic polymers are a special class of polymers that can convert with a high yield into ceramic materials, or polymer-derived ceramics (PDCs), via high-temperature treatment in inert or oxidative atmospheres [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF]. The polymer-to-ceramic conversion occurs with gas release and shrinkage at 400°C-800°C [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF]. The most frequently used preceramic polymers contain silicon atoms in the backbone (e.g., polysiloxanes, polysilazanes, and polycarbosilanes), yielding SiOC, SiCN, or SiC ceramics after pyrolysis. However, aluminium-and boron containing polymers also are possible. In addition, preceramic polymers can be mixed with various fillers (either reactive or inert)

to produce numerous advanced ceramic phases [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF]. This unique spectrum of characteristics has recently stimulated a variety of approaches for the use of preceramic polymers, either pure or mixed with fillers, as feedstock in virtually all additive manufacturing technologies, both direct and indirect. Preceramic polymers can allow fabrication of high-resolution, high-performance, and complex ceramic parts with an ease not encountered when processing powder-based systems [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF]. When mixed with fillers, preceramic polymers can act simply as no sacrificial binders, providing good green body strength and an interconnecting ceramic matrix upon pyrolysis, or they can react during high-temperature treatment to produce ceramic phases of a targeted composition [START_REF] Colombo | Additive manufacturing techniques for fabricating complex ceramic components from preceramic polymers[END_REF].

Manufacturers can use preceramic polymers to produce ceramic components in a range of compositions using a variety of additive manufacturing technologies. Preceramic polymers even can overcome some of the problems that are intrinsic to additive manufacturing in general [START_REF] Colombo | Additive manufacturing techniques for fabricating complex ceramic components from preceramic polymers[END_REF].

One major difference between powder-based additive manufacturing of a polymeric precursor and a ceramic powder is that a polymeric precursor is dissolved easily by solvents or melted by a laser, whereas a ceramic powder generally is bound by printing a binder and/or mixing the powder with additives [START_REF] Colombo | Additive manufacturing techniques for fabricating complex ceramic components from preceramic polymers[END_REF].

In the specific ceramic that concerns us, silicon carbide precursors can be classified into two distinct families. A family grouping inorganic compounds and hydrides, and a second family comprising organometallic molecules [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF].

The use of inorganic compounds or silicon-based hydrides requires the addition of carbon by a complementary source, hydrocarbons for example. Among these compounds, the best known are silane (SiH4) or tetrachlorosilane (SiCl4) [START_REF] Allendorf | A Model of Silicon Carbide Chemical Vapor Deposition[END_REF] [88] [89] [START_REF] Myers | High growth rates (>30μm/h) of 4H-SiC epitaxial layers using a horizontal hot-wall CVD reactor[END_REF]. Si2H6, SiHCl3

or SiF4 [START_REF] Lopez | Compositional, structural and optical properties of Si-rich a-SiC:H thin films deposited by ArF-LCVD[END_REF], [START_REF] Angermeier | Modeling and Analysis of the Silicon Epitaxial Growth with SiHCl3 in a Horizontal Rapid Thermal Chemical Vapor Deposition Reactor[END_REF] are also found. These precursors are used in high temperature CVD (> 1000 ° C), because of their thermal stability, making them ideal precursors for the growth of epitaxial layers. In addition, these precursors are very unstable in the presence of oxygen, which causes their difficulty of handling. However, we will not attach more importance to this precursor family due to the group that we describe below.

The family of organometallic precursors is more interesting: these compounds are less thermally stable than the family of inorganics, and they contain carbon chains, which simplifies the process by avoiding the use of a carbon source. The presence of hydrocarbon chains is an advantage because it induces the presence of preformed Si-C bonds and it is also possible to choose molecules with a Si:C ratio of 1:1 which would allow to obtain stoichiometric SiC deposits.

A very good example is methyltrichlorosilane (MTS) of the empirical formula CH3SiCl3.

This precursor is certainly the most studied and used for SiC deposits from organometallic molecules. It is well suited for the deposition of epitaxial films [START_REF] Pedersen | Very high growth rate of 4H-SiC epilayers using the chlorinated precursor methyltrichlorosilane (MTS)[END_REF], metallurgical coatings [START_REF] Mi | SiC line deposition using laser CVD[END_REF], and also for the development of ceramic matrix composites [START_REF] Araki | Homogeneity and flexural properties of SiC/SiC composites prepared by CVI method[END_REF], [START_REF] Bertrand | TEM structure of (PyC/SiC)n multilayered interphases in SiC/SiC composites[END_REF]. Its liquid state and Si: C ratio of 1: 1 would make it an attractive candidate for SiC coatings.

However, the presence of Cl causes the formation of HCl decomposition by-product, so precautions should be taken with regard to the use of corrosive products [START_REF] Lim | Deposition of epitaxial silicon carbide films using high vacuum MOCVD method for MEMS applications[END_REF]. In addition, due to environmental constraints, it is preferable to work with non-halogenated precursors. In the following Table 8, a list of organometallic precursors of SiC and their condition of use is shown in detail. Following the synthesis of existing precursors, the most suitable candidates for our particular work would be two organometallic compounds: disilanebutane (DSB) and Polysilaethylene (PSE). They could be proper candidates for the surface functionalization of the silicon carbide powder, since they a have a Si:C 1:1 ratio, and could be used as a binder to improve the 3D printings process, and at the same time, converted into stoichiometric silicon carbide without introducing impurities into our manufactured body by PBSLP.

Chapter 2: Research Outline, Methodology and Objectives

The objective of the proposed research is to apply powder bed selective laser processing to achieve manufacturing of SiC parts by direct method without the use of additives/binders. This chapter contains the research strategy that is performed in the framework of this work, based on findings from literature.

Objectives and methods

Typically, SiC direct-PBSLP are conducted with an initial powder mixture of silicon carbide (SiC) and silicon (Si) powders where the Si melts and re-solidifies to bind the primary SiC particles. This solution has been adopted, as we explained in 1.

Powder

Bed Selective Laser Processing of Silicon Carbide, since SiC does not have a melt phase under normal atmospheric circumstances but instead decomposes at temperatures in excess of 2545 °C into liquid Si and solid C [48]. In consequence, pure selective laser melting of silicon carbide cannot be done and the lack of a liquid phase makes the manufacturing process very complicated. Afterwards, these Si-SiC preforms are impregnated with a phenolic resin, which is pyrolyzed yielding porous carbon and transformed into secondary reaction formed SiC when the preforms were infiltrated with molten silicon in the final step. This results in reaction bonded silicon carbide parts.

However, this process to obtain full dense bodies of RBSC sacrifices the optimization of mechanical properties when compared to a SiC part.

The original scientific approach of this PhD thesis resides in the production of innovative SiC powders that enable direct PBSLP by grain surface functionalization. This surface modification, where a SiC preceramic precursor is grafted onto the grain surface of SiC powder, is a potential method to improve the sintering behaviour of this ceramic material. The purpose is to directly grow polymer thin films from or onto the surface of the particles resulting in a core-shell type material architecture that would not affect the flowability of the powder which would imply the impossibility of using this feedstock in PBSLP processes. This research also seeks to investigate the manufacturing process optimization by means of PBSLP.

Specific, additive manufacturing of SiC using PBSLP involves optimization of many manufacturing parameters such as laser power, scanning speed, layer thickness, hatching distance, scanning strategies and powder compaction. Nevertheless, as we explained in section 1.3.3 Powder Bed Selective Laser Processing of Silicon Carbide, previous research on this field are focused just on the laser power and scanning speed modification, overlooking the rest of the parameters. In this work, each of the aforementioned parameters will be optimized individually. Thus, more specifically, the objectives of this research are threefold:

1.

Chapter 3: Direct Powder Bed Selective Laser Processing of Silicon Carbide. Specific, laser power, scanning speed, layer thickness, hatching distance, scanning strategies and powder compaction will be studied and optimized experimentally and numerically. Furthermore, complex shape SiC parts will be manufactured.

Chapter 4: Silicon Carbide Surface Modification Method by Wet Route

and study of the effect of this modification on sinterability by SPS. Process parameter by wet route will be studied and optimized. Moreover, the sintering behaviour will be studied in spark plasma sintering, a well-established technique in the densification of silicon carbide, prior the use of the modified surface in PBSLP.

Chapter 5: Powder Bed Selective Laser Processing of surface modified

Silicon Carbide and preliminary study of Spark Plasma Sintering as posttreatment. Mechanical properties, Vickers Hardness and 3-point bending strength, will be also measured.

Characterization techniques 2.2.1 X-Ray Diffraction (XRD)

X-ray diffraction uses monochromatic wavelength X-rays to the determine lattice spacing and thus directly identify chemical compounds. By continuously changing the angle of incidence of the X-ray beam, the diffractogram acts like a recorder. The set of angles at which a maximum appears in X-ray intensity provides information related to the crystal structure of the sample. Consequently, this technique is used for the analysis of the crystal structure of the analyzed sample and its identification by comparison with a crystal diffractogram database [START_REF] Hanawalt | Chemical Analysis by X-Ray Diffraction[END_REF]. Data were collected at room temperature using a BRUKER diffractometer, model "D8-2" fitted with a rotating anode. The diffractometer operates at 40KV and 80mA with a Cu anode and a graphite monochromator is used to select the Kα radiation. A 2θ sweep has been made from 20° to 80° with a spacing of 0.03° and with a step of 1s / step. The JCPDS-International Center for Diffraction Data-2000 database has been used for the determination of phases. The quantification of phases is carried out using the RIR method (Relative Proportion of Intensity) or by the Rietveld method from XRD patterns with MAUD, following the strategy developed by Hongchao et al. [START_REF] Hongchao | Quantitative analysis of SiC polytype distributions by the Rietveld method[END_REF] where the SiC polytypes distribution can be accurately and reliably determined by the X-ray powder diffraction full pattern fitting Rietveld method.

Scanning Electron Microscope and Energy Dispersive X-ray Spectroscopy (SEM-EDS)

The Scanning Electron Microscope (SEM) is a type of electron microscope in which the imaging of the surface of the material is done by scanning the surface of a sample with a focused electron beam. SEM provides much higher resolution than other types of optical microscopy and a much greater depth of field. An important feature of SEM is the threedimensional appearance of its images due to its large depth of field. A scanning electron microscope is capable of obtaining images at 100,000x magnification and provides information on the topography, although it does not allow information on the height at each point to be obtained. In addition, it is possible to obtain information on the chemical composition at different points on the surface if the microscope is equipped with an energy dispersive X-ray spectrometer (EDS) [START_REF] Goldstein | X-Ray Microanalysis Case Studies[END_REF].

Energy Dispersive X-ray Spectroscopy (EDS or EDX) is an analytical technique used to identify elements based on the detection of X-rays from samples. In this case, the EDS is combined with the SEM. When a sample surface is irradiated with a high energy electron beam (SEM), one of the signals produced by the irradiated sample are characteristic Xrays.

A scanning electron microscope works by producing a beam of electrons in a vacuum.

When the surface of a sample is scanned with a beam of energetic electrons, various signals are produced. Possible sign detected are backscattered electrons, secondary electrons, Auger electrons and X-ray fluorescence. Using secondary electrons, the SEM builds a highly detailed topographic image of the analyzed surface, while backscattered electrons allow imaging differences in chemical composition [START_REF] Vernon-Parry | Scanning electron microscopy: an introduction[END_REF].

These measurements have been carried with the commercial LEO435SVP SEM an FEI QuantH50 equipped with a EDS detector manufactured by Bruker Quantax, allowing observation with spatial resolution up to 0.8 nm and coupled with an acceleration voltage in the range of 0.02 -30 kV. There will be many different vibrations for even fairly simple molecules. The complexity of an IR spectrum arises from the coupling of vibrations over a large part of /or over the complete molecule and are called skeletal vibrations. Bands associated with skeletal vibrations are likely to conform to a pattern or fingerprint of the molecule as a whole, rather than a specific group within the molecule [START_REF] Ng | Infrared Spectroscopy[END_REF].

Infrared spectroscopy

Infrared (IR) spectroscopy is

IR spectra were obtained over the range of 4000 to 400 cm -1 using a Nicolet 5700 spectrometer. KBr discs were used, prepared by compressing a finely ground mixture of about 3 mg of the sample and 300 mg of KBr powder.

RAMAN spectroscopy

Raman spectroscopy is a spectroscopic technique used to study low-frequency modes such as vibratory, rotary, and others. It is based on the phenomena of inelastic scattering, or Raman scattering, of monochromatic light, usually from a laser in the visible light range, the near infrared, or the near ultraviolet range. The laser light interacts with phonons or other excitations in the system, causing the energy of the laser photons to shift up or down. The displacement in energy gives information about the vibrational modes in the system [START_REF] Chikvaidze | Investigation of Silicon Carbide Polytypes by Raman Spectroscopy[END_REF].

In this work, Raman spectroscopy used a Labram HR 800 Yvon Jobin Raman confocal spectrometer with a confocal hole of 100 mm and an argon laser emitting at 532 nm provided chemical and structural characterizations of the samples. We have recorded the Raman spectra by scanning the entire range of interest 550-1050 cm -1 . References to standard transverse acoustic phonons (TA), transverse optical phonons (TO) and longitudinal optical phonons (LO) were obtained from literature for the following basic polytypes: α-SiC (6H-SiC) and 4H-SiCboth have hexagonal symmetry and wurtzite structure, and 15R-SiC [START_REF] Dobrzhinetskaya | Moissanite (SiC) with metal-silicide and silicon inclusions from tuff of Israel: Raman spectroscopy and electron microscope studies[END_REF], [START_REF] Lafon-Placette | Tribological characterization of silicon carbide and carbon materials[END_REF] .

Angle of repose

The angle of repose is a property of granular materials which has a simple physical interpretation, as it is related to the steepest angle of descent or dip relative to the horizontal plane to which a material can be piled without slumping. In any granular material, the angle of repose is determined by friction, cohesion, and the shape of the particles; for this reason, in a material without cohesion and where the particles are very small in relation to the size of the whole, the angle of repose coincides with the angle of internal friction. It is especially important in additive manufacturing to determine the powder flowability and is recommended by ASTM (B213) as the characterization method for powders for AM since the methodology is closer to the AM processing conditions than other techniques. The angle of repose was measured by a Characteristics Tester model PT-S manufactured by HOSOKAWA Micron Corporation.

Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC)

A thermogravimetric analysis (TGA) is the association of the continuous weighing of substances participating in one or more chemical reactions with a linear variation in the temperature of these substances as a function of time. The limiting case where the temperature variation as a function of time is zero is called isothermal thermogravimetry.

Thermogravimetry constitutes a method of measuring the degree of progress of a reaction and makes it possible to characterize the speed of heterogeneous reactions of solid substances, as long as they are accompanied by a variation in mass. The reaction can take place in the presence of a circulation of an inert gas (thermal decomposition, dehydration)

or participating in pyrolysis (oxidative pyrolysis, oxidation) or in the reaction [START_REF] Singhal | THERMODYNAMIC ANALYSIS OF THE HIGH-TEMPERATURE STABILITY OF SILICON NITRIDE AND SILICON CARBIDE[END_REF].

With various precautions relating to the characteristics of the crucible containing the sample, the state of mixing of the substance studied, the initial mass of the sample, the rate of temperature rise, the rate of gas circulation, and provided that the raw thermogram is corrected by the result of a blank test (without sample) to take account of the variation in Archimedes' thrust as a function of temperature, the thermograms allow, by means of various methods of interpretation or simulation, to determine the kinetic parameters (order, pre-exponential factor, activation energy) of the reaction (s) undergone by the sample. TGA is widely used for the study of thermal degradation of materials. It helps characterize its kinetics and therefore the rate of production of combustible gases capable of fueling combustion or fire. In our case, the TGA can be coupled with another thermal analysis: the differential thermal analysis (DTA).

The differential thermal analysis of a substance in a given temperature range consists in characterizing the thermicity of the transformations and reactions it undergoes, by measuring the temperature difference between a sample of this substance and a thermally inert reference when the whole sample + reference is placed in an oven, the temperature of which varies linearly over time in the temperature range considered.

Thermal gravimetric analysis (TGA) and differential scanning calorimeter (DSC) carried out with a high temperature Seiko TGA/DSC 220 Thermal System at a heating rate of 100°C.h -1 . Approximately 10 mg of sample was placed in an open platinum pan with an empty pan as the reference. A nitrogen flow 20 cm 3 min -1 was used prior to and during pyrolysis.

Powder granulometry by laser diffraction

Laser diffraction measures particle size distributions by measuring the angular variation in intensity of light scattered as a laser beam passes through a dispersed particulate sample. Large particles scatter light at small angles relative to the laser beam and small particles scatter light at large angles. The angular scattering intensity data is analyzed to calculate the size of the particles responsible for creating the scattering pattern, using the Mie theory of light scattering. The particle size is reported as a volume equivalent sphere diameter [START_REF] Tan | An overview of powder granulometry on feedstock and part performance in the selective laser melting process[END_REF].

The powder size distribution was measured by a Mastersizer 3000 which provides an impressive particle size range from 10nm up to 3.5mm using a single optical measurement path. The Mastersizer 3000 uses a sequential combination of measurements with red and blue light sources to measure across the entire particle size range. Measurement of large particulates is provided by an advanced focal plane detector design able to resolve very small diffraction angles. Sensitivity to sub 100nm particles, scattering light at wide angles, is achieved using advanced optics and a powerful 10mW solid state blue light source.

Powder Bed Selective Laser Processing machines

The PBSLP experiments were conducted on an ORLAS CREATOR 3D printer (250W Yb Fiber laser, laser wavelength = 1070 nm, spot size = 40 μm) and Phenix™ Systems

ProX® DMP 200 3D printer manufactured by 3D Systems (300 W Yb Fiber laser, laser wavelength = 1060 nm, spot size = 70 μm, powder compaction system). Figure 10 shows the different manufacturing setups of both machines. Different machine parameters will be described and defined in the corresponding chapters. 

Spark Plasma Sintering

The term Spark Plasma Sintering (SPS) is generally used to identify a sintering technique involving the contemporaneous use of uniaxial pressure and high-intensity, low-voltage, pulsed current. In general terms, SPS can be considered a modification of hot pressing, where the furnace is replaced by the mold containing the sample [START_REF] Guillard | Densification of SiC by SPS-effects of time, temperature and pressure[END_REF], that is heated by a current flowing directly through it and eventually through the sample. In this work, a Dr. Sinter 2080 unit, SPS Syntex Inc., (Japan,) available at the Plateforme Nationale CNRS de Frittage Flash located at the Université Toulouse 3 Paul Sabatier (France) was used to conduct the spark plasma sintering process, specific in Chapter 4 and 5.

x-Ray Microtomography

X-raymicrotomography (also frequently referred to as micro CT) is a radiographic imaging technique that can produce 3D images of a material's internal structure at a spatial resolution better than 1 micrometer. The specimen preparation is typically minimal, and for many materials the technique is non-destructive allowing many scans to be made of the same specimen under different conditions [START_REF] Landis | X-ray microtomography[END_REF]. To measure the density and porosity of the samples in this work, a high resolution X-ray microtomography acquisition has been performed on a "Phoenix X-ray Nanotom" from the Fédération de Recherche 

3-point bending strength

Flexural strength (or the modulus of rupture) is the amount of force an object can take without breaking or permanently deforming. There are two methods of testing flexural strength, three-point bending strength test and four-point bending strength. For a threepoint bending strength test, the one used in this work, a continually increasing load is applied in the centre of the sample until there is a break or permanent bend in the material.

A flexural test machine can apply increasing amounts of force and precisely record the amount of force at the point of breaking. For a three-point test, the flexural strength (given the symbol σ) can be calculated using:

σ = 3FL / 2wd 2
Where F means the maximum force applied, L is the length of the sample, w is the width of the sample and d is the depth of the sample [START_REF] Benzannache | Statistical Analysis of 3-Point Bending Properties of Polymer Concretes Made From Marble Powder Waste, Sand Grains, and Polyester Resin[END_REF].

Specific, in this work the three-point bending strength test of 17 SiC samples manufactured by PBSLP (2 x 2 x 18 mm 3 ) was carried out by using the 3365 Series Universal Testing Systems, Instron.

Vickers Hardness test

The Vickers hardness test method, a measure of the hardness of a material, consists of indenting the test material with a diamond indenter, in the form of a right pyramid with a square base and an angle of 136 degrees between opposite faces subjected to typically loads are very light, ranging from 10g to 1kg, although "Macro" Vickers loads can range up to 30 kg or more [START_REF] Gong | Examination of the Indentation Size E€ ect in Lowload Vickers Hardness Testing of Ceramics[END_REF].

The full load (4.90 N) is normally applied for 10 to 15 seconds. The two diagonals of the indentation left in the surface of the material after removal of the load are measured using a microscope and their average calculated. The area of the indentation is calculated based on an optical measurement system. The Vickers Hardness (HV) is calculated using the following formula:

HV = 1.854(F/D 2 )
With F being the applied load (measured in kilograms) and D 2 the area of the indentation (measured in square millimetres).

In this work, the micro Vickers Hardness testing machine HM-200, Mitutoyo, was used to measure the Vickers hardness of the materials. A user-defined code, created by Mohammed Abdelmoula from Gazi University, which describes the process parameters such as laser power, scanning speed, scanning strategies, layer thickness and hatching distance (more details of the numerical modelling are given in Annex I) [START_REF] Montón | Experimental and numerical study for direct powder bed selective laser processing (sintering/melting) of silicon carbide ceramic[END_REF]. The model was used to deeply analyse and support the results obtained through the experimental runs. Regarding the necessary amount of ceramic powder for the additive manufacturing process, specific PBSLP, it depends on the dimensions of the 3D printer's powder reservoir and the dimensions of the part to be manufactured. As an example, in our particular case, by using the Phenix™ Systems ProX® DMP 200 3D

printer, for the construction of a few layers a minimum quantity of 200g of SiC powder is necessary.

Analytical and experimental methodology optimization

From the literature review chapter (Chapter 1: Literature review), there is a real need to study the PBSLP of SiC as all previous studies focused only on printing SiC particulate to be used for composite materials or manufacturing of Reaction Bonded Silicon Carbide by different methods. Also, PBSLP of SiC is still exhibiting some fatal defects, including low densities and poor mechanical properties. Moreover, this process is specifically complicated since SiC does not have a congruent melting point under normal atmospheric conditions but instead decomposes at temperatures in excess of 2545°C into liquid Si and solid C [START_REF] Meyers | Additive Manufacturing of Technical Ceramics[END_REF].

Alpha-Silicon Carbide powder used was supplied by Mersen Boostec® with a purity of 98.5 wt. % and d50 = 14 μm was used in this study. The morphology and the XRD analysis of the powder is shown in Figure 11 and Figure 12, respectively. The SEM images shows that the powder did not have a spherical shape (the powder has blocky morphology) as it used to be in PBSLP. The irregular shapes of the powder can cause problem in layer depositing due to high developed friction between particles. Therefore, initial testing was carried out and the SiC powder could be deposited as a layer of 25 µm into the powder bed successfully. The XRD spectra indicates that hexagonal and rhombohedral SiC phases are present in the used powder. PBSLP of SiC was performed on a commercial ORLAS CREATOR 3D printer (250W Yb Fiber laser, laser wavelength = 1070 nm, spot size = 40 μm). The Absorptance (A) coefficient of the SiC powder measured with the laser Nd-YAG (λ = 1.06 μm) is 0.78 [START_REF] Tolochko | Absorptance of powder materials suitable for laser sintering[END_REF]. Various batches of cubes were scanned to study the effects of PBSLP main process parameters on the sintering and decomposition of SiC. Laser powers (P) of 52 to 235 W and scanning speeds (v) from 300 to 3900 mm/s were used, while the layer thickness was kept constant at 25 μm and the hatching distance at 40 μm. The laser scanning strategy was a continuous linear pattern and rotated by 90 degrees between layers. To prevent oxidation of the powder, an inert argon gas atmosphere was used.

General influence study of the process parameters

To assure the additive manufacturing of the SiC, good sintering conditions must be reached since there is no binder or liquid phases to join the powder particles together. In these terms, first built layer constructions are crucial. To assure this important fact, SiC cubes (10x10x10 mm) were glued onto the baseplate 3D printer, as can be seen in Figure 13, to avoid the metal and SiC interaction and ensure the sintering and construction of the first layers. Moreover, the addition of small cubes as new supports, facilitates the recuperation and characterization of the manufactured samples. The different laser power values and scanning speed values which were used in the process are summarized in Table 9. These parameters were chosen because they are the maximum and minimum value allowed for laser power and scanning speed by the 3D printer used. The objective is to test experimentally the entire range of parameters to find the range of values for which the PBSLP of SiC is possible in accordance to the simulation results. The obtained results are showed in Figure 14. These SiC samples manufactured by PBSLP failed either due to very fast scanning speed or very high laser power, which leads to full SiC decomposition.

There are two samples, using 52W with 900 mm/s and 76W with 300 mm/s, that succeeded to PBSLP of SiC but with defects. These two samples were analysed using SEM (Figure 15) to determine the sintering and/or decomposition during the process. The results showed that only two samples exhibit different structure of the top surface.

The sample manufactured using 52 W-900 mm/s shows clusters of particles as can be seen in Figure 15 (Top).The sample manufactured using 76 W-300 mm/s shows, in Figure 15 (Bot), a characteristic pattern with needle-like protrusions in tracks parallel to the scanning directions of the laser. This originated from the hatch distance and the scanning strategy (linear with 90° degrees rotation between each layer). For the sintering/decomposition state, the sample manufactured using 52 W-900 mm/s showed partial sintering and no melting was observed as can be seen in Figure 15 (Top).

On the other hand, using 76 W-300 mm/s, melted regions can be observed in Figure 15 (Bot), probably originated by the SiC decomposition, resulting in resolidified silicon. To interpret the melted regions of the SiC manufactured samples, since SiC has not a liquid phase, XRD spectra of the 76 W-300 mm/s sample is shown in Figure 16. The phases present in the SiC manufactured sample are silicon carbide and silicon, therefore, since initially just Alpha-SiC was supplied to the printer, these melted regions are resulting from a beginning of SiC decomposition leading to 𝛼-SiC and Si. By contrast, Si was not observed by XRD for the 52 W-900 mm/s sample. 

Numerical analysis of the experimental results

The numerical model was used to analyse the PBSLP of one deposited layer for the 76 W-300 mm/s and 52 W-900 mm/s cases to deeply understand and see what happened during the scanning process. Also, to clearly illustrate the results from the experimental study. Figure 17 shows the temperature contour of the laser spot for 76 W-300 mm/s and 52 W-900 mm/s. The case 76 W-300 mm/s gives high temperature distribution values compared to the case 52 W-900 mm/s due high power and low scanning speed used. The maximum temperature reaches 5000 K (This value is based on numerical calculations and cannot be obtained in reality as the material will be evaporated before reaching this value)

for the case 76 W-300 mm/s at the laser spot centre, which means that all powder located in this region will be totally decomposed and evaporated. The case of 52 W-900 mm/s gives a maximum temperature of 2606 K at the laser spot centre, which is above the sintering limit of SiC. So, this condition is more promising than the case of the 76 W-300 mm/s sample. Figure 18 shows the profile for the maximum temperature of laser spot centre during scanning process for both cases. In the time that the 52 W-900 mm/s case consumed to finish 3 paths, the 76 W-300mm/s sample finished only 1 path. For the case 52 W-900 mm/s, the temperature profile was between the sintering and the decomposition limits so that sintering happened without decomposition, as revealed in the SEM analysis shown in Figure 15. However, as can be seen in Figure 15 (Top), a partial sintering is observed but there are also un-sintered powders. This can be interpreted by Figure 19 and Figure 20 that show the sintering region for two adjacent paths using the conditions 52 W-900 mm/s and 76 W-300 mm/s, respectively. Figure 19 shows that there are un-sintered powders between the adjacent paths, and this mainly caused the partial sintering shown in Figure 15 (Top). This problem can be solved by optimizing the hatching distance. Also, Figure 19 shows that the laser beam was not able to sinter the whole layer thickness so that lower layer thickness values are recommended.

For the case 76 W-300mm/s, Figure 18 shows that the temperature profile is high above the decomposition limit leading effectively to the partial decomposition of SiC and the formation of elemental Si as supported by XRD analysis (Figure 16). Figure 20 shows the decomposition region of two adjacent paths for the case 76 W-300 mm/s, where the powder located in the path of the laser beam will be decomposed and formed the grooves showed in the SEM analysis in Figure 15 (Bot). Also, there is a partially sintered region between adjacent paths as showed in Figure 20 and this explains the peak formation in the parallel tracks showed in the SEM analysis in Figure 15 (Bot). By measuring the average width of the grooves showed in the SEM image in Figure 15 (Bot), an experimental value of approximately 40 µm is found while it is 36.5 µm in Figure 20 (numerical value) with 8.5% percentage error. The good agreement in the experimental/modelling coupling approach proves the ability of the developed model to effectively and qualitatively simulate the PBSLP process. 

Initial conclusions of the first experimental and numerical approach

1. The PBSLP of SiC is possible with the optimization of the process parameters which will be individually analysed in the next subsection.

2. Many values of laser power and scanning speed were used to study the PBSLP of SiC and only the conditions 52W-300mm/s and 76W-900mm/s have been successful to print SiC, however with defects.

3. At 52W-300mm/s, there were un-sintered regions found in the SEM analysis. The developed numerical model revealed that the input heat was not able to sinter the powder between the adjacent paths and even the whole depth of the powder layer. This is mainly due to the hatching distance and the layer thickness used. These parameters needed to be studied and optimized for successful PBSLP of SiC.

4. Under the 76W-900mm/s condition, the printed SiC exhibited more defects due to the high input heat, which produced (peaks and grooves) on the surface of the printed layer.

5.

A more precise guide for the selection of the laser power and the sintering speed for PBSLP of SiC is still necessary.

6. The numerical model proved its ability to be effectively used in the optimization of the process parameters for successful PBSLP of SiC.

7. In the next subsection, the developed numerical model is going to be used to optimize the layer thickness and the hatching distance for successful PBSLP of SiC. Also, a guide for the selection of the laser power and the scanning speed currently pre-studied in this section should be achieved. Also, the effect of the process parameters on the quality of SiC samples will be analysed in the coming study.

Influence of Powder Bed Selective Laser Processing parameters

Scanning strategies

From the presented literature review, it can be noted that all the previous studies focused on the PBSLP of either Si/SiC composites or reaction bonded silicon carbide without a focusing on the effect of other process parameters especially the scanning strategies, specific, many authors do not even mention the scanning strategy used (Table 10).

Scanning strategy has non ignored and important effects in the successful development of AM processes as reported in many previous studies related to Metallic materials [START_REF] Cheng | Stress and deformation evaluations of scanning strategy effect in selective laser melting[END_REF]- [START_REF] Mugwagwa | Evaluation of the impact of scanning strategies on residual stresses in selective laser melting[END_REF]. However, these effects have not been reported yet for the PBSLP of SiC. Since the PBSLP of SiC is not matured yet, it became necessary to focus on the effect of the process parameters especially the scanning strategy. Therefore, the aim of this chapter is to investigate the effect of the scanning strategies on D-PBSLP of pure SiC powder numerically and experimentally. Boostec® with a purity of 98.5 wt. % and d50 = 20 𝜇m. The morphology of the powder analyzed by SEM has shown irregular shapes, which could induce problems while layer depositing because of highly inter-friction between particles. Therefore, initial testing carried out using the selected AM conditions demonstrated that the SiC powder could be deposited as a layer of 20 µm into the powder bed successfully.

The commercial Phoenix 3D printer manufactured by 3D Systems and equipped with a fiber laser of 300 W maximum power (laser wavelength = 1060 nm, spot size = 70 μm)

was used. Specimens with a size of 10×10×0.2 mm 3 were scanned to study the effect of the scanning strategies on the PBSLP of SiC. All other parameters such as layer thickness and hatching distance were kept constant with a value of 20 µm and 17.5 µm,

respectively. The numerical model, is an effective tool that can be used to interpret the experimental results, applied different scanning strategies such as concentric in-out, hexagonal, linear, and zigzag. Also, the numerical model was used to determine the laser power and scan speed values, which were particularly used in the scanning strategies investigation. The zigzag scanning is inclined with 45°. The hexagon size used in the hexagonal strategy is 700 µm and the scanning pattern inside the Hexagon is inclined zigzag with 45° and it is repeated randomly to scan the powder layer. Argon inert gas was used to prevent the oxidation of the powder during the additive manufacturing process. Laser power and scanning speed selection can be considered as the key factor to successfully printing any material. The developed model was used to determine the value of the laser power and speed. Based on previous PBSLP studies, using a low scanning speed is more effective than using high speed as the inertia of the laser beam can scatter the powder away and affect the quality of the manufactured parts [START_REF] Fan | Selective laser melting of alumina: A single track study[END_REF], [START_REF] Ahn | Determination of a process window with consideration of effective layer thickness in SLM process[END_REF]. Therefore, in this study we decided to use a scanning speed of 250 mm/s to study the effect of the scanning strategies. The developed model was used to determine the laser power enough to sintering the whole layer depth. Table 11 shows the results of different laser powers

where it shows the vertical cross section for the sintering depth and the temperature distribution for the layer top surface. The results indicated that laser power of 40 W is not able to sinter the whole depth of the 22 µm while laser power of 45 W is enough for sintering the whole depth. At 45 W of laser power, the maximum temperature for the top surface of the layer is 3211.7 K which is slightly above the decomposition point of SiC [START_REF] Kang | Thermal decomposition of silicon carbide in a plasma-sprayed Cu/SiC composite deposit[END_REF] (≈3100 K) and is only located on the focal point of the laser spot. It also can be seen in the temperature contour. where many defects were found on the layer top surface in the form of voids and channels.

A microscopic view of the layer top surface is shown in Figure 22 b) where the scanning tracks of the laser are almost clear. Also, two lines crossing each other forming an "Xmark" can be clearly seen in the surface and a defect in the form of a small hole at the centre of the X-mark. This finding can be interpreted by simulating the scanning strategy using the developed model to see what was happening during the scanning process. By simulating the scanning in-out strategy and focusing on the laser movement, it has been found that the peaks-up in the temperature profile happened when the laser source was changing sharply its direction. The laser changes its direction by 90° in the concentric scanning in general. As shown in Figure 24, the temperature profile and temperature contour are shown before, during, and after the change in the laser direction. This peak of temperature is high enough to decompose the material at that time and the laser is changing its direction four-time producing 4 decomposed points per cycle.

Therefore, X-pattern is formed on the top of the layer. The defect (small hole) in the centre of the part, it mainly due to the short scanning paths at the start of the scanning process. These short paths led to rapid change in the laser direction that produced many peaks-up in temperature at the centre and caused decomposition of SiC. To check the porosity and structure of the SiC sintered parts, SEM analyses were performed on sintered SiC samples scanned with concentric in-out strategy (Figure 25 a). A characteristic pattern on the surface of the layer can be seen. This pattern consists of small protrusions that formed in rows parallel to scanning directions of the laser and it is mainly generated from the scanning strategy behaviour (change in the laser movement during scanning).

The protrusions tracks changed its direction with the changing in the laser movement.

Also, there is a separation between the rows of the protrusions parallel to the scan paths due to hatching distance between every two consecutive scanning tracks. The effect of the hatching distance on this separation will be covered in the following section 3.3. Also, the formation of protrusions is a direct cause for the high porosity in SiC samples (Figure 25 b), and it can be reduced by optimizing the process parameters. Figure 25 c shows a high magnification image for the small protrusions where the sintered dark-grey SiC can be seen clearly. (a) (b)

Inclined-Zigzag strategy

The SiC specimens printed using inclined zigzag strategy are shown in Figure 26 a where a SiC circular disk is used as a baseplate. These specimens were built to a height of 0.2 mm as described previously. The samples were produced with acceptable geometric forms having clear surface and straight dimensions, so have given a hopeful sign that it can be suitable for D-PBSLP of SiC parts. Also, the specimens have a flat surface with no characteristic pattern shown on it as the case in the concentric in-out strategy. The porosity level at the surface compared to the concentric in-out scanning strategy based on visual inspection is considered low. Initially, zigzag strategy seems better than the concentric in-out scanning strategy, but it is obvious that there are defects at the corners of the specimens. Figure 26 b shows a microscopic view for one of the SiC specimens printed using an inclined-linear strategy as indicated. The defects at the corners of the specimen can be clearly seen in the form of small material removal or dull corners. Also, the porosity level can be clearly seen in the form of small and large holes. The numerical model was used to simulate this scanning strategy to see what was happening and find the cause of these defects. Figure 27 shows the temperature profile for the inclined zigzag strategy. Only 25 paths were included to make the figure clear. It is obvious that when the laser finished a path and was positioned to scan a new path, the temperature increased rapidly (peaks-up). As for the zigzag strategy, the new position of the laser beam was very adjacent to the previously scanned path which keeps some heat leading to the sharp increase in temperature. By moving the laser beam to the new path, the temperature started to decrease. Also, the path scanning time increased gradually due to the increase in the scanning path length because of the inclination during scanning.

Figure 28 shows a focused view for only two scanning paths to make the previous point clear. When the peaks-up in temperature happened in very small areas (as the case in the first and the last corner of the laser scanned) a decomposition occurs with a material removal. The numerical model was used to simulate the hexagonal scanning strategy where the temperature profile is shown in Figure 31. The zigzag scanning inside each hexagon is responsible for be the sharp increase in temperature. After finishing the scanning inside the hexagon, the border scanning started. The border scanning temperature profile is less changing than the zigzag scanning as can be seen. This is mainly because of the long and continuous path of the border scanning compared to the short paths of zigzag scanning.

The increase in the temperature due to the zigzag effect happened inside the part and did not affect the edges as happened in another scanning strategy such as zigzag and linear scanning. The microstructure of the layer top surface is shown in Figure 32-a. There is no evidence for characteristic pattern resulting from the scanning strategy. Also, the structure of the coating is an almost compact structure with few porosity, and it only seems like particles tightly packed separating with a network of microcracks as shown in Figure 32-b. These small voids are an indication of a good relative density that can be obtained using this scanning strategy. Figure 32-c has shown a magnified image for SiC particles and passages between them in detail. By investigating the maximum temperature profile obtained using the numerical model as shown in Figure 34, it can indicate that there are peaks-down in the temperature at the start of each scanning path. This is mainly because of the laser driven-off time (the time the laser takes to reach the next scanning position while it is turned off) and then the laser takes time until increasing the temperature of the powder to the sintering point. Mainly, the shifting has mainly happened when the consecutive layers have not adhered together and therefore the force coming from the recoater when depositing a new layer would be enough to make this shifting. This can be clearly seen by focusing on the temperature profile for this scanning strategy where the temperature during scanning is about 3200 K.

This temperature is just enough to sinter the used layer thickness (22 µm) and not to adhere it with the layer below. This shifting did not happen in the previous scanning strategies due to the peaks-up in the temperature profile that happened in concentric, zigzag and hexagonal strategies. These temperature increases helped the layer has adhered well with the layer below at the points also giving it enough support to withstand the force coming from the recoater. This did not happen in linear strategy as no temperature peaks-up were formed in this strategy.

Increasing the laser power to eliminate this shifting in the linear strategy cannot be made as it will be very high above the decomposition point which will destroy the surface of the layer, or even the layer itself.

Figure 35 shows the sintering contour for the concentric, inclined zigzag, and linear strategies (the hexagonal strategy is not shown as it is an inclined zigzag repeated in very small hexagonal shapes) at the layer top surface and at x plane to check the sintering depth. It can be clearly seen that the laser followed the scanning strategy. For linear strategy as can be seen from the cross section at x = 0.1 mm plane, the adhering between the current scanning layer and the layer below did not happen and this is another interpretation for the shifting between layers that happened in this scanning strategy. For the other scanning strategies, the adhering happened between the layer and the layer below, so no shifting was noticed in these. Also, regarding the adhering depth, the hexagonal scanning achieved higher adhering depth among other scanning strategies. 

Conclusions of the scanning strategies applied on PBSLP of SiC

The scanning strategies' effect on D-PBSLP of SiC was studied experimentally and numerically. Four scanning strategies which are available in the commercial Phoenix 3D

printer were considered in this study. These scanning strategies are concentric in-out, hexagonal, linear, and zigzag. The laser power (45 W), scanning speed (250 mm/s), hatching distance (17.5 µm) and layer thickness (22 µm) were kept constant to only investigate the effect of scanning strategy. The following points are concluded from this study:

1. Concentric in-out strategy cannot be used in D-PBSLP of SiC due to the strange characteristics pattern and the many defects in the layer top surface.

2. Linear strategies cannot not be used in D-PBSLP of SiC due to the shifting between layers.

3. Zigzag strategy can be used for D-PBSLP of SiC, but the defects in the corners can be a problem in this strategy.

4. Hexagonal strategy can be considered the best suitable strategy to be used with SiC as it succeeds to eliminate all the problems that happened with other scanning strategies. Besides, for Concentric in-out, Zigzag and Linear strategies, the scanning direction is effective in the direction of the sintered grain structure (in the same direction with the scanning direction), while there is no orientation in the hexagonal scanning strategy. This situation can be attributed to the homogeneous distribution of heat thanks to the short hexagonal scanning path. In this way, more homogeneous uniform size grains were obtained on the surface.

In the next section, the effect of other parameters such as laser power, scanning speed, hatching distance and layer thickness will be studied using the optimized scanning strategies obtained in this section to manufacture SiC samples with performing properties.

In this way, a clear parameter matrix for successful D-PBSLP of SiC can be obtained.

Process Parameters Investigation for Direct Powder Bed Selective

Laser processing of Silicon Carbide Parts: Laser power, scanning speed, hatching distance, layer thickness and powder compaction.

Laser power, scanning speed, hatching distance, layer thickness and scanning strategy are crucial for successful AM process as reported in previous subsections of this chapter.

Since the PBSLP of pure SiC is not matured yet, it became necessary to focus on the effect and optimization of these process parameters. Therefore, the aim of this subsection is to investigate the effect and optimize the parameters for direct-PBSLP of SiC numerically and experimentally. The flowability was quantified using the dynamic angle of repose, a generally accepted characterization technique to measure flowability of powders and recommended by ASTM as the characterization method for metal powder for AM since the methodology is closer to the AM processing conditions than other techniques [START_REF] Yablokova | Rheological behavior of β-Ti and NiTi powders produced by atomization for SLM production of open porous orthopedic implants[END_REF]. The angle of repose is obtained as the angle of the rotating powder mass relative to the horizontal plane. This angle is measured using a Hosokawa Micron's Powder Characteristics Tester PT-S. The average angle of repose obtained from this test was 41 degrees (Figure 37) for the SiC powder which can be considered a good value for the AM process [START_REF] Spierings | Powder flowability characterisation methodology for powder-bed-based metal additive manufacturing[END_REF]. The numerical model was used to determine the laser power and scanning speed that can process the used layer thickness. Three-layer thickness were investigated in this study; 20 µm, 30 µm and 40 µm. For each layer, the recommended laser powers and scanning speeds are calculated. Three criteria for which the laser power with the specified scanning speed were evaluated to be effective in PBSLP. These three criteria are (1) to melt/sinter the whole layer thickness and not to melt/sinter the layer below (this is mainly because of the accumulated heat and the effect of the scanning strategy leads to an increase in the scanning temperature by 250-500 °C which will lead by default to adhering of the current layer with the layer below) as shown in Figure 38-a; (2) to give a continuous scanning path during the process as shown in Figure 38-b;(3) the scanning temperature does not exceed the decomposition limit of SiC [START_REF] Kang | Thermal decomposition of silicon carbide in a plasma-sprayed Cu/SiC composite deposit[END_REF]. Based on these three criteria, Figure 39 gives the range of the laser powder for each scanning speed at different layer thickness at different layer thicknesses that can work properly in PBSLP of SiC. Selected laser power and scanning speed from the obtained results were experimentally analyzed. Figure 40 shows the sintering contour for different hatching distance (1D, 0.5D, 0.25D and 0.125D where D is the laser spot size) at the layer top surface and at X= 0.25mm cross section perpendicular to the scanning paths. By using hatching distance of 1D and 0.5D, no connection can be observed between the adjacent scanning paths which will affect the mechanical properties negatively. It can be concluded that for successful-PBSLP of SiC, the hatching distance should not be more than 0.5D. These results were used as a guide for the experimental work.
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Experimental optimization

Several SiC parts with a size of (1cm x 1cm x 0.5 cm) were manufactured using the recommended parameters values from the numerical model. SiC parts manufactured with the combination of other layer thickness and/or hatching distance were partially broken or not attached to the support after the process. One of the manufactured SiC part is shown in Figure 41 with the following values: laser power of 38 W, scanning speed of 100 mm/s, layer thickness of 30 μm, hatching distance of 0.5D, zigzag scanning strategy rotated by 90 degrees between layers. The surface morphology can be observed by SEM images where different pattern between the inside and edge of the piece is obtained due to the scanning strategy [START_REF] Montón | Scanning Strategy Investigation for Direct-Powder Bed Selective Laser Processing (sintering/melting) of Silicon Carbide Ceramic[END_REF] and high amount of porosity since the relative density of this piece by geometric density calculation is 53%. Additionally, the PBSLP machine is equipped with a rotating cylinder as part of the recoating device able to perform a controlled compression of the powder bed after its spreading. The compression would increase the packing density of the powder bed and hence have a direct influence on the final density and quality of the printed parts. Thus, to establish which powder compaction is more favourable for the process we kept constant the other parameters. After geometric density measurement (Table 12) the best result was achieved with 100% compaction. 100%, respectively. Following these parameters, SiC pieces were manufactured. After the PBSLP, the density of the part was measured obtaining a promising result of 81% relative density, which was measured according to Archimedes' principle. Observing the morphology by SEM (Figure 42.), a sintered surface can be observed without any characteristic pattern, especially needle-like protrusions in tracks due to the laser manufacturing. In addition, a rather reduced porosity (19% vs 47%) is observed with respect to the sample shown previously (Figure 41) and also the formation of microcracks during the process, possibly due to the thermal shock generated by the high temperatures that are reached due to the material laser interaction. The numerical model was used to interpret the difference in the relative density for the case 45W-250mm/s and 38W-100mm/s. Figure 43 shows the temperature profiles for 38W-100mm/s, the temperature profile is high above the decomposition limit, and this means that more porosity are achieved. For 45W-250mm/s, the temperature profile is between the sintering and decomposition limit, and almost no decomposition happened except due to the peaks-up in the temperature due to the scanning strategy. In fact, observing the X-ray diffraction spectrum (Figure 44) of the 45W-250mm/s, we can observe 4 different material phases, two that corresponds to the phases of silicon carbide and other phases corresponding to some decomposition during the PBSLP.

Specific, the spectra exhibit 4 different crystal phases: SiC-6H and SiC-15R like originally in the starting powder plus Carbon (1 wt. %) and Silicon (5 wt. %) (Table 13/Figure 45). This partial decomposition occurs due to high peaks inherently generated during the process because of the scanning strategy [START_REF] Montón | Scanning Strategy Investigation for Direct-Powder Bed Selective Laser Processing (sintering/melting) of Silicon Carbide Ceramic[END_REF]. However, we are limited by the software of the 3D printer, and it is not possible to modify the scanning strategy.

Developing a new scanning strategy could solve these heat peaks and prevent breakdown of the material. 

Conclusion of the Process Parameters Investigation for Direct Powder Bed

Selective Laser processing Silicon carbide parts were manufactured by means of D-PBSLP in absence of posttreatments and any additives in the initial powder mixture. The optimization of the parameters process was performed by numerical and experimental analysis. The numerical model was used to determine the effect of laser power, scanning speed, layer thickness and hatching distance. Following the results obtained, the optimal process parameters were set at laser power: 45 W, scanning speed: 250 mm/s, layer thickness: 30 μm, hatching distance: 35 μm, scanning strategy: hexagonal rotated by 90 degrees between layers and compaction: 100%, respectively. Final SiC parts exhibit 81% of relative density and 5 wt. % / 1 wt. % of residual Silicon and Carbon, respectively, which corresponds to some decomposition during the process due to high peaks inherently generated by the scanning strategy. However, we are limited by the software of the 3D printer, and it is not possible to modify it. Developing a new scanning strategy could solve these heat peaks and prevent breakdown of the material. In consequence, this paper proves the viability of the d-PBSLP as a shaping technique to manufacture SiC 3D parts.

Moreover, the process viability can be confirmed with the manufacturing of SiC complex shapes, specific, SiC lattice structures which cannot be obtained with traditional manufacturing techniques.

Conclusion of Direct Powder Bed Selective Laser Processing of

Silicon Carbide

The PBSLP of SiC is possible with the optimization of the process parameters. The developed numerical model was used to assess the input heat necessary to be able to sinter the powder between the adjacent paths and the whole depth of the powder layer. The scanning strategies' effect on D-PBSLP of SiC was studied experimentally and numerically. Four scanning strategies which are available in the commercial Phoenix 3D

printer were considered in this study. These scanning strategies are concentric in-out, hexagonal, linear, and zigzag. The laser power (45 W), scanning speed (250 mm/s), hatching distance (17.5 µm) and layer thickness (22 µm) were kept constant to only investigate the effect of the scanning strategy. The following points are concluded from this study:

1. Concentric in-out strategy cannot be used in D-PBSLP of SiC due to the characteristics pattern and the many defects in the top layer surface.

2. Linear strategies cannot not be used in D-PBSLP of SiC due to the shifting between layers.

3. Zigzag strategy can be used for D-PBSLP of SiC, but the defects happened at the corners can be a problem in this strategy.

4. Hexagonal strategy can be considered as the best suitable strategy to be used with SiC as it succeeds to eliminate all the problems that happened with other scanning strategies. Besides, for Concentric in-out, Zigzag and Linear strategies, the scanning direction results in a preferred direction of the sintered grain structure (in the same direction as the scanning direction), while there is no orientation in the hexagonal scanning strategy. This scan be attributed to the more homogeneous distribution of heat thanks to the short hexagonal scanning path. In this way, a more homogeneous uniform grain size was obtained on the surface.

Finally, silicon carbide parts were manufactured by means of D-PBSLP in absence of post-treatments and any additives in the initial powder mixture. The numerical model was used to determine the effect of laser power, scanning speed, layer thickness and hatching distance. Following the results obtained, the optimal process parameters were set at laser power: 45 W, scanning speed: 250 mm/s, layer thickness: 30 μm, hatching distance: 35 μm, scanning strategy: hexagonal rotated by 90 degrees between layers and compaction: 100%, respectively. Final SiC parts exhibit 81% of relative density, which was measured according to Archimedes' principle, and 5 wt. %, 1 wt. % of residual Silicon and Carbon, respectively, which corresponds to some decomposition during the process due to high peaks inherently generated by the scanning strategy. However, we are limited by the software of the 3D printer, and it is not possible to modify it. Developing a new scanning strategy could solve these heat peaks and prevent breakdown of the material. In consequence, this chapter proves the viability of the direct-Powder Bed Selective Laser Processing (D-PBSLP) as a shaping technique to manufacture SiC 3D parts. Moreover, the process viability can be confirmed with the manufacturing of SiC complex shapes, specific, SiC lattice structures which cannot be obtained with traditional manufacturing techniques.

Chapter 4: Silicon Carbide Surface Modification Method by Wet Route and study of the effect of this modification on sinterability by SPS

Recently, many researchers have paid attention to enhance the SiC particle properties in a liquid solution by modifying their surfaces with different polymers [START_REF] Iijima | Surface Modification of Silicon Carbide Nanoparticles by Azo Radical Initiators[END_REF]- [START_REF] Saini | Grafted SiC nanocrystals: For enhanced optical, electrical and mechanical properties of polyvinyl alcohol[END_REF].

Specific, preceramic polymers are a special class of polymers that can convert with a high yield into ceramic materials, or polymer-derived ceramics (PDCs), via high-temperature treatments in inert or oxidative atmospheres. The polymer to ceramic conversion occurs with gas release and shrinkage at 400-800°C [START_REF] Colombo | Additive manufacturing techniques for fabricating complex ceramic components from preceramic polymers[END_REF]. However, many factors such as the chemical composition of the particles of the sintering powder, their size and concentration, and the type of additive used must be carefully considered to obtain a stabilized suspension and an optimized powder surface modification. Moreover, to take advantage of the surface modification technique it is important that a small amount of PDC precursor is used in order to control the adsorbed preceramic molecular layer, since the goal is to change the surface charge behaviour without increasing the specific surface area or changing the morphology of the powder too much. Very high specific surface areas will give problems during the forming steps, especially when complex-shaped components with high and uniform green densities have to be produced [START_REF] Lidén | Surface modification and dispersion of silicon nitride and silicon carbide powders[END_REF].

In terms of the modification methods of silicon carbide surfaces, two main modification methods can be distinguished. The first one is to deposit a very thin layer of nanometric thickness to modify the surface properties of SiC particles. The second one is based on the grafting of small molecules (silane, for instance) via covalent bonds to functional groups as hydroxyls for instance present on the particles surface. Since monomers usually have low molecular weight, they can penetrate even particles aggregates and interact with active sites on their surface.

For polymer formation on particle surface two options of such hybrids composites are used. First one is referred to in literature as "grafting on" wherein polymers with suitable terminal functional groups interact with the corresponding surface. The second method is called "grafting from" wherein polymeric chains grow from the monolayer of organic radicals ending with a fragment initiator of polymerization.

Recently, strategies have been developed to tailor particle surfaces by the use of polymers. The purpose is to directly grow polymer thin films from or onto the surface of the particles resulting in a core-shell type material architecture. This strategy leads to the formation of ''polymer brushes'' or ''hairy nanoparticles'' which has the effect of protecting the nanoparticle surface and at the same time, increasing the compatibility to polymeric matrices [START_REF] Advincula | Surface Initiated Polymerization from Nanoparticle Surfaces[END_REF].

These polymer brushes on solid surfaces is of great interest for surface modification and composite material preparation [START_REF] Kelley | Direct Force Measurements at Polymer Brush Surfaces by Atomic Force Microscopy[END_REF]. They have interesting applications in colloidal and interfacial phenomena especially when applied to particles. In preventing flocculation, polymer chains (which prefer solvent to the colloidal particle surface) resist overlapping between neighbouring particles resulting in colloidal stabilization.

A number of model surface grafting techniques have been used on planar solid surfaces.

Physical adsorption or physisorption of functionalized homopolymers or block copolymers have been investigated. A main disadvantage is that, such adsorbed layers are susceptible to removal, e.g., by exposure to a thermodynamically good solvent. It is often difficult to control the physical structure and density of such adsorbed layers both from entropic and enthalpic considerations. In principle, adhesion between polymer and substrate may be greatly enhanced if the chains are chemically adsorbed or chemisorbed onto surfaces covalently. This approach involves reaction of end-functionalized polymers with reactive sites on a substrate surface [START_REF] Chu | Ultrasound enhanced radical graft polymerization of starch and butyl acrylate[END_REF]. The disadvantage of this ''grafting onto'' method is that chain-ends have to first find their way to the surface and react.

Furthermore, polymer chains attached at the beginning of the reaction sterically shield the remaining surface reactive sites such that brush density becomes self-limiting [START_REF] Mu | Effect of Ultrasonic Treatment on the Graft Reaction between Soy Protein Isolate and Gum Acacia and on the Physicochemical Properties of Conjugates[END_REF].

Thus, both physisorption and chemisorption have their drawbacks for grafting onto surfaces.

The original scientific approach of this study resides in the production of innovative SiC powders that enable sinterability exacerbated by surface modification technique for SiC particles.

Production of SiC powder functionalized at the surface by an oligomer 4.1.1 Properties of the polysilaethylene (PSE) precursor

The commercial precursor used in this study is a carbo-silane oligomer supplied by

Starfire Systems [SiH-CH2]n=3-8, Mn = 2000 (namely CVD-4000), used as molecular precursor for the growth of SiC by Chemical Vapor Deposition [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF]. This liquid compound is flammable in air and moisture sensitive, highly soluble in Toluene and is handled in an Ar atmosphere. It is in fact an oligomer with a Si:C ratio of 1:1 suitable to form preceramic polymer in various SiC synthesis methods. Its properties are reported in Table 14.

Table 14. Oligomer characteristics of the PSE (Polysilaethylene) provided by the supplier also called CVD-4000 [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF]. 

Properties of CVD

IR analysis of the PSE precursor

Figure 47-a shows the FT-IR spectra of the CVD-4000 (as received). The bands are assigned with reference to literature on known organic compounds and polycarbosilane (PCS) [152][153]. In the spectra, we observe the CH stretching region (3100-2800 cm -1 ), the strong band at 2150 cm -1 assigned to the SiH stretch and in the 1400-1100 cm -1 region, the bands can be assigned to a CH2 scissors/wag vibration and CH3 wag. In the spectral region from 1100 to 600 cm -1 , the vibration at 950 cm -1 is assigned to the SiH2 scissors mode and finally, the remaining bands in this region are assigned to a combination of SiH2 twisting and wagging. Table 15 shows these assignments. In Figure 47-b, a IR spectra of a heavier oligomer from this family, [SiH2-CH2] (Mn=23 000) from literature [START_REF] Tsao | Studies of the Solid-State Conformation of Polysilaethylene: An Organic/Inorganic Hybrid Polymer with an Alternating C/Si Backbone[END_REF], is attached for further comparison. 

Thermal analysis of the PSE precursor

The TGA-DSC of the CVD-4000 is shown in Figure 48 where 2 main regions can be identified: in the range (1) 0 -300C° there is a progressive weight loss of about 79% and following the DSC curve, we observe an endothermic process due to the oligomer vaporization;

(2) 300 -700°C now the DSC curve shows an exothermic process indicating the curing of the oligomer by cross-linking and the conversion to SiC [START_REF] Boisselier | Dépôts chimiques en phase vapeur de carbures de chrome, de silicium et d'hafnium assisté par injection liquide pulsée[END_REF]. 

ENDOTHERMIC EXOTHERMIC

Oligomer grafting by wet route

As it was already mentioned by E. Lidén et al. [START_REF] Lidén | Surface modification and dispersion of silicon nitride and silicon carbide powders[END_REF] and experimentally proven by Luo et al. [START_REF] Luo | Surface grafting onto SiC nanoparticles with glycidyl methacrylate in emulsion[END_REF], it is important not to use an excess of polymer that can be grafted onto the surface of the powder since this could increase the specific surface area, change the morphology of the powder too much or the coupling agent could hardly penetrate into the nanoparticle agglomerates and reduce the graft efficiency. Therefore, it is necessary to develop a simple model to calculate the amount of oligomer required to cover the powder with a molecular layer of PSE. To build the model, we will make the following hypothesis:

1.

The SiC particles are monodisperse and spherical.

2.

The formula of the PSE precursor is [SiH2-CH2] n where the index has an average value of n = 5.

3.

The surface occupied by one grafted molecule is the surface projected by a molecule attached perpendicularly to the SiC surface.

4.

The PSE oligomer can be attached only on the SiC surface (not on a first molecular PSE layer).

So, from these data, we are able to calculate a general expression for the PSE saturation mass, 𝑚 𝑃𝑆𝐸 𝑠𝑎𝑡 , which is the PSE mass necessary to cover all the surface of silicon carbide grains (calculation details given in Annex II).

𝑚 𝑃𝑆𝐸 𝑠𝑎𝑡 = 5.46 • 10 -7 𝑚 𝑆𝑖𝐶 𝑑 𝑔 (𝑔)
Where 𝑚 𝑆𝑖𝐶 is the mass of SiC powder and 𝑑 𝑔 is the average grain diameter of SiC particles.

Therefore, now that we know the amount of oligomer necessary for the superficial modification of our powder. Based on the literature review, Chapter 1: Literature review, an experimental protocol will be defined:

1. Prior to the usage: the particles are dried in a vacuum oven (1 mbar) at 110°C to get rid of the physically absorbed and weakly chemically absorbed species.

2. Preparation of the suspension (oligomer + toluene + powder): 5 minutes of manual agitation of the solution oligomer + toluene to improve the oligomer solubility and homogeneity. Afterwards, the solution is poured onto the SiC powder and subjected to ultrasound bath for 10 minutes at room temperature.

Wet functionalization:

The flask containing the suspension from the step 2 was connected to a vacuum (10 mbar) gas manifold under argon and subjected to magnetic stiring for 1 h 60°C.

Vaporization of toluene (solvent) and the oligomer excess (ungrafted):

The suspension is transferred to a rotative evaporator at 60°C and toluene was slowly removed by evaporation under moderate vacuum conditions (85 mbar). In this step, the PSE excess compared to the saturation value required to graft a conformal molecular monolayer is also removed since the oligomer is sufficiently volatile to be transported, either using a carrier gas or under vacuum [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF].

Parameters influence of the oligomer grafting process

Silicon carbide powder provided by Mersen Boostec with two different grain diameters (d50 = 20 and 2 𝜇m) have been used to develop and optimize the grafting protocol described in 4.1.2. The influence of the temperature, ultrasounds and oligomer amount was investigated. Also, the reproducibility of the experiments has been tested.

Temperature influence

The d50 = 20 𝜇m SiC powder was used to test the temperature influence Figure 49 shows IR spectra of the experimental protocols at RT, 40°C, 60°C and 80°C. For all these spectra the IR intensity is normalized over the reference intensity of pure SiC at 775 cm -1 and figure 50 is a zoom in the range 2050-2200 cm -1 where Si-H stretching bands from the oligomer are expected. As we already calculated in the previous subsection 4.1.4, about only 1 wt. % of oligomer was used for the grafting protocol, which explains why the oligomer signal is so weak in the overview spectrum where, excepted the strong SiC mode at 775 cm -1 , the visible peaks correspond to the Si-H bonds around 2100 cm -1 in addition to traces of C-H stretching around 3000 cm -1 . In this Figure 49 we observe that, in regard to RT spectrum, there is no change at 40°C. By contrast, at 60°C we obtain a higher signal and at 80°C it is even more intensified. This reveals an increasing amount of grafted precursor on the surface of SiC powder with the temperature.

Specifically, Table 16 shows the IR intensity ratio between the SiC mode at 775 cm -1 and the "grafting peak" that corresponds to the Si-H intensity of the oligomer CVD-4000 attached during the grafting process. For instance, the intensity ratio is x5 at 80°C compared to RT or 40°C. This experimental result suggests that the grafting of the oligomer is more efficient on the SiC surface by increasing the temperature probably because the attachment is through the breaking of Si-H bonds of the SiH3 end groups and this reaction is thermally activated. The onset of polymerization of the grafted oligomer would occurs at slightly higher temperature to form a conformal polymer nanofilm. This is consistent with the TGA/DSC analysis of the oligomer (Figure 48) since in this low temperature range (≤ 80°C) there are two competing processes: vaporization and the onset of polymerization by hydrogen release. This last process becomes dominant by increasing the temperature, which favours its attachment to the SiC surface. The vaporization can be neglected since the possibly free oligomer has been evacuated in the grafting protocol (4 th step). The grafting temperature was not increased above 80°C in order to functionalize with a molecular layer instead of a polymer thin film, which could modify the properties of the SiC powder.

Figure 50 shows the " grafting peak" deconvolution which corresponds essentially to SiH and SiH2, modes at 2130 and 2150 cm -1 , respectively [155], [START_REF] Lin | The vibrational overtones of SiH4 isotopomers: experimental wavenumbers, assignment, ab initio dipole moment surfaces and intensities[END_REF]. The small peak at 2170 cm -1 is not considered as an IR stretching band of SiH groups because it is too narrow (its width is estimated to be only 3 cm -1 ). The width of the SiH mode was determined to be 55 cm -1 and the width of the SiH2 mode was 25 cm -1 . The amplitude of the fitted profiles of the SiHx groups were determined via the Origin peak fitting tool. The coefficients of determination, R2, were used to determine quality of fits; all fits possessed R2 values higher than 0.996. Therefore, following these experimental results, the next experiments will be conducted at 60°C under our vacuum conditions (85 mbar). 

Ultrasound influence

The d50 = 2 𝜇m silicon carbide powder will be used to test the ultrasound influence.

Figure 51 shows the experimental IR spectra with temperature at 60°C with the introduction of the ultrasound prior to the grafting protocol to study its influence. Indeed, some authors have already indicated that sonication enhances the effects on the graft reaction, such as increasing graft ratio, graft efficiency, oligomer conversion and reducing reaction time [142][151]. Here, it is observed that the addition of ultrasound substantially increases the signal of the Si-H bond. Specifically, Table 17 reports the increase of the intensity ratio between the SiH and SiC bands due to the effect of sonication. The experiment was carried out with the same parameters except the introduction of ultrasound prior the grafting process. Therefore, following the typical grafting protocols of the literature, the aforementioned references of the positive influence of sonication and these experimental results, prior to the grafting experiment, ultrasound will be conducted in the suspension.

Table 17. Effect of the sonication on the intensity ratio between SiC and SiH IR bands. 

Amount of preceramic precursor

The d50 = 2 𝜇m silicon carbide powder will be used to test the mass factor of the oligomer influence. Previously, it was mentioned it is important not to use a large excess of oligomer that can be grafted and polymerize onto the surface of the powder, since this could decrease the grafting performance, as experimentally proofed by Luo et al. E. Lidén et al [START_REF] Lidén | Surface modification and dispersion of silicon nitride and silicon carbide powders[END_REF], [START_REF] Luo | Surface grafting onto SiC nanoparticles with glycidyl methacrylate in emulsion[END_REF]. Therefore, the monomer amount required to cover the powder was calculated in 4.1.5 Parameters influence of the oligomer grafting process and Annex II.

In the experiments already described, a small excess (twice) of preceramic precursor was used compared to the calculated value. The objective of this excess is to compensate for the errors inherent in the simple model used. However, the ungrafted free oligomer residue is however removed by vaporization under vacuum at the end of the grafting protocol.

In this part, we have tested experimentally if the addition of larger excess of oligomer to mass factor x5 and x10 would improve the process or not. underestimate the real experimental conditions. Moreover, if there is some small amount of PSE excess it will be removed due to since the oligomer is sufficnetly volatile to be transported. According to the literature, it can be observed that effectively the addition of a factor x5 and x10 does not improve with respect to the addition of x2 so, the bigger the oligomer factor in the grafting process, a worse grafting performance is achieved as shown by the SiC/SiH ratios in Table 18. Consequently, to optimize the grafting process, a mass factor x2 of the calculated theoretical value will be used. The grafting durability was tested with functionalized d50 = 20 𝜇m SiC powder.

Regarding the previous subsections the experimental protocol for the functionalization will use a temperature at 60°C, sonication prior to the grafting protocol and x2 mass factor of oligomer. Figure 53 shows the experimental IR spectra of the SiC powder with the previous mentioned conditions just after finishing the grafting process, then after aging 6 months and 1 year at RT in air atmosphere. It is observed the Si-H bond signal decrease as function of the time measurement. Indeed, Table 19 shows the reduction of the SiC/SiH intensity ratios the in time. In numerical terms, after 6 months and 1 year of the powder stock at room temperature in air atmosphere, a reduction of 18% and 35% is detected.

Therefore, although the reduction of the oligomer graft is not dramatic, the use of the surface modified SiC powder does not allow a big delay in time in its application. Thus, the purpose for which the powder is being modified should be carried out after a few days or weeks so as not to lose its effectiveness.

As perspective for future work, the stock conditions must be clearly defined and optimized: e.g. temperature, ambient air, humidity, dark or indoor light. The possibility of reactivating the functionalization is also a future study route. 

Introduction and objectives

Spark Plasma Sintering (SPS) is an advanced process that was also used to consolidate silicon carbide powder without additives. The first step is to choose the most suitable SiC powder and the second one is to optimize SPS experimental conditions. The SPS process allows various types of materials to be sintered [158] with control microstructure [START_REF] Chaim | Densification and preservation of ceramic nanocrystalline character by spark plasma sintering[END_REF] and shape [START_REF] Manière | Spark plasma sintering and complex shapes: The deformed interfaces approach[END_REF]. It relies on pulsed DC current passing through an electrically conducting pressure die containing the sample. Uniaxial pressure is applied during sintering. The main benefit is that full density can be reached fairly easily, the whole experience taking only a few minutes. Unfortunately, like so many other covalent refractory ceramics, even by SPS SiC is very difficult to sinter to a high density without using binder additives (that generally bring heteroatoms that are left in the part) and/or very high pressures.

Thus, to reach high density sintered SiC functional additives are used. In previous studies, it was shown that these aids could lower the sintering temperature. Several compounds were tested as sintering additives for SiC powder both to enhance the densification rate and to slow down grain growth kinetic. To achieve high densities through solid-state sintering and to avoid the appearance of low corrosion resistance intergranular phases, consolidation of SiC with boron and carbon as sintering additives seems to be the most efficient way [START_REF] Prochazka | Effect of Boron and Carbon on Sintering of SIC[END_REF]. Therefore, boron carbide was found to enhance the hot-pressing behaviour of SiC that could be so obtained in a fully dense state [START_REF] Stobierski | Sintering of silicon carbideI. Effect of carbon[END_REF], [START_REF] Stobierski | Sintering of silicon carbide II. Effect of boron[END_REF].These additives permit to reach high density slightly over 2000°C by means of the reduction of the surface energy of the grains (surfactant effect due to boron) and reaction with residual silica (carbon reduction). Following these results, Maître et al. used SPS method and boron additive to produce fully dense SiC-based materials with several non-oxide secondary phases such as boron carbide (B4C) or free boron (B) plus free carbon (C) [START_REF] Maître | Role of boron on the Spark Plasma Sintering of an α-SiC powder[END_REF].

However, for some applications these additives are considered as contaminants for final parts and as a consequence not acceptable.

For this reason, no additive was used and a stringent optimization of the process parameter was a preferred route. For instance, Guillard et al. applied a specific SPS procedure for synthesizing and densifying pure commercially available submicrometersized SiC powder. Using this procedure, a 92% Relative Density (RD) was achieved. The aim of this previous study was to assess the evolution of SiC grain size and density versus temperature, holding time and pressure on a commercial powder [START_REF] Guillard | Densification of SiC by SPS-effects of time, temperature and pressure[END_REF]. As another example of pure SiC SPS, Hayun et al. obtained a density of SiC bodies of 3.1870 g/cm 3 (RD = 99%) in the absence of sintering additives. They have used an SPS treatment at 2050°C for 10 min, a heating rate of 400°C/min and a high applied pressure of 69 MPa to densify alpha-SiC powder [24]. However, even with the advantages of SPS, sintering aids are generally required to obtain a dense SiC body.

A potential possibility recently proposed by authors to obtain full-dense SiC body by SPS is the direct use of polymer-derived ceramics as single-source materials, i.e. without SiC powder [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF]. These preceramic molecular precursors present distinctive features such as low process temperatures and, above all, the possibility of applying forming techniques for conventional polymer processing. However, heating of preceramic polymers generally leads to the formation of cracks and pores in the ceramic products due to gas release and shrinkage resulting from polymerization and crosslinking. Crack free products can be manufactured in the case of fibers, microcellular foams and thin films thanks to the key role of the many interfaces. In these configurations, the material can tolerate both the release of a great amount of gases as by-products (mainly hydrogen and lightweight hydrocarbons) during the polymer-to-ceramic conversion and also the CarbonCo., Ltd) featuring a molecular weight (Mw) of 1400 mixed with boron as additive [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF]. PCS compounds are inorganic polymer composed of a Si-C backbone leading to a fixed Si/C atomic ratio (characteristic of each PCS compound) and a small amount of hydrogen. Furthermore, they exhibit similar properties as organic polymers, i.e. they are meltable, soluble, and unstable at high temperatures. For conversion to silicon carbide, PCS must undergo several steps during heat treatment: formation of oligomers by pyrolysis, usually by dehydrogenation, then polymeric intermediaries, crosslinking, amorphous preceramics, crystallization, and crystal growth. When comparing PCS compounds and SiC powder as starting materials in the sintering process, there are notable differences. In the sintering process for a ceramic material as SiC, a crystallized powder is generally used, whereas PCS is used in an amorphous state after pyrolysis with a Si-or C-rich content depending on its initial composition. Therefore, starting with PCS, several steps must accompany sintering as the events above cited as well as nucleation, crystal growth, and grain growth [START_REF] Soraru | Structural evolutions from polycarbosilane to SiC ceramic[END_REF].

More authors explored the use of PCS for densification of SiC by SPS. Lodhe et al.

studied the phase transition of SiC during SPS, where a PCS was used after pyrolysis at 1400°C combined with SiC whiskers (10-20% vol.) [START_REF] Lodhe | On correlation between β→α transformation and densification mechanisms in SiC during spark plasma sintering[END_REF], and Lee et al. sintered PCS (Mw 13600, ToBeM Tech. Co.) powder after pyrolysis at 1000°C by SPS [START_REF] Lee | Phase transformation on spark plasma sintered dense polycarbosilane-derived SiC without additive[END_REF].

The aim of this chapter is to extend and to explore the use of original PCS compounds as a sintering aid by direct surface grafting on SiC powder. For that, we used a simple and volatile commercially available PCS precursor not yet tested as additive in an SPS process.

Consequently, by means of SPS, the original scientific approach of this work resides in the production of innovative SiC powders that enhance the sintering behavior of SiC by surface functionalization of grains consisting of grafting a molecular nanolayer that does not contain heteroatoms and does not induce the formation of secondary phases. The effects of the surface functionalization have been studied and compared to non-modified SiC powder.

Materials and methods

A commercial compound of the PCS family, namely poly(silaethylene) (PSE) was coatings by pyrolysis at 800°C in a chemical vapor deposition process [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF].

The SiC samples were spark plasma sintered using a Dr. Sinter 2080 unit, SPS Syntex Inc., (Japan,) available at the Plateforme Nationale CNRS de Frittage Flash located at the Université Toulouse 3 Paul Sabatier (France). The SiC powder was loaded into graphite dies with an inside diameter of 8 mm to produce pellets at least 10 mm thick. Prior this step, a graphite foil (PERMA-FOIL®Toyo Tanso) was systematically placed to cover the inside wall of the die, as well as at the interfaces between the punches/sample and spacers/electrodes. The outside wall of the die was systematically covered with a graphite felt to minimize the heat loss during the experiment. A heating rate of 300 °C/min was used from room temperature to 600°C, where a 1-min dwell was applied. Then, a heating rate of 100 °C/min between 600 and 2200°C was applied. An optical pyrometer (IR-AH series Chino), focused inside a little hole (1.8 mm in diameter and 3 mm in depth) located in the outside wall of the die was used to control and monitor the temperature. For one pure SiC powder and a surface-modified Silicon Carbide powder (namely smSiC) the heat treatment was stopped at 1600°C to observe and compare the early stages of sintering. Pressure was set at 50 MPa at room temperature and maintained up to the end of the dwell. In each case, pressure was released at the end of the holding time and the cooling rate down to 1000°C was around 400 °C/min. Some graphite paper, used for the die protection, remaining at the surface of the pellets after the SPS step was removed by soft polishing of the samples using abrasive paper. Then, density of the final specimens was determined according to Archimedes' principle and compared to SiC theoretical density [1].

The structure of the samples was analyzed using Cu K-alpha radiation (λ = 1.5406 Å)

over the 2θ range of 20-80°using X-ray powder diffraction (Diffractometer D8-2) and the phase composition was determined by the Rietveld method from XRD patterns with MAUD, following the strategy developed by Hongchao et al. [START_REF] Hongchao | Quantitative analysis of SiC polytype distributions by the Rietveld method[END_REF]. Their microstructure was studied using Scanning Electron Microscopy (LEO435VP). The samples for the microstructural characterization were prepared using a standard metallographic procedure. The samples were polished with diamond paste and subsequently introduced in hard resin to study the cross section of the material. The cut was made with a cutting machine (Mecatome T210) using a diamond blade. FT-IR spectra of the PSE (CVD-4000), SiC powder and smSiC powder were obtained over the range of 4000 to 400 cm -1 using a Nicolet 5700 spectrometer. KBr discs were used, prepared by compressing a finely ground mixture of about 3 mg of the sample and 300 mg of KBr powder. Raman micro-spectroscopy using a Labram HR 800 Yvon Jobin Raman confocal spectrometer with a confocal hole of 100 mm and an argon laser emitting at 532 nm provided chemical and structural characterizations of the samples. We have recorded the Raman spectra by scanning the entire range of interest 550-1050 cm -1 . References to standard transform acoustic phonons (TA), transverse optical phonons (TO) and longitudinal optical phonons (LO) were obtained from literature for the following basic polytypes: α-SiC (6H-SiC) and 4H-SiCboth have hexagonal symmetry and wurtzite structure, and 15R-SiC [START_REF] Dobrzhinetskaya | Moissanite (SiC) with metal-silicide and silicon inclusions from tuff of Israel: Raman spectroscopy and electron microscope studies[END_REF], [START_REF] Lafon-Placette | Tribological characterization of silicon carbide and carbon materials[END_REF] .

Alpha-SiC, powder with a mean grain size of 2 𝜇m provided by Mersen Boostec and smSiC, following the PSE grafting protocol of Chapter 4, were used in this project. As it was already mentioned by E. Lidén [START_REF] Lidén | Surface modification and dispersion of silicon nitride and silicon carbide powders[END_REF] et al. and experimentally proven by Luo et al [START_REF] Luo | Surface grafting onto SiC nanoparticles with glycidyl methacrylate in emulsion[END_REF], it is important not to use an excess of polymer that can be grafted onto the surface of the powder, since this could increase the specific surface area, change the morphology of the powder too much and the coupling agent could hardly infiltrate into the particle agglomerates of the powder and reduce the graft efficiency. Therefore, it was first necessary to calculate the amount of oligomer required for a conformal coverage of the powder grains with a molecular monolayer of PSE. The powder grains were supposed monodisperse and spherical with an average diameter of 2 µm. An approximate value of ~1 𝑤𝑡. % of PSE was found. Then the surface-modified silicon carbide (smSiC) powder was prepared by a wet route. A suspension of the alpha-SiC powder was stirred in toluene in a Schlenk tube, then a PSE solution (~1 𝑤𝑡. %) in toluene as a solvent was added dropwise under argon atmosphere using a vacuum manifold to avoid premature degradation of this PCS compound. This suspension was magnetically stirred for 1 h at 60°C, and then it was transferred into a rotative evaporator for 3 h at 60°C to remove slowly the solvent and the PSE excess. At the end, the smSiC powder was stored in the dry atmosphere of a vessel before its use in SPS.

Indeed, this strategy does not change significantly the main features of the SiC powder as the specific surface area and the morphology. Furthermore, this coupling agent infiltrates into the particle aggregates and increases the grafting efficiency [START_REF] Lidén | Surface modification and dispersion of silicon nitride and silicon carbide powders[END_REF]. This original approach is highlighted in Table 20, summarizing a brief state-of-the-art of SPS sintering of SiC using PCS compounds.

The liquid oligomer samples were examined as a thin film between KBr plates. Figure 54 shows the FT-IR spectra. The bands are assigned with reference to literature on known organic compounds and polycarbosilane (PCS) [152][153]. In the spectra, we observe the CH stretching region (3100-2800 cm -1 ) and the strong band at 2150 cm -1 assigned to the SiH. Regarding smSiC powder IR spectra, SiH band is detected due to the oligomer grafting onto the SiC particles. Consequently, SiC powder IR spectra doesn't show this band. SiH stretching 

Relative density of the Spark-Plasma-Sintered parts

Table 21 summarizes the processing conditions applied to the investigated SiC-based ceramics, along with measured density. Interestingly, a high reproducibility was obtained using the as-received untreated SiC powder with a relative density of 91% for several runs of only 1 minute. For the functionalized SPS-smSiC samples the relative density in the same conditions reaches the narrow range 93-96%, which also confirms a very good reproducibility. If this very low dispersion is considered significant, it can then be assumed that it would reflect some differences in the grafting efficiency of the different batches of smSiC powders.

Density of these various pellets shows differences versus the various powders used as starting materials. In general, SPS-smSiC samples prepared at 2200°C for only 1 minute exhibit the highest relative density (95±1%). Their relative density is approximately 4% higher than that of SiC samples prepared using ungrafted powders (Table 21). Thus the density achieved is as high as those obtained previously by directly using a pre-treated PCS compound and additives. We retain that dense SiC bodies were obtained under our SPS conditions for both types of SiC powders used (with and without grafting). We will further discuss the samples heat treated up to only 1600°C for 1 minute (namely SPS-SiC* and SPS-smSiC*) in section 4.2.5 (Sintering initiation). We will see that the differences in density mentioned above are confirmed and even reach 9%. 

Microstructural and crystallographic characterization

SPS-SiC and SPS-smSiC pellets exhibit similar grain morphologies. Both polished SiC (Figure 55) and polished smSiC samples (Figure 56) show a low porosity which increases at the edges of the pellet of 8 mm in diameter (see for instance at the bottom of micrographs of previous figures). However, no specific changes are found between them.

This observation is in accordance to the density measurement since we observe practically full dense SiC and smSiC bodies with RD ≥ 91% (samples SPS-SiC-1 to SPS-smSiC-3

in Table 21). The previous SEM images have been recorded using a concentric backscatter detector (CBS) and, usually, the contrast originates both from changes in the composition and topography. However, since the samples have been carefully polished, the different darker/brighter areas shown in the SEM image of Figure 57 are preferentially due to different crystallographic orientation (or SiC polymorphs) since no chemical modification is detected by an EDS line-scan analysis, as confirmed by the constant value of the normalized Si intensity through a dark area of about 24 µm wide. Also, EDS analysis excludes the formation of elemental Si that would come from the decomposition of SiC. This is in agreement with the fact that such a decomposition is expected only at 2545°C [START_REF] Meyers | Additive Manufacturing of Technical Ceramics[END_REF]. The phase composition of the SiC powder used was investigated by XRD (Figure 58 and Figure 59) and data are reported in Table 22. It is shown that as-received SiC powder contains only two phases: the hexagonal-wurtzite SiC-6H (also called α-SiC) and the rhombohedral SiC-15R in the proportion 85% and 15% respectively. No significant difference was found for the smSiC powder, which was expected since the molecular grafting was a soft wet method that does not require high temperatures.

The XRD analysis of the SiC samples densified by SPS at 2200°C as SPS-SiC-1 (Figure 58) exhibits 3 different crystal phases: SiC-6H and SiC-15R like originally in the starting powder plus the hexagonal SiC-4H. The graphite signals at about 2theta = 26.5º and 78º are also present on the XRD patterns but they are due to the contamination by the graphite dies and therefore graphite was not considered subsequently. Decomposition of silicon carbide did not occur since elemental silicon is not detected. From the Table 22, it can be seen that the proportion of the new phase SiC-4H is 25% and it was preferentially produced to the detriment of SiC-15R and for a smaller part from SiC-6H.

The XRD pattern of the smSiC sample also prepared at 2200°C as SPS-smSiC-2 (Figure 59) exhibits the same three SiC phases with very close proportions as reported in Table 22. It is notable that the SiC-4H content is only 26% instead of 28% using as-received SiC powder. If it is assumed that these differences are significant, this can be attributed to an effect of molecular grafting which would limit the structural transformations.

The XRD patterns of SiC (SPS-SiC) and smSiC (SPS-smSiC) samples prepared at only 1600°C are shown in Figure 58 and Figure 59 respectively. Both patterns are similar to that of the as-received SiC powder, i.e. no evidence for the presence of SiC-4H was found. This is consistent with the fact that for these low temperature samples the SPS process was interrupted before reaching the sintering SiC temperature and, consequently, no SiC-4H transformation can occur [168][169].

These results show that the use of PSE monomer as SiC grafting molecular precursor does not change very significantly the final phase composition of the SPS samples and its conversion to SiC is fulfilled. A RAMAN analysis was realized on the samples SPS-SiC-1 and SPS-smSiC-2 (Figure 60). In this study, the focus is on the most intense FLO and FTO modes. The presence of three polytypes was identified at the initial state: SiC-4H, -6H and -15R; written in the Ramsdell notation. These polytypes differ by their crystalline lattice and stacking order.

The associated Raman spectrum is a combination of these polytypes from which some peaks are characteristics of one polytype. For example, the peak at 789 cm -1 characterizes the SiC-6H, the peak at 777 cm -1 , the SiC-4H and the peak at 785 cm -1 , the SiC-15R [START_REF] Dobrzhinetskaya | Moissanite (SiC) with metal-silicide and silicon inclusions from tuff of Israel: Raman spectroscopy and electron microscope studies[END_REF], [START_REF] Lafon-Placette | Tribological characterization of silicon carbide and carbon materials[END_REF]. This result is in accordance with the XRD pattern of the SiC and smSiC sample also prepared at 2200°C as SPS-SiC-1 and SPS-smSiC-2. They exhibit the same three SiC phases with very close proportions as reported. For these two experiments, the process was stopped at T = 1600°C. From the orange curve of sample SPS-SiC (Figure 61), we observe a slight expansion at the beginning of the SPS process that is caused by the thermal expansion of particles and die, as well as gas release [START_REF] Olevsky | Impact of Thermal Diffusion on Densification During SPS[END_REF]. This low temperature expansion occurs in two main steps: the first one up to 100 s and the second up to approximately 300 s to reach a plateau. In this low temperature range, the behaviour of the smSiC sample (SPS-smSiC) is close to that of SiC (SPS-SiC) except the plateau is reached after 200 s (Figure 62) instead of 300 s for the SiC sample (Figure 61). The great increase of the displacement curve at high temperature occurs faster for the SPS-smSiC sample (Figure 62) compared to the SiC one (Figure 61), approximately at 650 s and 750 s respectively. For both samples, the relationship between the temperature and the displacement shows that the displacement starts at 1060°C in the smSiC sample and at 1240°C in the SiC sample (Figure 63). This change in the displacement curve means a dimension shrinkage of the powder [START_REF] Cha | Spark plasma sintering behavior of nanocrystalline WCÁ/10Co cemented carbide powders[END_REF].

Sintering initiation of SPS-SiC and SPS-smSiC

Wherewith it can be deduced that the sintering process begins with a difference between both powders of ca.180°C, revealing that sintering is significantly facilitated using smSiC ---SPS-SiC-1 powder. Then, the temperature and pressure remained constant during the SPS process as explained previously. Regarding the microstructure, the porosity of the SPS-SiC* (Figure 64) and SPS-smSiC* (Figure 65) samples appear to be both closed and open (as suggested by some extensive ramifications of the porosity network). Anyways, the total porosity of these samples determined using the ImageJ software from SEM images as in Figure 64 and Figure 65 gave approximate values of 39% and 32% for the SiC (SPS-SiC*) and smSiC (SPS-smSiC*) samples, respectively. This result is in very good agreement with the relative density measured by the Archimedes method since the values of 61% and 72% were found (Table 21). Clearly, SEM analysis and density measurements demonstrate that, compare to raw SiC powder, a better densification is obtained with the use of SiC powder previously grafted with the PSE monomer. This is in good agreement with the sintering initiation difference that we measured in situ during the SPS process as reported in Figure 63. Despite the relatively large porosity of the SPS samples prepared at 1600°C (Figure 64 and Figure 65), their SEM analysis did not reveal the obvious presence of dark zones unlike the samples densified at 2200°C (Figure 56 and Figure 57). We assumed that these bright/dark contrasts were mainly due to differences in crystallographic orientation as no variation in atomic composition was found by EDS (Figure 58). According to this hypothesis, the dark structures could for example be attributed to the SiC-4H phase which is not present in the starting powder but which forms during SPS runs at 2200 ° C. The absence of this SiC-4H phase in samples prepared at 1600°C was revealed by XRD analyses. In addition, the absence of dark areas on the SEM micrographs of these low temperature samples supports our hypothesis to attribute the presence of dark areas to the SiC-4H phase. We then performed image treatment of the micrographs of Figure 55 and Figure 56 using ImageJ software and we found that the dark areas represented 27% and 24%, respectively for the SPS-SiC-1 and SPS-smSiC-2 samples. This is in very good agreement with the proportions of the SiC-4H phase determined by XRD (Table 21).

SPS-SiC

SPS-smSiC

Conclusions of Spark-Plasma-Sintered surface-modified SiC parts

Dense silicon carbide specimens were fabricated by SPS process at 2200°C and 50 MPa for only 1 min in this steady stage. The SiC samples were densified up to 91% and the surface-modified smSiC sample up to 96% using the same SPS conditions. The final porosity is very low since it lacks only 4% in density compared to theoretical bulk SiC.

Interestingly, the densification is always found better for smSiC than for raw SiC sample.

Consequently, the poly(silaethylene) (PSE) grafted onto the SiC grains is completely converted into SiC. This confirms that thanks to its atomic ratio Si:C = 1:1 (as in stoichiometric SiC) and to the absence of heteroatoms, it is a suitable preceramic molecular precursor for SiC. This was previously demonstrated for CVD process for the growth of SiC coatings [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF] and this is extended here for the fabrication of 3D SiC parts by SPS technique.

Moreover, the surface-grafting of the monomer-derived ceramic does not affect the final phases of the dense bodies since they are all composed of the three phases SiC-6H, SiC-4H and SiC-15R. This study allowed us to determine that the surface modification of the SiC powder decreases the sintering start temperature by about 180°C and therefore a better densification is obtained, which is a good result for developing a more energy efficient SPS process.

Finally, compared with previous results [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF], [START_REF] Lodhe | On correlation between β→α transformation and densification mechanisms in SiC during spark plasma sintering[END_REF], [START_REF] Lee | Phase transformation on spark plasma sintered dense polycarbosilane-derived SiC without additive[END_REF], an innovative method has been used to graft a monomer used as SiC molecular precursor in a controlled way on the surface of the SiC particles instead of using this monomer directly after pyrolysis or mixed with heteroatoms as boron additives to obtain a significantly improved final densification.

Conclusion of Silicon Carbide Surface Modification Method by Wet

Route and study of the effect of this modification on sinterability by SPS

The effect of the temperature, ultrasound and relative content of CVD-4000 compound used as molecular preceramic precursor on the efficiency of its grafting onto the surface particles of SiC powder has been investigated. Also the grafting durability of the oligomer has been studied. Thermal properties and infrared characterization reveal that the optimal conditions to carry out this functionalization process are T = 60°C under moderate vacuum conditions (85 mbar), x2 the oligomer relative content respect to the theoretical value calculated with a simple model to reach the surface saturation by a molecular monolayer and the use of sonication prior the grafting protocol. Moreover, this soft surface treatment shows a good reproducibility. Silicon carbide powders of d50= 20 𝜇m and d50= 2 𝜇m are successfully grafted following the same experimental protocol and under different conditions. The combination of the silicon carbide powder and grafting of the preceramic silicon carbide oligomer (CVD-4000) constitutes a method which potentially will improve the sintering behaviour of the silicon carbide in several applications such as spark plasma sintering [START_REF] Monton | Densification of Surface-Modified Silicon Carbide Powder by Spark-Plasma-Sintering[END_REF] and additive manufacturing.

Specifically, to verify the viability of this process in the enhancement of the powder sintering behaviour, dense silicon carbide specimens were fabricated by SPS process at 2200°C and 50 MPa for only 1 min in this steady stage. The SiC samples were densified up to 91% and the surface-modified smSiC sample up to 96% using the same SPS conditions. The final porosity is very low since it lacks only 4% in density compared to theoretical bulk SiC. Interestingly, the densification is always found better for smSiC than for raw SiC sample. Consequently, the poly(silaethylene) (PSE) grafted onto the SiC grains is completely converted into SiC. This confirms that thanks to its atomic ratio Si:C = 1:1 (as in stoichiometric SiC) and to the absence of heteroatoms, it is a suitable preceramic molecular precursor for SiC. This was previously demonstrated for CVD process for the growth of SiC coatings [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF] and this is extended here for the fabrication of 3D SiC parts by SPS technique.

Moreover, the surface-grafting of the monomer-derived ceramic does not affect the final phases of the dense bodies since they are all composed of the three phases SiC-6H, SiC-4H and SiC-15R. This study allowed us to determine that the surface modification of the SiC powder decreases the sintering start temperature by about 180°C and therefore a better densification is obtained, which is a good result for developing a more energy efficient SPS process.

Finally, compared with previous results [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF], [START_REF] Lodhe | On correlation between β→α transformation and densification mechanisms in SiC during spark plasma sintering[END_REF], [START_REF] Lee | Phase transformation on spark plasma sintered dense polycarbosilane-derived SiC without additive[END_REF], an innovative method has been used to graft a monomer used as SiC molecular precursor in a controlled way on the surface of the SiC particles instead of using this monomer directly after pyrolysis or mixed with heteroatoms as boron additives to obtain a significantly improved final densification.

Chapter 5: Powder Bed Selective Laser Processing of surface modified Silicon Carbide and preliminary study of Spark

Plasma Sintering as post-treatment

Introduction, objectives, materials and methods

As we have seen in previous chapters, the original scientific approach of this work resides in the production of innovative SiC powders that enable direct PBSLP by grain surface functionalization. This surface modification, where a SiC preceramic precursor is grafted onto the grain surface of SiC powder, is a method to improve the sintering behaviour of this ceramic material [START_REF] Monton | Densification of Surface-Modified Silicon Carbide Powder by Spark-Plasma-Sintering[END_REF]. Specifically, in Chapter 4: Silicon Carbide Surface Modification Method by Wet Route and study of the effect of this modification on sinterability by SPS, dense silicon carbide specimens were fabricated by SPS process at 2200°C and 50 MPa for only 1 min in this steady stage. The SiC samples were densified up to 91% and the surface-modified SiC (smSiC) sample up to 96% using the same SPS conditions. Interestingly, the densification is always found better for smSiC than for the pristine SiC.

Moreover, Spark Plasma Sintering (SPS), an advanced process that is also used to consolidate silicon carbide powder without additives [START_REF] Guillard | Densification of SiC by SPS-effects of time, temperature and pressure[END_REF] [24], will be also used in order to improve the structural homogeneity and mechanical properties of the PBSLP parts.

Recently, Levy et al. [START_REF] Levy | Ultrasonic additive manufacturing of steel: Method, postprocessing treatments and properties[END_REF] reported significant improvement in the final manufactured part properties by applying uniaxial pressure within spark plasma sintering (SPS) apparatus in laminated carbon steel structures. Eqtesadi et al. [START_REF] Eqtesadi | Fabricating geometrically-complex B4C ceramic components by robocasting and pressureless spark plasma sintering[END_REF] combined robocasting and pressureless spark plasma sintering for the first time to fabricate geometrically complex B4C components.

In this chapter the results of PBSLP of SiC and surface modified SiC are presented. The 3D manufactured parts were subject to SPS as post-processing. Density, porosity distribution, microstructure, chemical analysis and mechanical properties were investigated.

α-SiC powder (α-SiC, d50 = 20 μm; Mersen Boostec) was used for this study. The particle size distribution was measured on a Mastersizer 3000 (Malvern Panalytical) laser diffraction particle size analyser. The powder morphology has irregular shape could induce problems in layer deposition, since this increases inter-particle friction. Common powders that are used in laser sintering are usually spherical or at least have rounded edges. However, the powder was able be deposited layer by layer on the printer bed without any defect or problem.

A commercial compound of the polycarbosilane family, namely poly(silaethylene) (PSE) supplied from Starfire® System (supplier name CVD-4000), was used for the surface functionalization of silicon carbide powder as SiC. This preceramic precursor is a SiC forming polymer and known to lead to the growth of stoichiometric silicon carbide coatings (ratio Si:C = 1:1) without the need for additional reactants by chemical vapor deposition [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF]. The grafting process reported in Chapter 4 [START_REF] Monton | Densification of Surface-Modified Silicon Carbide Powder by Spark-Plasma-Sintering[END_REF], creates a conformal coverage molecular layer onto the surface of SiC particles, which avoid the excess of oligomer that can be provided by the feed powder.

PSE has been grafted onto the surface of SiC particles in the form of an hybrid core-shell structure following the protocols reported in the literature [174] [157]. During the grafting process, it is important not to use an excess of polymer that can be grafted onto the surface of the powder, since this could increase the specific surface area, change the morphology of the powder too much and the coupling agent could hardly infiltrate into the particle agglomerates of the powder and reduce the graft efficiency, in consequence, it would adversely affect the powder flowability required for the PBSLP process.

The flowability of both SiC and surface modified SiC (smSiC) powders was quantified using the dynamic angle of repose, a generally accepted characterization technique to measure flowability of powders and recommended by ASTM as the characterization method for metal powder for AM since the methodology is closer to the AM processing conditions than other techniques [START_REF] Yablokova | Rheological behavior of β-Ti and NiTi powders produced by atomization for SLM production of open porous orthopedic implants[END_REF]. This angle was measured using a Hosokawa Micron's Powder Characteristics Tester PT-S. The average angle of repose obtained from this test was 41 and 44 degrees for the SiC powder and smSiC respectively, which can be considered an adequate value for the AM process [START_REF] Spierings | Powder flowability characterisation methodology for powder-bed-based metal additive manufacturing[END_REF].

The PBSLP experiment was conducted on the Phenix™ Systems ProX® DMP 200 3D

printer manufactured by 3D Systems and equipped with Fiber laser of 300W maximum power (laser wavelength = 1060 nm, spot size = 70 μm). Laser Power (P) of 50W, scanning speed (v) of 250 mm/s and 500mm/s, layer thickness of 30 μm, hatching distance of 35 μm and powder cylinder compaction of 100% were used (Table 23.), this choice of parameters is based on the optimization made in Chapter 3: Direct Powder Bed Selective Laser Processing of Silicon Carbide, which means, using 500 mm/s instead of 250 mm/s or other value for smSiC, the best reproducibility and highest final relative density were obtained. The scanning strategy was a hexagonal pattern rotated by 90 degrees between layers, as recommended in Chapter 3. The manufactured parts had a dimension of 10x10x10 mm3. PBSLP was conducted in an inert argon atmosphere to prevent oxidation during the process. The SiC 3D parts were spark plasma sintered using a Dr. Sinter 2080 unit, SPS Syntex Inc., (Japan,) available at the Plateforme Nationale CNRS de Frittage Flash located at the Université Toulouse 3 Paul Sabatier (France). The SiC 3D parts were loaded into graphite dies. Prior this step, a graphite foil (PERMA-FOIL®Toyo Tanso) was systematically placed to cover the inside wall of the die, as well as at the interfaces between the punches/sample and spacers/electrodes. The outside wall of the die was systematically covered with a graphite felt to minimize the heat loss during the experiment. A heating rate of 300 °C/min was used from room temperature to 600°C, where a 1-min dwell was applied. Then, a heating rate of 100 °C/min between 600 and 2200°C was applied. An optical pyrometer (IR-AH series Chino), focused inside a little hole (1.8 mm in diameter and 3 mm in depth) located in the outside wall of the die was used to control and monitor the temperature. Pressure was set at 50 MPa at room temperature and maintained up to the end of the dwell. In each case, pressure was released at the end of the holding time and the cooling rate down to 1000°C was around 400 °C/min. Some graphite paper, used for the die protection, remaining at the surface of the 3D parts after the SPS step was removed by soft polishing of the samples using abrasive paper. Then, density of the final specimens was determined according to Archimedes' principle and compared to SiC theoretical density.

The structure of the samples was analysed using Cu K-alpha radiation (λ = 1.5406 Å)

over the 2θ range of 20-80°using X-ray powder diffraction (Diffractometer D8-2) and the phase composition was determined by the Rietveld method from XRD patterns with MAUD, following the strategy developed by Hongchao et al. [START_REF] Hongchao | Quantitative analysis of SiC polytype distributions by the Rietveld method[END_REF]. Their microstructure was studied using Scanning Electron Microscopy (LEO435VP).

To measure the density and porosity of the samples, a high resolution X-ray microtomography acquisition has been performed on the last "Phoenix X-ray Nanotom".

Finally, micro-Vickers Hardness testing machine HM-200, Mitutoyo, and 3365 Series Universal Testing Systems, Instron, were used to measure the Vickers Hardness with an indentation load of 4.90 N and the 3-point bending strength of the samples.

Comparison of Powder Bed Selective Laser Processing of non-

surface modified and surface modified Silicon Carbide

Porosity and relative density

Both X-ray micro tomography analysis of silicon carbide and surface modified silicon carbide 3D parts are shown in Figure 66 and Figure 67, respectively. The error of all the porosity measurements is 1% and the resolution is 8 μm. In Figure 66 Hence, relative density of these various 3D parts shows differences versus the various powders used as starting materials. PBSLP-smSiC samples prepared at laser Power (P) of 50 W, scanning speed (v) of 500 mm/s, layer thickness of 30 μm, hatching distance of 35 μm and powder cylinder compaction of 100% exhibit the highest relative density (70%). Their relative density is approximately 5% higher than that of 3D SiC samples prepared using ungrafted powders. Moreover, PBSLP-SiC parts were manufactured using a scanning speed (v) of 250 mm/s instead of 500 mm/s, which entails a decrease in the applied energy density and therefore in the temperature that is reached in the process.

The manufacturing of silicon carbide 3D parts by means of PBSLP starting from a powder mixture containing just α-SiC (d50 =20 μm) was already reported in previous studies [START_REF] Montón | Experimental and numerical study for direct powder bed selective laser processing (sintering/melting) of silicon carbide ceramic[END_REF], [START_REF] Montón | Scanning Strategy Investigation for Direct-Powder Bed Selective Laser Processing (sintering/melting) of Silicon Carbide Ceramic[END_REF]. Specifically, for the SiC powder the use of the parameters described in Table 23, a change in the scanning speed from 250 mm/s to 500 mm/s, would result in a very fragile 3D part with many defects. However, for the smSiC powder using the value of 500 mm/s results in a 3D part with higher relative density than using SiC powder and 250 mm/s. This result is in accordance with observation of the sintering initiation reduction in previous experiments where SiC and smSiC were densified using Spark Plasma

Sintering [START_REF] Monton | Densification of Surface-Modified Silicon Carbide Powder by Spark-Plasma-Sintering[END_REF]. Furthermore, the use of the smSiC powder solves the difficulty of using SiC, in absence of other binders and/or additives, in direct PBSLP. By thermal decomposition induced by the laser irradiation, the grafted preceramic precursor losses H2, which leads to crosslinking and an increase in viscosity until a solid amorphous polymer is obtained. Always under laser irradiation, the loss of H2 and consequently the crosslinking continues until the formation of solid amorphous SiC, then polycrystalline SiC [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF]. The grafted molecular SiC:H layer forms a reactive interphase between the SiC grains of the powder which facilitates diffusion and sintering. Finally, this results in the bonding of the ceramic particles without affecting the final materials phases and made the debinding process unnecessary since the oligomer is converted into silicon carbide as an integral part of the final material structure. The final porosity of post-treated samples is 26% and 21%. This means, Spark Plasma

Sintering is decreasing around 10% the final porosity of the 3D samples. Although full densification of SiC samples is not achieved, the combination of other very well-studied and established techniques such as polymer infiltration pyrolysis using, the same of polycarbosilanes used in this work, could enhance the final densification and obtain full dense SiC bodies at the end of the process [START_REF] Süß | Combination of PIP and LSI processes for SiC/SiC ceramic matrix composites[END_REF].

Microstructural and crystallographic characterization

PBSLP-SiC and PBSLP-smSiC (Figure 70) parts exhibit similar grain morphologies.

Both PBSLP-SiC and PBSLP-smSiC samples show porosity, rough surface and some microcracks, however, not characteristic patterns can be identified from the laser scanning in the form of needle-like protrusions and no specific changes are found between them.

The phase composition of the PBSLP-SiC and PBSLP-smSiC was investigated by XRD.

It is shown that as-received SiC powder contains only two phases: the hexagonal-wurtzite SiC-6H (also called α-SiC) and the rhombohedral SiC-15R. The XRD analysis of the PBSLP-SiC and PBSLP-smSiC (Figure 71 and Figure 72) exhibits 4 different crystal phases: SiC-6H, SiC-15R like originally in the starting powder plus the residual Silicon and Carbon, respectively, which corresponds to some decomposition during process due to high peaks inherently generated by the scanning strategy. From the Table 24, it can be seen that the proportion of the PBSLP-SiC Silicon phase compared to the PBSLP-smSiC Silicon phase is of a factor x2 (15.17% vs 7.96%), which is consistent due to the reduction in energy density by using 250 mm/s vs. 500 mm/s.

These results show that the use of PSE oligomer as SiC grafting molecular precursor does not change very significantly the final phase composition, Table 24, of the PBSLP samples and its conversion to SiC is fulfilled. Regarding, PBSLP-SPS-SiC and PBSLP-SPS-smSiC (Figure 73 and Figure 74) parts exhibit similar grain morphologies. Both PBSLP-SPS-SiC and PBSLP-SPS-smSiC samples show reduced porosity compared to PBSLP samples.

The XRD analysis of the PBSLP-SPS-SiC and PBSLP-SPS-smSiC (Figure 75 and Figure 76) exhibits 3 different crystal phases: SiC-6H, SiC-15R like originally in the starting powder plus the residual Carbon, which originates from the contamination by the graphite dies and therefore graphite was not considered subsequently. However, in contrast to PBSLP-SiC and PBSLP-smSiC samples, Silicon is not detected. This is because the use of graphite powder for SPS densification reacts with free silicon to form reaction bonded Silicon Carbide (RBSC). Therefore, this technique, in addition to being useful for the final densification of the 3D parts, also removes free silicon from the sample. However, this formation of reaction bonded Silicon Carbide (RBSC) is just observed in the surface of the sample, where the free Silicon interacts with the graphite powder used in the process to fill the graphite die. Then, since the graphite powder cannot penetrate in the structure or pores of the sample, silicon is still present inside the sample as it is shown in Figure 77. 

Mechanical properties

Vickers Hardness and 3-point bending strength were investigated. The tests were done on seventeen 2x2x13 mm 3 PBSLP-SPS-SiC samples. These parts were manufactured using laser power (P) of 50 W, scanning speed (v) of 250 mm/s and 500 mm/s, layer thickness of 30 μm, hatching distance of 35 μm and powder cylinder compaction of 100%, forming 3D SiC disks of 2 mm thick and 20 mm diameter, which were subsequently cut to obtain samples with the desired dimensions for the mechanical tests.

The flexural strength was 136.5 ± 13.98 MPa. Afterwards, Vickers Hardness was measured with an indentation load of 4.9 N leading to a value of 2202 ± 209. The flexural strength value could be increased by decreasing the particle size of the SiC powder, however we are limited by our commercial 3D printer, which does not admit powders smaller than 15 micrometres, Moreover, the smaller the powder is the worst flowability of the powder would be. In addition, polymer infiltration pyrolysis and/or liquid silicon infiltration would further reduce the final porosity of the sample, practically full dense SiC bodies, with the consequence of the increase of flexural strength.

Conclusion of Powder Bed Selective Laser Processing of Surface

Modified Silicon Carbide

Silicon carbide and Surface-Modified Silicon Carbide parts were manufactured by means of PBSLP with Laser Power (P) of 50 W, scanning speed (v) of 250 and 500 mm/s, respectively, layer thickness of 30 μm, hatching distance of 35 μm and powder cylinder compaction of 100%. Final PBSLP-smSiC relative density is approximately 5% higher than that of 3D SiC samples prepared using ungrafted powders. Moreover, PBSLP-SiC parts were manufactured using a scanning speed (v) of 250 mm/s instead of 500 mm/s, which entails a decrease in the applied energy density and therefore in the temperature that is reached in the process; in consequence it can be seen that the proportion of the PBSLP-SiC Silicon phase compared to the PBSLP-smSiC Silicon phase, due to the decomposition of the SiC, is of a factor x2 (15.17% vs 7.96%). Specifically, a change in the scanning speed from 250 mm/s to 500 mm/s, would result in a very fragile 3D part with many defects using ungrafted powders. However, for the smSiC powder using the value of 500 mm/s results in a 3D part with higher relative density than using SiC powder and 250 mm/s. This result is in accordance with observation of the sintering initiation reduction in previous experiments where SiC and smSiC were densified using Spark Plasma Sintering [START_REF] Monton | Densification of Surface-Modified Silicon Carbide Powder by Spark-Plasma-Sintering[END_REF]. Furthermore, the use of the smSiC powder solves the difficulty of using SiC, in absence of other binders and/or additives, in direct PBSLP. By thermal decomposition (induced by the laser irradiation) the grafted preceramic precursor losses H2, which leads to crosslinking and an increase in viscosity until a solid amorphous polymer is obtained. Always under laser irradiation, the loss of H2 and consequently the crosslinking continues until the formation of solid amorphous SiC, then polycrystalline

SiC [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF]. The grafted molecular SiC:H layer forms a reactive interphase between the SiC grains of the powder which facilitates diffusion and sintering. Finally, this results in the bonding of the ceramic particles without affecting the final materials phases and made the debinding process unnecessary since the oligomer is converted into silicon carbide as an integral part of the final material structure. Moreover, Spark Plasma Sintering was used to further densify around 10% the 3D samples. However, this technique, in addition to being useful for the final densification of the 3D parts, also removed free silicon from the sample surface since the graphite powder used for SPS densification reacts with free silicon to form reaction bonded Silicon Carbide (RBSC). At the end of the process, final SiC 3D parts exhibit a Vickers Hardness of 2200 HV and a 3-point bending strength of 137 MPa.

Conclusions Direct Powder Bed Selective Laser Processing of Silicon Carbide

As described in 3.1 Analytical and experimental methodology optimization, the PBSLP of SiC is possible with the optimization of the process parameters. The developed numerical model was used to assess the input heat necessary to be able to sinter the powder between the adjacent paths and the whole depth of the powder layer. 1. Concentric in-out strategy cannot be used in D-PBSLP of SiC due to the characteristics pattern and the many defects in the top layer surface.

2. Linear strategies cannot not be used in D-PBSLP of SiC due to the shifting between layers.

3. Zigzag strategy can be used for D-PBSLP of SiC, but the defects happened at the corners can be a problem in this strategy.

4. Hexagonal strategy can be considered as the best suitable strategy to be used with SiC as it succeeds to eliminate all the problems that happened with other scanning strategies. Besides, for Concentric in-out, Zigzag and Linear strategies, the scanning direction results in a preferred direction of the sintered grain structure (in the same direction as the scanning direction), while there is no orientation in the hexagonal scanning strategy. This scan be attributed to the more homogeneous distribution of heat thanks to the short hexagonal scanning path. In this way, a more homogeneous uniform grain size was obtained on the surface.

Finally, silicon carbide parts were manufactured by means of D-PBSLP in absence of post-treatments and any additives in the initial powder mixture. The numerical model was used to determine the effect of laser power, scanning speed, layer thickness and hatching distance. Following the results obtained, the optimal process parameters were set at laser power: 45 W, scanning speed: 250 mm/s, layer thickness: 30 μm, hatching distance: 35 μm, scanning strategy: hexagonal rotated by 90 degrees between layers and compaction: 100%, respectively. Final SiC parts exhibit 81% of relative density and 5 wt. %, 1 wt. % of residual Silicon and Carbon, respectively, which corresponds to some decomposition during the process due to high peaks inherently generated by the scanning strategy.

However, we are limited by the software of the 3D printer, and it is not possible to modify it. Developing a new scanning strategy could solve these heat peaks and prevent breakdown of the material. In consequence, this chapter proves the viability of the direct-Powder Bed Selective Laser Processing (D-PBSLP) as a shaping technique to manufacture SiC 3D parts. Moreover, the process viability can be confirmed with the manufacturing of SiC complex shapes, specific, SiC lattice structures which cannot be obtained with traditional manufacturing techniques.

Silicon Carbide Surface Modification Method by Wet Route and study of the effect of this modification on sinterability by SPS

The effect of the temperature, ultrasound and relative content of CVD-4000 compound used as molecular preceramic precursor on the efficiency of its grafting onto the surface particles of SiC powder has been investigated. Also the grafting durability of the oligomer has been studied. Thermal properties and infrared characterization reveal that the optimal conditions to carry out this functionalization process are T = 60°C under moderate vacuum conditions (85 mbar), x2 the oligomer relative content respect to the theoretical value calculated with a simple model to reach the surface saturation by a molecular monolayer and the use of sonication prior the grafting protocol. Moreover, this soft surface treatment shows a good reproducibility. Silicon carbide powders of d50= 20 𝜇m and d50= 2 𝜇m are successfully grafted following the same experimental protocol and under different conditions. The combination of the silicon carbide powder and grafting of the preceramic silicon carbide oligomer (CVD-4000) constitutes a method which potentially will improve the sintering behaviour of the silicon carbide in several applications such as spark plasma sintering [START_REF] Monton | Densification of Surface-Modified Silicon Carbide Powder by Spark-Plasma-Sintering[END_REF] and additive manufacturing.

Specifically, to verify the viability of this process in the enhancement of the powder sintering behaviour, dense silicon carbide specimens were fabricated by SPS process at 2200°C and 50 MPa for only 1 min in this steady stage. The SiC samples were densified up to 91% and the surface-modified smSiC sample up to 96% using the same SPS conditions. The final porosity is very low since it lacks only 4% in density compared to theoretical bulk SiC. Interestingly, the densification is always found better for smSiC than for raw SiC sample. Moreover, the poly(silaethylene) (PSE) grafted onto the SiC grains is completely converted into SiC. This confirms that thanks to its atomic ratio Si:C = 1:1 (as in stoichiometric SiC) and to the absence of heteroatoms, it is a suitable preceramic molecular precursor for SiC. This was previously demonstrated for CVD process for the growth of SiC coatings [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF] and this is extended here for the fabrication of 3D SiC parts by SPS technique.

Moreover, the surface-grafting of the monomer-derived ceramic does not affect the final phases of the dense bodies since they are all composed of the three phases SiC-6H, SiC-4H and SiC-15R. This study allowed us to determine that the surface modification of the SiC powder decreases the sintering start temperature by about 180°C and therefore a better densification is obtained, which is a good result for developing a more energy efficient SPS process.

Finally, compared with previous results [START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF], [START_REF] Lodhe | On correlation between β→α transformation and densification mechanisms in SiC during spark plasma sintering[END_REF], [START_REF] Lee | Phase transformation on spark plasma sintered dense polycarbosilane-derived SiC without additive[END_REF], an innovative method has been used to graft a monomer used as SiC molecular precursor in a controlled way on the surface of the SiC particles instead of using this monomer directly after pyrolysis or mixed with heteroatoms as boron additives to obtain a significantly improved final densification.

Powder Bed Selective Laser Processing of surface modified Silicon

Carbide and preliminary study of Spark Plasma Sintering as posttreatment

Silicon carbide and Surface-Modified Silicon Carbide parts were manufactured by means of PBSLP with Laser Power (P) of 50 W, scanning speed (v) of 250 and 500 mm/s, respectively, layer thickness of 30 μm, hatching distance of 35 μm and powder cylinder compaction of 100%. Final PBSLP-smSiC relative density is approximately 5% higher than that of 3D SiC samples prepared using ungrafted powders. Moreover, PBSLP-SiC parts were manufactured using a scanning speed (v) of 250 mm/s instead of 500 mm/s, which entails a decrease in the applied energy density and therefore in the temperature that is reached in the process; in consequence it can be seen that the proportion of the PBSLP-SiC Silicon phase compared to the PBSLP-smSiC Silicon phase, due to the decomposition of the SiC, is of a factor x2 (15.17% vs 7.96%). Specifically, a change in the scanning speed from 250 mm/s to 500 mm/s, would result in a very fragile 3D part with many defects using ungrafted powders. However, for the smSiC powder using the value of 500 mm/s results in a 3D part with higher relative density than using SiC powder and 250 mm/s. This result is in accordance with observation of the sintering initiation reduction in previous experiments where SiC and smSiC were densified using Spark Plasma Sintering [START_REF] Monton | Densification of Surface-Modified Silicon Carbide Powder by Spark-Plasma-Sintering[END_REF]. Furthermore, the use of the smSiC powder solves the difficulty of using SiC, in absence of other binders and/or additives, in direct PBSLP. By thermal decomposition (induced by the laser irradiation) the grafted preceramic precursor losses H2, which leads to crosslinking and an increase in viscosity until a solid amorphous polymer is obtained. Always under laser irradiation, the loss of H2 and consequently the crosslinking continues until the formation of solid amorphous SiC, then polycrystalline

SiC [START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF]. The grafted molecular SiC:H layer forms a reactive interphase between the SiC grains of the powder which facilitates diffusion and sintering. Finally, this results in the bonding of the ceramic particles without affecting the final materials phases and made the debinding process unnecessary since the oligomer is converted into silicon carbide as an integral part of the final material structure. Moreover, Spark Plasma Sintering was used to further densify around 10% the 3D samples. However, this technique, in addition to being useful for the final densification of the 3D parts, also removed free silicon from the sample surface since the graphite powder used for SPS densification reacts with free silicon to form reaction bonded Silicon Carbide (RBSC). At the end of the process, final SiC 3D parts exhibit a Vickers Hardness of 2200 HV and a 3-point bending strength of 137 MPa.

General conclusion

This PhD thesis manuscript has shown the production of innovative SiC powders that enable to enhance the sintering behaviour of SiC powder by grain surface functionalization. In addition, direct PBSLP of SiC is possible with the individual optimization of the process parameters and converts it as a shaping technique to manufacture SiC complex shape 3D parts in the absence of binder and/or additives.

Therefore, it can be concluded:

Silicon carbide 3D parts were manufactured by means of D-PBSLP in the absence of post-treatments and any addition of additives in the initial powder mixture. A numerical model was used to determine the effect of laser power, scanning speed, layer thickness and hatching distance. Final SiC parts exhibit 81% of relative density and 5 wt. % / 1 wt. % of residual Silicon and Carbon, respectively, which corresponds to some decomposition during the process due to high peak temperatures inherently generated by the scanning strategy. However, we are limited by the software of the 3D printer, and it is not possible to modify it.

Developing a new scanning strategy could solve these heat peaks and prevent breakdown of the material. In consequence, the viability of the Direct-Powder Bed Selective Laser Processing (D-PBSLP) as a shaping technique to manufacture SiC 3D parts was proven. Moreover, the process viability was confirmed with the manufacturing of SiC complex shapes, specific, SiC lattice structures which cannot be obtained with traditional manufacturing techniques.

The effect of temperature, ultrasound and relative content (wt. %) on the grafting durability of an oligomer have been modified and/or studied in conjunction to the characterization of the preceramic precursor (CVD-4000) grafting on the silicon carbide powder surface. Specifically, to verify the enhancement of the powder sintering behaviour, dense silicon carbide and surface modified-silicon carbide specimens were fabricated by SPS. The SiC samples were densified up to 91% and the surface-modified smSiC sample up to 96% using the same SPS conditions.

The final porosity is very low since it lacks only 4% in density compared to theoretical bulk SiC. Interestingly, the densification is always found better for smSiC than for raw SiC sample. Consequently, the poly(silaethylene) (PSE) grafted onto the SiC grains is completely converted into SiC. This confirms that thanks to its atomic ratio Si:C = 1:1 (as in stoichiometric SiC) and to the absence of heteroatoms, it is a suitable preceramic molecular precursor for SiC. Moreover, the surface-grafting of the monomer-derived ceramic does not affect the final phases of the dense bodies.

Silicon carbide and Surface-Modified Silicon Carbide parts were manufactured by means of PBSLP. Final PBSLP-smSiC relative density is approximately 5% higher than that of 3D SiC samples prepared using ungrafted powders. Moreover, PBSLP-SiC parts were manufactured decreasing the applied energy density and therefore in the temperature that is reached in the process. In consequence the proportion of the silicon content in PBSLP-SiC compared to the PBSLP-smSiC Silicon phase, due to the decomposition of the SiC, is a factor x2. Moreover, smSiC powder results in a 3D part with higher relative density (>10%) than using SiC powder. This result is in accordance with the observation of the sintering initiation reduction in SiC and smSiC Spark Plasma Sintering. Finally, Spark Plasma Sintering was used to further densify around 10% the PBSLP samples.

However, this technique, in addition to being useful for the final densification of the 3D parts, also removed free silicon from the sample surface since the graphite powder used for SPS densification reacts with free silicon to form reaction bonded Silicon Carbide (RBSC).

Future prospects and perspectives

However, despite advances in SiC PBSLP research, further work and analysis is still required. Some of the future prospects and suggestions include the following points:

Powder optimization: The silicon carbide powder used in this research for PBSLP has not an optimal powder morphology (sharp morphology). This causes a decrease in the powder flowability and packing density. To solve this feature, spray drying has been started to be explored to improve the PBLSP. Very briefly, the initial results show the possibility of atomizing SiC powder with a final diameter of 35 μm and spherical shape, Figure 78 and Table 25. In addition, another existing limitation in the process, due to the specifications of the 3D printer, is the limitation of using ceramic powder with a grain diameter smaller than 15 microns. Finally, the creation of brittle spherical SiC powder agglomerates, with improved flowability, would be de-agglomerated during the roller compression in order to increase the powder bed density and, therefore, the final density of the 3D manufactured part. Preceramic precursor grafting by dry-route: In this work, the grafting of the preceramic has been conducted by means of a wet route. However, other techniques, focused on gas-phase processes, such as Vapor Phase Infiltration, compared to liquid solution methods, do not require the use of solvents and do not require post-drying steps that are often energy intensive. Moreover, unlike liquidsolid interfaces, vapor-solid interfaces do not have surface tension, thus facilitating conformal modification of all exposed surfaces, even in products with feature sizes as small as a few nanometers. To reach its full potential, scale-up of these processes must be explored, particularly methods for rapidly applying these modifications in a continuous or large-batch fashion congruent with the manufacturing speeds necessary for commodity products [START_REF] Losego | Atomic Layer Deposition and Vapor Phase Infiltration[END_REF].

Machine setup and optimization: In previous chapters, we have already indicated the SiC decomposition during process due to high peaks inherently generated by the scanning strategy. However, we are limited by the software of the 3D printer, and it is not possible to modify it. Developing a new scanning strategy could solve these heat peaks and prevent breakdown of the material. Moreover, the 3D printers used in this work are designed for the additive manufacturing of metallic and polymeric materials. Consequently, due to the laser-ceramic material interaction, the formation of cracks and unwanted structural damages in ceramics occurs due to the high temperature gradients induced in the surface and in the volume of the material irradiated by the laser. Thus, it is still necessary to design a 3D printer adapted to ceramic materials that solves these limitations, which have already been well studied and pointed out in the scientific literature [START_REF] Francisco | The laser furnace: A revolution in ceramics and glass processing?[END_REF], with an adequate preheating system. described in Eq.(3) according to [START_REF] Moser | Multi-Layer Computational Modeling of Selective Laser Sintering Processes[END_REF]. The absorption coefficient was estimated according to [START_REF] Groth | Absorption freier Ladungsträger in α-SiC-Kristallen[END_REF].

The initial and boundary conditions used in this study are shown in Figure 79. There is heat transfer by conduction from the scanned layer to the base plate and from the layer top surface to the surroundings by radiation and convection. Equations ( 6) and (7) describe these boundary conditions and the initial condition applied to the model. No preheating was applied in this study, i.e., 𝑇 𝑂 = 300 𝐾 in Eq. ( 6).

𝑇(𝑥, 𝑦, 𝑧) 𝑡=0 = 𝑇 𝑂

-k(

𝜕𝑇 𝜕𝑧 ) = 𝑆 ℎ ̇-ℎ 𝑐𝑜𝑣 (𝑇 𝑎 -𝑇 𝑠 ) -𝜎ℇ(𝑇 𝑎 4 -𝑇 𝑠 4 ) (7) 
Where ℎ 𝑐𝑜𝑣 , 𝜎 and ℇ is the convection coefficient, emissivity, and Stefan-Boltzmann constant, respectively. Also, the UDF was developed to monitor the sintering process based on the calculated temperature, where any region with temperate above the sintering point of SiC is considered a sintered region. This helps to test the used process parameters numerically and observe sintering of the powder layer. As shown in Figure 80, the model geometry used in this analysis consists of three parts that represent the base plate, scanned powder layer, and un-scanned powder. It was considered that the powder particles would function as a continuous media. Only one layer was used in the analysis because it is sufficient to observe the impact of process parameters in one layer, replicating the same behaviour in the consecutive layers. The model dimensions are shown in Table 27. The developed numerical model, which was solved using ANSYS FLUENT 2020R1.

UDF, defines the laser heat source containing all the laser parameters such as laser power, laser spot diameter, and scanning speed as described before. The numerical steps to solve the developed model are shown in Figure 81. ANSYS meshing tool was used to create a computational domain (the mesh) which is shown in Figure 82. In order to check the model and make sure that the obtained results avoid any undesired effect coming from poor mesh quality, three different levels of mesh discretization were checked. The result was summarized in Table 28. , and finally the mass of a grain,

𝑚 𝑔 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑆𝑖𝐶 𝜋𝑑 𝑔 3 6
, where 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑆𝑖𝐶 = 3.21 𝑔/𝑐𝑚 3 .

2.

The formula of the PSE precursor is [SiH2-CH2] n (3)(4)(5)(6)(7)[START_REF] Yoo | Solid-State Phase Transformation in Cubic Silicon Carbide[END_REF] where the index has an average value of n = 5. So the PSE formula is Si5C5H22 with a molecular weight of, 𝑀 𝑃𝑆𝐸 = 222 𝑔, and a density of 0.885 𝑔/𝑐𝑚 3 .

3.

The surface occupied by one grafted molecule is the surface projected by a molecule attached perpendicularly to the SiC surface (as in the Figure 83). Then, the surface occupied by one grafted molecule perpendicular to the surface is

𝑆 𝑃𝑆𝐸 = 𝜋𝑑 𝑃𝑆𝐸 2 4
where 𝑑 𝑃𝑆𝐸 = 0.4 • 10 -7 𝑐𝑚 regarding the Van Der Waals radius. Giving a value of 𝑆 𝑃𝑆𝐸 = 1.26 • 10 -15 𝑐𝑚 2 .

SiC powder grain surface

PSE molecule

Van Der Waals radius

H = 1.2 Å C = 1.7 Å Si = 2.1 Å

4.

The PSE oligomer can be attached only on the SiC surface (not on a first molecular PSE layer). Then the number of grains in the total SiC mass is

𝑁 𝑔 = 𝑚 𝑆𝑖𝐶 𝑚 𝑔
, the grafting surface is 𝑆 𝑃𝑆𝐸 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑜𝑛 𝑆𝑖𝐶 = 𝑁 𝑔 × 𝑆 𝑔 = Un très bon exemple est le méthyltrichlorisilane (MTS) de formule empirique CH3SiCl3.

Ce précurseur est certainement le plus étudié et le plus utilisé pour les dépôts de SiC à partir de molécules organométalliques. Il est bien adapté au dépôt de films épitaxiés [START_REF] Pedersen | Very high growth rate of 4H-SiC epilayers using the chlorinated precursor methyltrichlorosilane (MTS)[END_REF],

de revêtements métallurgiques [START_REF] Mi | SiC line deposition using laser CVD[END_REF], ainsi qu'au développement de composites à matrice céramique [START_REF] Araki | Homogeneity and flexural properties of SiC/SiC composites prepared by CVI method[END_REF], [START_REF] Bertrand | TEM structure of (PyC/SiC)n multilayered interphases in SiC/SiC composites[END_REF]. Son état liquide et son rapport Si:C de 1: 1 en feraient un candidat intéressant pour les revêtements SiC. Cependant, la présence de Cl provoque la formation des grains. Cette modification de surface, où un précurseur précéramique SiC est greffé sur la surface des grains de poudre de SiC, est une méthode potentielle pour améliorer le comportement au frittage de ce matériau céramique. Le but est de faire croître directement des films minces polymères à partir ou sur la surface des particules résultant en une architecture de type coeur coquille qui n'affecterait pas la fluidité de la poudre car sinon cela impliquerait l'impossibilité d'utiliser cette matière première dans les procédés PBSLP. Cette recherche vise également à étudier l'optimisation des processus de fabrication au moyen de PBSLP.

La fabrication additive spécifique de SiC à l'aide de PBSLP implique l'optimisation de nombreux paramètres de fabrication tels que la puissance laser, la vitesse de balayage, l'épaisseur de la couche, la vitesse de balayage, les stratégies de balayage et le compactage de la poudre. Néanmoins, comme nous l'avons expliqué dans la section 1. Grâce à cette première étude, les conclusions suivantes ont été tirées :

1. Le PBSLP du SiC est hautement possible avec l'optimisation des paramètres de processus qui seront analysés individuellement dans la sous-section suivante. 
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Figure 1 .

 1 Figure 1. Schematic structures of popular SiC polytypes; (a) 3D-SiC, (b) 4H-SiC, and (c) 6H-SiC. Open and closed circles denote Si and C atoms, respectively [5] .

  pressure sintering Biswas et al. [19]: obtained almost fully densified SiC by GPS by the addition of Gd2O3-HO2O3, Dy2O3-HO2O3, Y2O3-AlN, and Lu2O3-AlN, whereby Gd2O3-HO2O3 and Dy2O3-HO2O3 resulted in fine SiC grains.. Hot-isostatic pressing Jihong et al. [20]: reported the effect of different additives, such as B4C, AlN and Al2O3, on the densification of α-SiC powder by Hot-isostatic pressing. Ultra-highpressure sintering Maître et al. [21]: used SPS method and boron additive to produce fully dense SiCbased materials with several non-oxide secondary phases such as boron carbide (B4C) or free boron (B) plus free carbon (C).

Figure 2 .

 2 Figure 2. Articles published between 1991 and August 2020, catalogued, listed and found in the webofknowledge.org

Figure 3 .

 3 Figure 3. Schematic view of the Powder Bed Selective Laser Processing (PBSLP). Source: ADDITIVE MANUFACTURING FOR INNOVATIVE DESIGN AND PRODUCTION MIT Course.

Figure 4 .

 4 Figure 4. Ishikawa diagram with influencing parameters for PBSLP powders.[START_REF] Schmid | Flowability of powders for Selective Laser Sintering (SLS) investigated by Round Robin Test[END_REF],[START_REF] Spierings | Powder flowability characterisation methodology for powder-bed-based metal additive manufacturing[END_REF].

-

  Recommended by ASTM as the characterization method for metal powders for AM since the methodology is closer to the AM processing conditions than other techniques.

Figure 5 .

 5 Figure5. Example of process parameters that can be programmed. *Belonging to pulsed lasers[START_REF] Grossin | A review of additive manufacturing of ceramics by powder bed selective laser processing (sintering / melting): Calcium Phosphate, Silicon Carbide, Zirconia, Alumina, and their composites[END_REF].

Figure 6 .

 6 Figure 6. Scheme of variable parameters involved during the PBSLP process and from which the Energy density ( 𝑬 𝒅 )

Figure 7 .

 7 Figure 7. Examples of different scan strategies that the laser can follows during PBSLP [33].

Figure 8 .

 8 Figure 8. a) Direct laser sintering of reaction bonded silicon carbide with low residual silicon content [75] b) SiC/SiC composites prepared by SLS combined with Polymer Infiltration Pyrolysis (PIP) and Cold Isostatic Pressing (CIP) [66].

Figure 9 .

 9 Figure 9. XRD geometrical distribution.

  a technique based on the vibrations of atoms of a molecule. An IR spectrum is commonly obtained by passing IR radiation through a sample and determining what fraction of the incident radiation is absorbed at a particular energy. The energy at which any peak in an absorption spectrum appears corresponds to the frequency of a vibration of atomic bonds.For a molecule to show IR absorptions, it must possess a specific feature: An electric dipole moment of the molecule must change during the movement. The interactions of IR radiation with matter may be understood in terms of changes in molecular dipoles associated with vibrations and rotations. The atoms in molecules can move relative to one another, i.e., bond lengths can vary or one atom can move out of its plane. This is a description of stretching and bending movements that are collectively referred to as vibrations. Vibrations can involve either a change in bond length (stretching) or bond angle (bending). Some bonds can stretch in-phase (symmetrical stretching) or out-ofphase (asymmetric stretching). If a molecule has different terminal atoms, then the two stretching modes are no longer symmetric and asymmetric vibrations of similar bonds, but will have varying proportions of the stretching motion of each group. In other words, the amount of coupling will vary[START_REF] Vernon-Parry | Scanning electron microscopy: an introduction[END_REF].

Figure 10 .

 10 Figure 10. ORLAS CREATOR 3D printer (left) and Phenix™ Systems ProX® DMP 200 3D printer (right).

FERMaT

  FR3089 at the french Laboratory CIRIMAT UMR CNRS 5085 (Centre Interuniversitaire de Recherche et d'Ingénierie des Matériaux). The image resolution is up to 8 microns.

Chapter 3 :

 3 Direct Powder Bed Selective Laser Processing of Silicon Carbide This chapter investigates the manufacturing possibility of SiC by direct PBSLP (D-PBSLP) experimentally and numerically. The experimental study was carried out by means of PBSLP while the numerical study was accomplished by developing a CFD model. The CFD model simulates accurately realistic conditions of the PBSLP process.

Figure 11 .

 11 Figure 11. Scanning electron microscopy (SEM) image showing the morphology of the Alpha-Silicon Carbide powder (Mersen Boostec®).

Figure 12 .

 12 Figure 12. XRD pattern (Hexagonal and rhombohedral SiC phases are present) of the Alpha-Silicon Carbide powder (Mersen Boostec®).

Figure 13 .Figure 14 .

 1314 Figure 13. SiC cubes glued onto the 3D printer support.

Figure 15 .

 15 Figure 15. (Top) Manufactured SiC exhibits partial sintering (52 W-900 mm/s) and (Bot) manufactured SiC exhibits decomposition (76 W-300 mm/s): low (left) and high (right) magnification

Figure 16 .

 16 Figure 16. XRD spectra of the 76 W and 300 mm/s SiC manufactured part.

Figure 17 .

 17 Figure 17. Laser spot temperature contour for the 76 W-300 mm/s and 52 W-900 mm/s samples. Model conditions are summarized in Annex I.

Figure 18 .

 18 Figure 18. Temperature profile for 76 W-300 mm/s and 52 W-900 mm/s.

Figure 19 .

 19 Figure 19. Sintering region for two adjacent paths for the 52 W-900 mm/s sample.

Figure 20 .

 20 Figure 20. Sintering region for two adjacent paths for the 76 W-300 mm/s sample.

Figure 21 .

 21 Figure 21. Scanning strategies used in this study: (a) Concentric in-out, (b) Hexagonal, (c) Linear and (d) Inclined Zigzag.

1

 1 Concentric in-out strategyThe SiC specimens were printed using the concentric in-out scanning strategy with a thickness of 0.2 mm approximately. Only 10 layers were taken into consideration to see the effect of the scanning strategy. The as-printed samples are shown in Figure22 a)

Figure 22 .

 22 Figure 22. SiC specimens (1x1x0.2cm3) printed using the concentric in-out strategy; (a) as built samples, (b) microscopic image for the top sample surface.

Figure 23

 23 Figure23shows the profile of maximum temperature during the scanning using concentric in-out strategy for only about 70 ms scanning. High peaks of temperature were found in the temperature profile at the beginning of the scanning process (the dashed red circle) and then it repeated at different time interval as can be noted (the blue ellipse).

Figure 23 .

 23 Figure 23. The maximum simulated temperature profile for the concentric in-out strategy.

Figure 24 .

 24 Figure24. Focused view for the peak-up happened in the simulated temperature profile of the concentric in-out strategy when the laser source was changing its direction.

Figure 25 .

 25 Figure 25. SEM images of top layer surface showing the laser tracks and defects observed in the concentric in-out strategy.

Figure 26 .

 26 Figure 26. SiC specimens (1x1x0.2cm3) printed using inclined zigzag strategy; (a) as built samples, (b) microscopic image for the top sample surface.

Figure 27 .Figure 28 .

 2728 Figure 27. Maximum simulated temperature profile for the inclined zigzag scanning strategy (only 25 paths are considered to make the figure clear)

Figure 29 .

 29 Figure 29. SEM images of layer top surface scanned with inclined zigzag strategy.

Figure 30 .

 30 Figure 30. SiC specimens (1x1x0.2cm 3 ) printed using hexagonal strategy; (a) as built samples, (b) microscopic image for the top sample surface.

Figure 31 .

 31 Figure 31. Maximum temperature profile during the hexagonal scanning strategy.

Figure 32 .

 32 Figure 32. SEM images for SiC specimen scanned with hexagonal strategy.

Figure 33 .

 33 Figure 33. SiC specimens (1x1x0.2cm3) printed using linear strategy; (a) as built samples, (b), (c) microscopic image for the top sample surface.

Figure 34 .

 34 Figure 34. The maximum temperature profile during the linear scanning strategy.

Figure 35 .

 35 Figure 35. The progress of the sintering region with the laser movement controlled by the specified scanning strategy at the top layer surface and vertical cross section (as specified below each contour).

Figure 36 .

 36 Figure 36. SEM images for SiC parts scanned with linear strategy.

Feedstock

  materials were provided by the Mersen Boostec Company and include silicon carbide powder (α-SiC, d50 =20 μm) and SiC baseplate (d = 135 mm). The particle size distribution was measured on the Mastersizer 3000 (Malvern Panalytical) laser diffraction particle size analyser.
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 373313311 Figure 37. Angle of repose of the SiC powder.

Figure 38 .

 38 Figure 38. Criteria on which the laser powers and the scanning speeds were selected.

Figure 39 .

 39 Figure 39. Laser power and scanning speed values for a different layer thickness.

Figure 40 .

 40 Figure 40. The sintering contour for different hatching distance.

Figure 41 .

 41 Figure 41. SiC parts manufactured by PBSLP (1cm x 1cm x 5mm) layer thickness 30 μm and Scan spacing 35 μm.

Figure 42 .

 42 Figure 42. SiC part manufactured by PBSLP. The laser power, the scanning speed, the layer thickness, the hatching distance, the scanning strategy, and the powder compaction were 45 W, 250 mm/s, 30 μm, 35 μm, hexagonal rotated by 90 degrees between layers and 100%, respectively.

Figure 43 .

 43 Figure 43. Temperature profile for 45W-250mm/s and 38W-100mm/s cases.

Figure 45 .

 45 Figure 45. Rietveld analysis of the SiC 45W-250mm/s sample manufactured part by PBSLP.

Figure 46 .

 46 Figure 46. SiC turbine and SiC lattice structure manufactured with PBSLP.

  on the value of n.

Figure 47 .

 47 Figure 47. FT-IR spectra of a) CVD-4000 and b) [SiH2-CH2] (Mn=23 000) spectra from literature [19].

Figure 48 .

 48 Figure 48. TGA/DSC plot for CVD-4000 under N2.

Figure 49 .Figure 50 .

 4950 Figure 49. FT-IR spectra in the Si-H region of the grafted powder (d50 = 20 μm) at RT, 40°C, 60°C, 80°C and SiC powder reference (black line).

Figure 51 .Chapter 4 :

 514 Figure 51. FT-IR spectra in the Si-H region of the grafted powder (d50= 2 μm) at 60°C with (orange)/without (brown) sonication and SiC powder reference (black line).

Figure 52

 52 show the experimental protocol IR spectra with temperature at 60°C, with the sonication and with three different mass factor of oligomer, x2, x5 and x10. Factor x2 was used initially instead of x1 due to the ideal model of the 𝑚 𝑃𝑆𝐸 𝑠𝑎𝑡 calculation which could could

Figure 52 . 4

 524 Figure 52. FT-IR spectra in the Si-H region of the grafted powder (d50= 2 μm) at 60°C with sonication and with oligomer mass factor x2 (1-red), x5 (2-blue), x10 (2-purple) and SiC reference (black line).

Figure 53 .

 53 Figure 53. FT-IR spectra in the Si-H region of the grafted powder (d50= 20 μm) at 60°C with sonication and with x2 oligomer mass factor. Immediately-prepared (1-purple), after aging 6 months (2-blue), one year (red line) and SiC reference (black line).

6

 6 Conclusions of the preceramic precursor graftingThe effect of the temperature, ultrasound and relative content of CVD-4000 compound used as molecular preceramic precursor on the efficiency of its grafting onto the surface particles of SiC powder has been investigated. Also the grafting durability of the oligomer has been studied. Thermal properties and infrared characterization reveal that the optimal conditions to carry out this functionalization process are T = 60°C under moderate vacuum conditions (85 mbar), x2 the oligomer relative content respect to the theoretical value calculated with a simple model to reach the surface saturation by a molecular monolayer and the use of sonication prior the grafting protocol. Moreover, this soft surface treatment shows a good reproducibility. Silicon carbide powders of d50= 20 𝜇m and d50= 2 𝜇m are successfully grafted following the same experimental protocol and under different conditions. The combination of the silicon carbide powder and grafting of the preceramic silicon carbide oligomer (CVD-4000) constitutes a method which potentially will improve the sintering behaviour of the silicon carbide in several applications such as spark plasma sintering[START_REF] Monton | Densification of Surface-Modified Silicon Carbide Powder by Spark-Plasma-Sintering[END_REF] and additive manufacturing.

4. 2

 2 Study of the impact of Surface-Modification of Silicon Carbide on sintering: comparative densification of powders by Spark-Plasma-Sintering (SPS)

  significant volumetric shrinkage up to 60% [164]. Bernardo et al. analyzed the SPS processability of SiC derived from one of the commercial family of polycarbosilane (PCS) powders (Nipusi® type S, Nippon

  supplied from Starfire® System (supplier name CVD-4000). It was used for the surface functionalization of silicon carbide powder as SiC forming oligomer and known to lead to the growth of stoichiometric silicon carbide coatings (ratio Si:C = 1:1) without the need for additional reactants by chemical vapor deposition[START_REF] Allendorf | A Model of Silicon Carbide Chemical Vapor Deposition[END_REF]. Its formula is [-SiH 2 -CH 2 -] n , (n = 3-8), which reveals Si-C covalent bonds already formed and an atomic Si:C ratio = 1:1 as in crystallized silicon carbide. It is a volatile liquid compound, easy to handle and readily available. It produces amorphous hydrogenated silicon carbide

Figure 54 .

 54 Figure 54. PSE (CVD-4000), SiC powder and smSiC powder IR spectra.

Figure 55 .

 55 Figure 55. SEM micrograph of the SPS-SiC-1 sample after polishing (final SPS temperature 2200°C).

Figure 56 .

 56 Figure 56. SEM micrograph of the SPS-smSiC-2 sample after polishing (final SPS temperature 2200°C).

Figure 57 .

 57 Figure 57. SEM micrograph of the SPS-smSiC-2 sample after polishing prepared with a final SPS temperature in the steady state of 2200°C for 1 minute (left). EDS line-scan analysis along the red arrow across the dark area showing a constant Si content (right).

Figure 58 .

 58 Figure 58. XRD pattern of SPS-SiC-1, SPS-SiC* and SiC powder.

Figure 59 .

 59 Figure 59. XRD pattern of SPS-smSiC*, SPS-smSiC-3 and smSiC powder.

Figure 60 .

 60 Figure 60. Raman pattern of SPS-SiC-1 and SPS-smSiC-2.

Figure 61 and

 61 Figure 61 and Figure 62 indicate the temporal variation of temperature and displacement during the SPS process. The displacement is not corrected for the contribution of the components of the SPS setup, i.e., it takes into account the graphite and SiC contribution.

Figure 61 .

 61 Figure 61.Temperature and displacement changes during the SPS process of the sample SPS-SiC* (final SPS temperature 1600°C).

Figure 62 .

 62 Figure 62. Temperature and displacement changes during the SPS process of the sample SPS-smSiC* (final SPS temperature 1600°C).

Figure 63 .

 63 Figure 63. Sintering initiation: variation of the displacement versus the temperature during the SPS process of the samples SiC (SPS-SiC*; blue curve) and smSiC (SPS-smSiC*; orange curve). Increasing displacement in graphs meansdimension shrinkage of the powder compact according to[START_REF] Cha | Spark plasma sintering behavior of nanocrystalline WCÁ/10Co cemented carbide powders[END_REF].

Figure 64 .

 64 Figure 64. SEM micrographs of the SPS-SiC* sample after polishing. The final temperature was stopped at 1600°C to avoid a full densification.

Figure 65 .

 65 Figure 65. SEM micrographs of the SPS-smSiC* sample after polishing. The final temperature was stopped at 1600°C to avoid a full densification.

  a), silicon carbide 3D part (PBSLP-SiC) sample exhibit 32% of porosity. In comparison with other interior volumes of the same sample similar values have been obtained, e.g., 34% and 33% for the orange and red regions in Figure 66 b). Regarding the porosity of the surface modified silicon carbide 3D part (PBSLP-smSiC) Figure 67 a), 29% of porosity is found. Again, in two different regions inside the sample the porosity is measured, obtaining values of 31% and 30% Figure 67 b).

Figure 66 .Figure 67 .

 6667 Figure 66. X-ray micro tomography analysis of silicon carbide 3D parts (PBSLP-SiC), a) silicon carbide 3D part (PBSLP-SiC) sample exhibit 32% of porosity, b) interior volumes of the same sample, exhibit 34% and 33% of porosityfor the orange and red regions respectively.

Figure 68 .

 68 Figure 68. X-ray micro tomography analysis of silicon carbide 3D parts (PBSLP-SPS-SiC).

Figure 69 .

 69 Figure 69. X-ray micro tomography analysis of silicon carbide 3D parts (PBSLP-SPS-smSiC).

Figure 70 .

 70 Figure 70. SEM surface micrographs of the PBSLP-SiC (left) and PBSLP-smSiC (right).

Figure 71 .

 71 Figure 71. XRD pattern of PBSLP-SiC compared to the SiC powder (grey).

Figure 72 .

 72 Figure 72. XRD pattern of PBSLP-smSiC compared to the SiC powder (grey).

Figure 73 .

 73 Figure 73. SEM surface micrographs of the PBSLP-SPS-SiC (left) and PBSLP-SPS-smSiC (right).

Figure 74 .

 74 Figure 74. SEM surface micrographs with CBS detector of the PBSLP-SPS-SiC (left) and PBSLP-SPS-smSiC (right).

Figure 76 .

 76 Figure 75. PBSLP-SPS-SiC

Figure 78 .

 78 Figure[START_REF] Song | Performance optimization of complicated structural SiC/Si composite ceramics prepared by selective laser sintering[END_REF]. Diagram of the equipment and process of conventional spray-drying[START_REF] Sosnik | Advantages and challenges of the spray-drying technology for the production of pure drug particles and drug-loaded polymeric carriers[END_REF].

Figure 80 .

 80 Figure 80. The model geometry used in the analysis. The un-scanned powder is green, the scanned powder is light grey, and the baseplate is dark grey [not to scale].

Figure 81 .

 81 Figure 81. Numerical model procedure flowchart used in the study.

Figure 82 .

 82 Figure 82. Computational domain (mesh) used in the analysis [not to scale].

Figure 83 .

 83 Figure 83. Projection of the surface occupied by one grafted molecule perpendicular to the surface (𝑑 𝑃𝑆𝐸 ).

  mélangés avec diverses charges (réactives ou inertes) pour produire de nombreuses phases céramiques avancées[START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF]. Ce spectre unique de caractéristiques a récemment stimulé une variété d'approches pour l'utilisation de polymères précéramiques, purs ou mélangés avec des charges, comme matières premières dans pratiquement toutes les technologies de fabrication additive, à la fois directes et indirectes. Les polymères précéramiques peuvent permettre la fabrication de pièces en céramique haute résolution, hautes performances et complexes avec une facilité non rencontrée lors du traitement de systèmes à base de poudre[START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF]. Lorsqu'ils sont mélangés avec des charges, les polymères précéramiques peuvent agir simplement comme aucun liant sacrificiel, offrant une bonne résistance du « green body » et une matrice céramique d'interconnexion lors de la pyrolyse, ou ils peuvent réagir pendant le traitement à haute température pour produire des phases céramiques d'une composition ciblée[START_REF] Colombo | Additive manufacturing techniques for fabricating complex ceramic components from preceramic polymers[END_REF].Les fabricants peuvent utiliser des polymères précéramiques pour produire des composants céramiques dans une gamme de compositions en utilisant une variété de technologies de fabrication additive. Les polymères précéramiques peuvent même surmonter certains des problèmes intrinsèques à la fabrication additive en général[START_REF] Colombo | Additive manufacturing techniques for fabricating complex ceramic components from preceramic polymers[END_REF].Une différence majeure entre la fabrication additive à base de poudre d'une poudre polymère et d'une poudre céramique est qu'une poudre polymère est facilement dissoute par des solvants ou fondue par un laser, alors qu'une poudre céramique est généralement liée en imprimant un liant et/ou en mélangeant la poudre avec additifs[START_REF] Colombo | Additive manufacturing techniques for fabricating complex ceramic components from preceramic polymers[END_REF].Dans les céramiques qui nous concernent, les précurseurs de carbure de silicium peuvent être classés en deux familles distinctes. Une famille regroupant des composés inorganiques et des hydrures, et une seconde famille comprenant des molécules organométalliques[START_REF] Boisselier | SiC coatings grown by liquid injection chemical vapor deposition using single source metal-organic precursors[END_REF].L'utilisation de composés inorganiques ou d'hydrures à base de silicium nécessite l'ajout de carbone par une source complémentaire, des hydrocarbures par exemple. Parmi ces composés, les plus connus sont le silane (SiH4) ou encore le tétrachlorosilane (SiCl4)[START_REF] Allendorf | A Model of Silicon Carbide Chemical Vapor Deposition[END_REF] [88] [89][START_REF] Myers | High growth rates (>30μm/h) of 4H-SiC epitaxial layers using a horizontal hot-wall CVD reactor[END_REF]. Si2H6, SiHCl3 ou SiF4[START_REF] Lopez | Compositional, structural and optical properties of Si-rich a-SiC:H thin films deposited by ArF-LCVD[END_REF],[START_REF] Angermeier | Modeling and Analysis of the Silicon Epitaxial Growth with SiHCl3 in a Horizontal Rapid Thermal Chemical Vapor Deposition Reactor[END_REF] sont également retrouvés. Ces précurseurs sont utilisés en CVD à haute température (> 1000°C), en raison de leur stabilité thermique, ce qui en fait des précurseurs idéaux pour la croissance de couches épitaxiées. De plus, ces précurseurs sont très instables en présence d'oxygène, ce qui entraîne leur difficulté de manipulation. Cependant, nous n'attacherons pas plus d'importance à cette famille précurseur en raison du groupe que nous décrivons ci-dessous. La famille des précurseurs organométalliques est plus intéressante : ces composés sont moins stables thermiquement que la famille des inorganiques, et ils contiennent des chaînes carbonées, ce qui simplifie le procédé en évitant l'utilisation d'une source de carbone. La présence de chaînes hydrocarbonées est un avantage car elle induit la présence de liaisons Si-C préformées et il est également possible de choisir des molécules pour lesquelles le rapport Si:C est de 1:1, ce qui permettrait d'obtenir des dépôts SiC stoechiométriques.
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 3323 Traitement laser sélectif sur lit de poudre du carbure de silicium, les recherches antérieures dans ce domaine se sont concentrées uniquement sur la modification de la puissance laser et de la vitesse de balayage, négligeant le reste des paramètres. Dans ce travail, chacun des paramètres précités sera optimisé individuellement Ainsi, plus précisément, les objectifs de cette recherche sont triples : 1. Chapitre 3 : Méthode de modification de surface du carbure de silicium par voie humide pour améliorer le comportement de frittage du SiC par greffage de précurseurs précéramiques. De plus, le comportement du frittage sera étudié en frittage par plasma étincelant, une technique bien établie dans la densification du carbure de silicium, avant l'utilisation de la surface modifiée en PBSLP. Chapitre 4 : Étude et optimisation des paramètres de processus pour le traitement laser sélectif sur lit de poudre direct de pièces en carbure de silicium. Spécifiquement, la puissance laser, la vitesse de balayage, l'épaisseur de couche, la distance entre les trajets adjacents du laser, les stratégies de balayage et le compactage de la poudre seront étudiés expérimentalement et numériquement. De plus, des pièces SiC de forme complexe seront fabriquées Chapitre 5 : Comparaison du traitement laser sélectif sur lit de poudre du carbure de silicium non modifié en surface et modifié en surface. De plus, le frittage par plasma d'étincelle sera utilisé comme post-traitement potentiel et les propriétés mécaniques seront mesurées. Traitement laser sélectif direct sur lit de poudre du carbure de silicium Ce chapitre étudie la possibilité de fabrication de SiC par PBSLP direct expérimentalement et numériquement. L'étude expérimentale a été réalisée au moyen de PBSLP tandis que l'étude numérique a été réalisée en développant un modèle CFD. Le modèle CFD simule avec précision les conditions réalistes du processus PBSLP. Un code défini par l'utilisateur, créé par Mohammed Abdelmoula de l'Université de Gazi, Turquie, qui décrit les paramètres du processus tels que la puissance laser, la vitesse de balayage, les stratégies de balayage, l'épaisseur de la couche et la distance entre les trajets adjacents du laser. Le modèle a été utilisé pour analyser en profondeur et étayer les résultats obtenus lors des essais expérimentaux. D'après le chapitre 1 de revue de la littérature, il existe un réel besoin d'étudier le PBSLP du SiC car toutes les études précédentes se sont concentrées uniquement sur l'impression de particules de SiC à utiliser pour les matériaux composites ou la fabrication de carbure de silicium lié par réaction par différentes méthodes. De plus, le PBSLP du SiC présente encore des défauts fatals, notamment de faibles densités et de mauvaises propriétés mécaniques. De plus, ce processus est particulièrement compliqué car le SiC n'a pas de point de fusion congruent dans des conditions atmosphériques normales, mais se décompose à des températures supérieures à 2545 °C en Si liquide et C solide [119]. La poudre d'alpha-carbure de silicium utilisée a été fournie par Mersen Boostec® avec une pureté de 98,5% et un d50 = 14 µm a été utilisé dans cette étude. La morphologie et l'analyse XRD de la poudre sont représentées sur la figure 11 et la figure 12, respectivement. Les images SEM montrent que la poudre n'avait pas une forme sphérique (la poudre a une morphologie en blocs) comme elle l'était dans le PBSLP. Les formes irrégulières de la poudre peuvent poser des problèmes de dépôt de couche en raison du frottement élevé développé entre les particules. Par conséquent, des tests initiaux ont été effectués et la poudre de SiC a pu être déposée sous forme d'une couche de 25 µm dans le lit de poudre avec succès. Les spectres XRD indiquent que des phases SiC hexagonales et rhomboédriques sont présentes dans la poudre utilisée. Le PBSLP de SiC a été réalisé sur une imprimante 3D commerciale ORLAS CREATOR (laser à fibre Yb 250W, longueur d'onde laser = 1070 nm, taille du spot = 40 µm). Divers lots de cubes ont été scannés pour étudier les effets des principaux paramètres du procédé PBSLP sur le frittage et la décomposition du SiC. Des puissances laser (P) de 52 à 235 W et des vitesses de balayage (v) de 300 à 3900 mm/s ont été utilisées, tandis que l'épaisseur de couche était maintenue constante à 25 µm et la distance entre les trajets adjacents du laser à 40 µm. La stratégie de balayage laser était un motif linéaire continu et tourné de 90 degrés entre les couches. Pour empêcher l'oxydation de la poudre, une atmosphère de gaz argon inerte a été utilisée.
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 234134 De nombreuses valeurs de puissance laser et de vitesse de balayage ont été utilisées pour étudier le PBSLP du SiC et seules les conditions 52W-300mm/s et 76W-900mm/s ont permis d'imprimer du SiC avec cependant des défauts. En utilisant la combinaison 52W-300mm/s, il y avait une région non frittée trouvée dans l'analyse SEM. A l'aide du modèle numérique développé et utilisé pour analyser cette condition, il a été constaté que la chaleur d'entrée n'était pas capable de fritter la poudre entre les chemins adjacents et sur toute la profondeur de la couche de poudre. Ceci est principalement dû à la distance entre les trajets adjacents du laser et à l'épaisseur de couche utilisée. Ces paramètres devaient donc être étudiés et optimisés pour réussir le PBSLP du SiC. Dans la condition 76W-900mm/s, le SiC imprimé présentait plus de défauts en raison de l'apport de chaleur élevé à la poudre, qui produit des pistes (pics et rainures) à la surface de la couche imprimée.5. Un guide plus précis pour le choix de la puissance laser et de la vitesse de frittage pour le PBSLP du SiC est encore nécessaire.Des spécimens d'une taille de 10x10x0,2 mm 3 ont été scannés pour étudier l'effet des stratégies de balayage pour le PBSLP du SiC. Tous les autres paramètres tels que l'épaisseur de la couche et la distance entre les trajets adjacents du laser ont été maintenus constants avec une valeur de 22 µm et 17,5 µm, respectivement. Le modèle numérique développé est un outil efficace qui peut être utilisé pour interpréter les résultats expérimentaux et, appliquer différentes stratégies de balayage telles que l'entrée-sortie concentrique, hexagonale, linéaire et en zigzag. De plus, le modèle numérique a été utilisé pour déterminer les valeurs de puissance laser et de vitesse de balayage, qui ont été particulièrement utilisées dans l'étude des stratégies de balayage. Le balayage en zigzag est incliné à 45°. La taille de l'hexagone utilisée dans la stratégie hexagonale est de 700 µm et le motif de balayage à l'intérieur de l'hexagone est incliné en zigzag à 45° et il est répété de manière aléatoire jusqu'à balayer la couche de poudre. Le gaz inerte argon a été utilisé pour empêcher l'oxydation de la poudre pendant le processus de fabrication additive.La puissance laser et la sélection de la vitesse de numérisation peuvent être considérées comme le facteur clé pour réussir l'impression de n'importe quel matériau. Le modèle développé a été utilisé pour déterminer la valeur de la puissance et de la vitesse du laser.Sur la base d'études PBSLP précédentes, l'utilisation d'une faible vitesse de balayage est plus efficace que l'utilisation d'une vitesse élevée car l'inertie du faisceau laser peut disperser la poudre et affecter la qualité des pièces fabriquées[START_REF] Song | Performance optimization of complicated structural SiC/Si composite ceramics prepared by selective laser sintering[END_REF],[START_REF] Montón | Experimental and numerical study for direct powder bed selective laser processing (sintering/melting) of silicon carbide ceramic[END_REF]. Par conséquent, dans cette étude, nous avons décidé d'utiliser une vitesse de balayage de 250 mm/s pour étudier l'effet des stratégies de balayage. Le modèle développé a ensuite été utilisé pour déterminer la puissance laser suffisante pour fritter toute la profondeur de la couche. Le tableau 11 montre les résultats de différentes puissances laser où il montre la section transversale verticale pour la profondeur de frittage et la distribution de température pour la surface supérieure de la couche. Les résultats ont indiqué qu'une puissance laser de 40 W n'est pas capable de fritter toute la profondeur du 22 µm alors qu'une puissance laser de 45 W est suffisante pour fritter toute la profondeur. À 45 W de puissance laser, la température maximale de la surface supérieure de la couche est de 3211,7 K, ce qui est légèrement supérieur au point de décomposition du SiC[START_REF] Fan | Selective laser melting of alumina: A single track study[END_REF] (≈3100 K) et n'est situé que sur le foyer du spot laser. Il peut également être vu dans le contour de température.Finalement, quatre stratégies de balayage disponibles dans l'imprimante 3D commerciale Phoenix ont été prises en compte dans cette étude. Ces stratégies de balayage sont concentriques d'entrée-sortie, hexagonales, linéaires et en zigzag. La puissance laser (45 W), la vitesse de balayage (250 mm/s), la distance entre les trajets adjacents du laser (17,5 µm) et l'épaisseur de la couche (22 µm) ont été maintenues constantes pour étudier uniquement l'effet de la stratégie de balayage. Les points suivants ressortent de cette étude: La stratégie d'entrée-sortie concentrique ne peut pas être utilisée dans le D-PBSLP du SiC en raison du motif de caractéristiques étranges et des nombreux défauts survenus dans la surface supérieure de la couche. 2. Les stratégies linéaires ne peuvent pas être utilisées dans le D-PBSLP du SiC en raison du décalage qui s'est produit entre les couches. La stratégie en zigzag peut être utilisée pour le D-PBSLP du SiC, mais les défauts survenus dans les coins peuvent être un problème dans cette stratégie. La stratégie hexagonale peut être considérée comme la meilleure stratégie appropriée à utiliser avec SiC, car elle réussit à éliminer tous les problèmes survenus avec d'autres stratégies de numérisation. De plus, pour les stratégies Concentrique in-out, Zigzag et Linéaire, la direction de balayage est effective dans la direction de la structure du grain fritté (dans le même sens que la direction de balayage), alors qu'il n'y a pas d'orientation dans la stratégie de balayage hexagonale. Cette situation peut être attribuée à la répartition homogène de la chaleur grâce au court trajet du balayage hexagonal. De cette manière, des grains de taille uniforme plus homogènes ont été obtenus en surface. Aussi, la puissance laser, la vitesse de balayage, la distance entre les trajets adjacents du laser, l'épaisseur de la couche et la stratégie de balayage ont un effet non ignoré et important pour contribuer au succès du processus AM, comme indiqué dans les soussections précédentes de ce chapitre. Le PBSLP du SiC pur n'étant pas encore mature, il est devenu nécessaire de se concentrer sur l'effet et l'optimisation des paramètres du déposer une très fine couche d'épaisseur nanométrique pour modifier les propriétés de surface des particules de SiC. La seconde est basée sur le greffage de petites molécules (silane par exemple) via des liaisons covalentes à des groupements fonctionnels comme par exemple des hydroxyles présents à la surface des particules. Étant donné que les monomères ont généralement un faible poids moléculaire, ils peuvent même pénétrer dans les agrégats de particules et interagir avec les sites actifs à leur surface. Pour la formation de polymères à la surface des particules, deux options d'obtention d'un tel composite hybride sont utilisées. Le premier est appelé dans la littérature « greffage sur », dans lequel des oligomères ou des polymères avec des groupes fonctionnels terminaux appropriés interagissent avec la surface correspondante. La seconde méthode est appelée « greffage à partir de » dans laquelle des chaînes polymériques croissent à partir de monocouches de radicaux organiques se terminant par un fragment initiateur de polymérisation.Récemment, des stratégies ont été développées pour adapter les surfaces des particules par l'utilisation de polymères. Le but est de faire croître directement des films minces polymères à partir de ou sur la surface des particules résultant en une architecture de matériau de type coeur coquille. Cette stratégie conduit à la formation de « brosses polymères » ou « nanoparticules poilues » qui ont pour effet de protéger la surface des nanoparticules et en même temps, d'augmenter la compatibilité avec les matrices polymères[START_REF] Lidén | Surface modification and dispersion of silicon nitride and silicon carbide powders[END_REF].Ces brosses polymères sur surfaces solides sont d'un grand intérêt pour la modification de surface et la préparation de matériaux composites[START_REF] Guo | Strengthening and thermal stabilization of polyurethane nanocomposites with silicon carbide nanoparticles by a surface-initiated-polymerization approach[END_REF]. Ils ont des applications intéressantes dans les phénomènes colloïdaux et interfaciaux notamment lorsqu'ils sont appliqués aux particules. En empêchant la floculation, les chaînes polymères (qui préfèrent le solvant à la surface des particules colloïdales) résistent au chevauchement entre les particules voisines, ce qui entraîne une stabilisation colloïdale.Un certain nombre de techniques de greffage de surface modèles ont été utilisées sur des surfaces solides planes. L'adsorption physique ou la physisorption d'homopolymères ou de copolymères séquencés fonctionnalisés ont été étudiées. Un inconvénient principal est que ces couches adsorbées sont susceptibles d'être éliminées, par exemple, par exposition à un bon solvant thermodynamiquement. Il est souvent difficile de contrôler la structure physique et la densité de telles couches adsorbées à la fois pour des considérations entropiques et enthalpiques. En principe, l'adhérence entre le polymère et le substrat peut être grandement améliorée si les chaînes sont chimiquement adsorbées ou chimisorbées sur des surfaces de manière covalente. Cette approche implique la réaction de polymères à fonction terminale avec des sites réactifs sur une surface de substrat[START_REF] Montón | Scanning Strategy Investigation for Direct-Powder Bed Selective Laser Processing (sintering/melting) of Silicon Carbide Ceramic[END_REF].L'inconvénient de cette méthode de « greffage sur » est que les bouts de chaîne doivent d'abord trouver leur chemin vers la surface et réagir. De plus, les chaînes polymères attachées au début de la réaction protègent stériquement les sites réactifs de surface restants de sorte que la densité de la brosse devient auto-limitante[START_REF] Saini | Grafted SiC nanocrystals: For enhanced optical, electrical and mechanical properties of polyvinyl alcohol[END_REF]. Ainsi, la physisorption et la chimisorption ont leurs inconvénients pour le greffage sur des surfaces.Comme nous l'avons déjà indiqué, l'approche scientifique originale de cette étude réside dans la production de poudres de SiC innovantes qui permettent un frittage exacerbé par la technique de modification de surface des particules de SiC.Pour cela, la température, l'influence des ultrasons, le % en poids de l'espèce à greffer et la durabilité du greffage de l'oligomère ont été modifiés et/ou étudiés conjointement pour caractériser le précurseur précéramique (CVD-4000) greffé sur la surface de la poudre de carbure de silicium. Des études thermiques et une caractérisation infrarouge révèlent que les conditions optimales pour réaliser ce procédé sont T = 60°C dans nos conditions de vide (85 mbar), facteur de masse d'oligomère x2 par rapport au théorique calculé et à l'utilisation de la sonication préalable au protocole de greffage. De plus, ce procédé montre sa reproductibilité. Des poudres de carbure de silicium de d50 = 20 µm et d50 = 2 µm sont greffées avec succès selon le même protocole expérimental et dans des conditions différentes. La combinaison de la poudre de carbure de silicium et du greffage de l'oligomère de carbure de silicium précéramique (CV-4000) constitue une méthode qui améliorera potentiellement le comportement de frittage du carbure de silicium dans plusieurs applications telles que le frittage par plasma étincelant (SPS)[START_REF] Boisselier | Dépôts chimiques en phase vapeur de carbures de chrome, de silicium et d'hafnium assisté par injection liquide pulsée[END_REF] et la fabrication additive (FA). Pour vérifier l'efficacité de la modification de surface dans l'amélioration du frittage, des échantillons de carbure de silicium denses ont été fabriqués par le procédé SPS à 2200°C et 50 MPa pendant seulement 1 min dans cette étape stable. Les échantillons de SiC ont été densifiés jusqu'à 91 % et l'échantillon de smSiC modifié en surface jusqu'à 96 % en utilisant les mêmes conditions SPS. La porosité finale est très faible puisqu'il ne lui manque que 4% de densité par rapport au SiC massique théorique. Fait intéressant, la densification est toujours meilleure pour le smSiC que pour l'échantillon de SiC brut. Par conséquent, le poly(silaéthylène) (PSE) greffé sur les grains de SiC est complètement transformé en SiC. Cela confirme que grâce à son rapport atomique Si:C = 1:1 (comme dans le SiC stoechiométrique) et à l'absence d'hétéroatomes, c'est un précurseur moléculaire précéramique approprié pour le SiC. Ceci a déjà été démontré pour le procédé CVD pour la croissance de revêtements SiC [86] et ceci est étendu ici pour la fabrication de pièces SiC 3D par technique SPS. De plus, le greffage en surface de la céramique dérivée du monomère n'affecte pas les phases finales des corps denses puisqu'ils sont tous composés des trois phases SiC-6H, SiC-4H et SiC-15R. Cette étude nous a permis de déterminer que la modification de surface de la poudre de SiC diminue la température de début de frittage d'environ 180°C et donc une meilleure densification est obtenue, ce qui est un bon résultat pour développer un procédé SPS plus économe en énergie.Enfin, par rapport aux résultats précédents[START_REF] Bernardo | Polymer-derived SiC ceramics from polycarbosilane/boron mixtures densified by SPS[END_REF],[START_REF] Stobierski | Sintering of silicon carbide II. Effect of boron[END_REF],[164], une méthode innovante a été utilisée pour greffer un monomère utilisé comme précurseur moléculaire de SiC de manière contrôlée à la surface des particules de SiC au lieu d'utiliser directement ce monomère après pyrolyse ou mélangés à des hétéroatomes comme additifs de bore pour obtenir une densification finale nettement améliorée. Compte tenu des progrès réalisés pour comprendre et simuler les processus SPS[START_REF] Tupitsyn | Controllable 6H-SiC to 4H-SiC polytype transformation during PVT growth[END_REF],[START_REF] Olevsky | Impact of Thermal Diffusion on Densification During SPS[END_REF], ce résultat est une nouvelle étape vers la réalisation d'une pièce SiC 3D par SPS.Traitement laser sélectif sur lit de poudre du carbure de silicium modifié en surface et étude préliminaire du frittage par plasma d'étincelle en tant que post-traitementComme nous l'avons vu dans les chapitres précédents, l'approche scientifique originale de ce travail réside dans la production de poudres de SiC innovantes qui permettent une fonctionnalisation directe du PBSLP par la surface des grains. Cette modification de surface, où un précurseur précéramique SiC est greffé à la surface des grains de poudre de SiC, est une méthode pour améliorer le comportement au frittage de ce matériau forte que dans l'échantillon PBSLP-smSiC (15,17% vs 7,96%). Concrètement, une modification de la vitesse de numérisation de 250 mm/s à 500 mm/s, se traduirait par une pièce 3D très fragile avec de nombreux défauts à l'aide de poudres non greffées.Cependant, pour la poudre smSiC, l'utilisation de la valeur de 500 mm/s donne une pièce 3D avec une densité relative plus élevée qu'avec la poudre SiC et 250 mm/s. Ce résultat est conforme à l'observation de la réduction de l'initiation du frittage dans des expériences précédentes où SiC et smSiC ont été densifiés en utilisant Spark Plasma Sintering[START_REF] Boisselier | Dépôts chimiques en phase vapeur de carbures de chrome, de silicium et d'hafnium assisté par injection liquide pulsée[END_REF].De plus, l'utilisation de la poudre smSiC résout la difficulté d'utiliser du SiC, en l'absence d'autres liants et/ou additifs, dans le PBSLP direct, en raison de l'absence de phase fondue dans des circonstances normales, puisque le précurseur précéramique a une phase liquide , ce qui entraîne la liaison des particules céramiques sans affecter les phases finales des matériaux et rend le processus de déliantage inutile puisque le polymère est transformé en carbure de silicium en tant que partie intégrante de la structure finale du matériau.Enfin, le Spark Plasma Sintering a été utilisé pour densifier encore environ 10 % des échantillons 3D. Cependant, cette technique, en plus d'être utile pour la densification finale des pièces 3D, a également éliminé le silicium libre de la surface de l'échantillon puisque la poudre de graphite utilisée pour la densification SPS réagit avec le silicium libre pour former du carbure de silicium lié par réaction (RBSC). A la fin du processus, les pièces finales en SiC 3D présentent une dureté Vickers de 2200 HV et une résistance à la flexion 3 points de 137 MPa.

  

  

  

  

  

  

  

Table 1 .

 1 Major mechanical and thermal properties of SiC and Si at room temperature[1] 

	Properties	4H-or 6H-SiC	Si
	Density (g cm -3 )	3.21	2.33
	Young's modulus (GPa)	390-690	160
	Fracture strength (MPa)	550	7
	Poisson's ratio	0.21	0.22
	Elastic constant (GPa)		
	C11	501	166
	C12	111	64
	C13	52	-
	C33	553	-
	C44	163	80

-6 K -1 )

  

	-SiC	3.1	>400	550	2830	120	2.77
	Al 6061	2.7	65-70	240	550-650	1500-210	23.1
	Stainless	8.0	193	>750	1400	16.3	15-18
	Steel						
	316						

Table 3 .

 3 SiC sintering techniques and featured results.

Table 4 .

 4 AM technologies (according to the ISO/ASTM 52900).

	Process category	Process name
	Material extrusion: material is	Fused Deposition Modelling (FDM)
	selectively dispensed through a nozzle	Fused Filament Fabrication (FFF)
	or orifice, which is typically heated to	Bound Metal Deposition (BDM)
	soften or melt the material	Atomic Diffusion Additive Manufacturing (ADAM)
				Big Area Additive Manufacturing (BAAM)
	Vat photopolymerization: liquid	Stereolithography (SLA)
	photopolymer in a vat is selectively	Digital light Processing (DLP)
	cured	by	light-activated	Digital Light Synthesis (DLS)
	photopolymerization		Gel Dispensing Printing (GPD)
	Power bed fusion: focused thermal	Selective Laser Melting (SLM)
	energy selectively fuses regions of a	Direct Metal Laser Sintering (DMLS)
	powder bed			3D Metal Printing (3DMP)
				Selective Laser Sintering (SLS)
				High-Speed Sintering (HSS)
				Multi-Jet Fusion (MJF)
	Material jetting: droplets of build	Polyjet
	material are selectively deposited	MultiJet
				Nanoparticle Jetting
	Binder jetting: a liquid bonding agent	Binder Jetting (BJ)
	is selectively deposited to bind powder	Powder Inkjet Printing
	materials, typically followed by	3D Printing (DP)
	sintering to densify the bound powder.	Digital Metal, Single-Pass Jetting. (SPJ)
	Direct energy deposition: focused	Direct energy deposition (DED)
	thermal energy is used to fuse	Electron Beam Additive Manufacturing (EBAM)
	materials by melting as they are being	Rapid Plasma Deposition (RPD)
	deposited			Laser Deposition Technology (LDT)
				Laser Metal Deposition (LMD)
	Sheet lamination: sheets of material	Composite-Based Additive Manufacturing (UAM)
	are done to join consecutive layers of	Ultrasonic Additive Manufacturing (UAM)
	a part.			Selective Deposition Lamination (SDL)

Table 5 .

 5 A full circle means that the commercially available machines using the noted process are capable of processing the noted material. A hollow circle means the process-material combination has been demonstrated in research or prerelease commercial announcements, but machines are not yet shipping to customers. Circles shaded black represent direct processes, i.e., the printing process produces a part with the desired final density and dimensions. Circles shaded blue are indirect processes, meaning that a densification step such as sintering is needed to give the part its final density and dimensions.

	Process	Acronyms Feedstock	Thermoplastics	Photopolymers	Metals	Ceramic	Composites	Biomaterials	Multimaterial	Other
		FFF,	Filament,							
		FDM,	rod,								Food, Concrete
		BDM	pellets							
	Extrusion									
		SLA, DLP, CLIP	Liquid							
	Photopolymerization									
		SLS, SLM,								
		DMLS, HSS, MJF,	Powder							
	Selective Laser	EBM								
	Sintering/Melting									
											Sugar, Sand,
		BJ, 3DP	Powder								Plaster,
											Pharmaceuticals
	Binder Jetting									
		MJ,								
		Polyjet,	Liquid							
		Multijet								
	Material Jetting									
	Directed Energy	DED, LENS, EBAM	Wire, powder							
	Deposition									
		LOM, UAM	Sheet								Paper
	Sheet Lamination									

Table 6 .

 6 Comparative of existing powder flowability measurement techniques.[START_REF] Spierings | Powder flowability characterisation methodology for powder-bed-based metal additive manufacturing[END_REF].

	Powder		
	flowability measurement	Details	Drawbacks
	technique		
	Ring shear cell tester (ASTM	-Industrial standard for measurement of powder flowability, compressive strength, compressibility, consolidation time, internal and wall friction, and	-A compressive load is used during the assessment of powder, which does not suit well with the situation during AM process.
	D6773)	bulk density.	
		-Common and widely used technique because of its	
		simplicity.	
	Hausner ratio		
	HR		
	(ASTM		
	D7481-09)		

Table 8 .

 8 Organometallic precursors of SiC.

		Formula and Si:C	Vector	T (°C)		
	Precursor	ratio	gas	deposit	Application	Reference
				800-	Ceramic	
	SiEt4 (tetraethylsilane)	(C2H5)4Si (1:8)	H2	1100	Composite	[98]
	TMS			950-		
	(Tetramethylsilane)	(CH3)4Si (1:4)	H2	1150	Polycrystal	[99]
		(C2H5)2SiH(CH3)		700-		
	Diethylmethylsilane	(1:5)	NO	1000 Microelectronics	[97]
				900-		
	Methylsilane	CH3SiH3 (1:1)	H2	1100 Microelectronics	[100]
				1240-		
	Bistrimethylsilylmethane	C7H20Si2 (2:7)	H2	1440 Microelectronics	[101]
	1,3 disilanebutane	H3SiCH2SiH2CH3				
	(DSB)	(1:1)	Ar	925 Microelectronics	[102]
	Hexamethylsiloxane	(CH3)3SiOSi(CH3)3 H2/Ar	750	Coating	[103]
	HMDS	(CH3)3SiSi(CH3)3		1100-		
	(hexamethyldisilane)	(2:6)	H2	1250 Microelectronics	[104]
				850-		
	Polysilaethylene (PSE)	[Si-CH2]n (1:1)	Ar	1300	Coating	[105]

Table 10 .

 10 Previous studies of PBSLP of SiC focused on the scanning strategy used. Silicon Carbide powder was used in this study. It was supplied by Mersen

	Ref.	Process*	Feed stock	Laser	Laser	Scanning	Scanning
				type	power	speed	strategy
					(W)	(mm/s)	
	Nelson et al.[125] 1995	ID-PBSLP	SiC powder + PMMA polymer binder	CO2 Laser	6 -16	1270 -2540	Not specified
	Streek et al.[126] D-PBSLP	SiC powder + C powder	Nd:YAG laser	4	Not specified	Not specified
	Hon et al.[127] 2003	D-PBSLP	SiC powder + Duraform Polyamide	CO2 Laser	4 and 8	1000 and 1250	Not specified
	Stevinson et al.[128] 2006	ID-PBSLP	SiC powder + phenolic resin	Not specified	10	1300	Not specified
			SiC powder +				
	Xiong et al. [129] 2013	ID-PBSLP	Nylon 6 (15 wt. %) + NH4H2PO4 (5	CO2 Laser	15	1200	Not specified
			wt. %)				
	Meyers et al.[130] 2018	ID-PBSLP	SiC powder (60 wt. %) + Si (40%)	Fibre laser	12 -21	50 -500	Zigzag strategy
	Jin et al.[131] 2018	ID-PBSLP	SiC powder + epoxy resin content (3 wt. %)	Not specified	Not specified	Not specified	Not specified
	Liu et al. [132] 2018	ID-PBSLP	SiC powder ≥ (97 wt.%) + Si powder + C powder	CO2 Laser	6 -10	1700 -2300	Not specified
	Song et al.[133] 2020	ID-PBSLP	SiC powder + Si powder powder + C	CO2 Laser	18	3500	Not specified
	Montón et al. 2021[134]	D-PBSLP	SiC powder	Fibre Laser	52W to 235 W	300 to 3900 mm/s	Linear scanning strategy
	M. Abdelmoula et al, 2021 [this work]	D-PBSLP	SiC powder	Fibre Laser	45 W	250 mm/s	Scanning strategies were investigated

Table 11 .

 11 Laser powder effect on the sintering pool.

Table 12 .

 12 Geometrical density measurement of SiC parts by PBSLP with different powder compactions.

	Powder compaction	Density (g/cm 3 )
	0%	1.4 ± 0.11
	50%	1.6 ± 0.19
	100%	1.8 ± 0.08

The optimal combination of PBSLP process parameters following as criteria the best reproducibility of intact parts and the highest final relative density of the samples are laser power: 45 W, scanning speed: 250 mm/s, layer thickness: 30 μm, hatching distance: 35 μm, scanning strategy: hexagonal rotated by 90 degrees between layers and compaction:

Table 15 .

 15 IR band assignments.

	Experimental IR (cm -1 )	Assignment
	3100-2800	CH asym/sym stretching
	2150	SiH sym stretching
	1400-1100	CH scissors/wag
	1100-600	SiH wag/twist

Table 19 .

 19 Ratio

between SiC and SiH peaks after the grafting process, 6 months and 1 year.

Time SiH grafting intensity (2150 cm -1 ) SiC intensity (775 cm -1 ) Intensity ratio (10 -3 )

  

	1 hour	0.42	94	4.5
	6 months	0.48	130	3.7
	1 year	0.42	141	2.9

Table 20 .

 20 Summary of the process conditions and main features of PCS and PCS+SiC starting materials sintered by

	SPS					
	Ref.	Year	Powder	PCS	SPS parameters	Relative
			feedstock			density
						of final
						parts
	Bernardo	2014	PCS +	Nipusi® type S,	T: 2050°C	94%
	et al. [84]		Boron (5%	Nippon CarbonCo.,	R: 100°C/min	
			and 10%	Ltd. Mw=1400	P: 16 MPa (T<2050°),	
			wt.)		50 MPa (T=2050°)	
					t : 10 min	
	Lodhe et	2016	PCS after		T: 1600-1800°C	95%
	al. [166]		pyrolysis at		R: 100°C/min	
			1400°C +	-	P: 50 MPa	
			SiC		t : 10 min	
			whiskers			
			(10-20%			
			vol.)			
	Y. Lee et	2018	PCS after	Mw=13600,	T: 1700-1900°C	95%
	al. [167]		pyrolysis at	ToBeM Tech. Co.	R: 100°C/min	
			1000°C		P: 40 MPa (T< 2050°),	
					80 MPa (T=2050°)	
					t : 10 min.	
	This	2021	SiC powder	PSE: Mw ≈ 250	T : 600-2200°C	91-96%
	work		+ w/PSE	Starfire® System	R : 100°C/min	
			and w/o		P : 50 MPa (T=2200°C)	
					t : 1 min	

a ) Temperature (T); Heating Rate (R); Total Pressure (P); Duration in steady state (t).

Table 21 .

 21 Experimental and relative density for SPS-SiC and SPS-smSiC. The relative intensity was determined compared to the theoretical value of alpha-SiC. The temperature and pressure experimental conditions were set constant at 50 MPa and 2200°C with a rate of 100°C/min for all the samples. The steady state temperature was maintained constant for 1 min.

	Sample name	Sintering	Powder	Experimental	Relative density (%)
		Temperature (°C)	feedstock	density (g/cm 3 )	(theo = 3.217 g/cm 3 )
	SPS-SiC-1	2200	SiC	2.921	91%
	SPS-SiC-2	2200	SiC	2.933	91%
	SPS-SiC-3	2200	SiC	2.934	91%
	SPS-SiC-1-2-3*	2200	SiC	2.929 ± 0.007	91%
		2200	SiC + PSE		
	SPS-smSiC-1		(1 wt. %)	3.046	95%
		2200	SiC + PSE		
	SPS-smSiC-2		(1wt. %)	3.097	96%
	SPS-smSiC-3	2200	SiC + PSE	3.005	93%
			(1 wt. %)		
	SPS-smSiC-1-2-3*	2200	SiC + PCS	3.048 ± 0.046	95%
			(1 wt. %)		
	SPS-SiC	1600	SiC	2.472	61%
		1600	SiC + PCS		
	SPS-smSiC		(1 wt. %)	2.780	72%

* Average values of data above.

Table 22 .

 22 Phase composition determined by Reference Intensity Ratio (RIR) analysis of XRD patterns of SiC and smSiCsamples prepared by SPS compared to the powders used.

	Sample	Name	SiC-6H	SiC-15R	SiC-4H	Rwp	Rexp
						(%)	(%)
	SiC powder	As-	93.02% ± 1.30	3.35% ± 0.47 3.63% ± 0.51	14.23	3.05
		received					
	smSiC powder	After	93.24% ± 1.05 2.08% ± 0.56	4.47% ± 0.66 22.54	4.24
		grafting					
	SiC	SPS-SiC-1 70.06% ± 0.78 2.06% ± 0.21 27.88% ± 0.39	6.81	3.38
	(2200°C/1 min)						
	smSiC	SPS-	72.60% ± 0.95 1.68% ± 0.23 25.71% ± 0.38	8.10	3.29
	(2200°C/1 min)	smSiC-2					
	SiC	SPS-SiC	93.89% ± 0.90 3.03% ± 0.18	3.08% ± 0.22	8.29	3.24
	(1600°C/1 min)						
	smSiC	SPS-	94.42% ± 0.85 2.61% ± 0.16	2.97% ± 0.23	7.58	3.31
	(1600°C/1 min)	smSiC					

Table 23 .

 23 Powder Bed Selective Laser Processing parameters used for Silicon Carbide and surface modified Silicon Carbide powders.

	Powder

Table 24 .

 24 Phase composition (wt.%) determined by Rietveld method[START_REF] Hongchao | Quantitative analysis of SiC polytype distributions by the Rietveld method[END_REF] of XRD patterns of SiC powder and SiC 3D part samples prepared by PBSLP.

	Sample	Name	SiC-6H SiC-15R Silicon Carbon	Rwp	Rexp
							(%)	(%)
	SiC	PBSLP-	81.93%	1.95%	15.17%	0.95%	10.01	3.08
		SiC	± 1.60	± 0.01	± 1.56	± 0.20		
	SiC +	PBSLP-	90.15%	1.44%	7.96 %	0.44 %	14.67	3.59
	preceramic	smSiC	± 1.93	± 0.37	± 0.20	± 0.01		
	precursor							

  The scanning strategies' effect on D-PBSLP of SiC was studied experimentally and numerically. Four scanning strategies which are available in the commercial Phoenix 3D printer were considered in this study. These scanning strategies are concentric in-out, hexagonal, linear, and zigzag. The laser power (45 W), scanning speed (250 mm/s), hatching distance (17.5 µm) and layer thickness (22 µm) were kept constant to only investigate the effect of the scanning strategy. The following points are concluded from this study:

Table 25 .

 25 Parameters used and SiC powder features obtained in the spray-drying process.

Table 26 .

 26 Thermo-physical properties of SiC used in the analysis.

	Property	Value	Ref.
	Density, kg/m 3	3210	Mersen
			Boostec®
	Specific heat	-0.0005 T2 +1.2911 T+ 337.13, (T ≤	[134]
	J • kg -1 • K -1	1273.15)	
		0.0201 T + 1285.9, (1273.15 < T <	
		2200)	
		1330, (T > 2200)	
		(T, temperature in K)	
	Thermal conductivity	0.0002 T2 -0.4427 T +295.88, (T ≤	[134]
	(W • m -1 • K -1 )	1273.15)	
	(Temperature, T, in K)	-8E -05 T +5.676, (1273.15 < T <	
		2200)	
		5.5, (T > 2200)	
		(T, temperature in K)	
	Sintering point, °C	< 2525	Mersen
	Emissivity	0.7	Boostec®

Figure 79. Initial and boundary conditions applied in the numerical modelling.

Table 27 .

 27 Model dimensions.

	Parameter	Base plate	Powder layer
	Length (mm)	2.5	2
	Width (mm)	1.5	1
	Thickness (mm) 0.5	0.02, 0.03 and 0.04

Table 28 .

 28 Mesh density analysis.

	Mesh	Mesh element
		size (

µm) Number of cores used in the calculation* Elapsed time to solve one time step (Sec) Temperature

  

	Annex II		
	Powder grafting model hypothesis and oligomer mass calculation
	1.	The SiC particles are monodisperse and spherical. From this point we can
		calculate the surface of a grain, 𝑆 𝑔 = 𝜋𝑑 𝑔 2 , where 𝑑 𝑔 is the average diameter
		of a grain, the volume of a grain, 𝑉 𝑔 =	3 𝜋𝑑 𝑔 6	
				(K)
	A		3.92	2343.7
		5		
	B	48	6.89	2376.37
		2.5		
	C		8.4	2379.4
		2		

de frittage et de fabrication additive des polymères précéramiques au SiC

  Where the SiC mass, 𝑚 𝑆𝑖𝐶 , and the grain diameter, 𝑑 𝑔 , are expressed in grams and centimetres, respectively. frittage ou fusion directe. Cependant, la présence d'un liant dans ces techniques n'est pas nécessairement une condition à considérer pour une méthode indirecte si, par exemple, il fait également partie intégrante du produit final.Cependant, le PBSLP direct est considéré comme impropre à la fabrication de composants en carbure de silicium car la densité élevée des composants céramiques et la température de préchauffage élevée lors de la formation entraînent des contraintes lors du processus de fabrication et peuvent entraîner des fissures[3]. De plus, ce processus est particulièrement compliqué puisque le SiC n'a pas de phase fondue dans des conditions atmosphériques normales mais il se décompose prématurément à des températures supérieures à 2545 °C en Si liquide et en C solide. Pour cette raison, le frittage laser sélectif indirect a été généralement adopté pour former des composants céramiques en carbure de silicium par frittage/fusion de liants polymères dans une poudre composite[4]. 'approche scientifique originale de cette thèse réside dans la production de poudres innovantes de SiC qui permettent une fonctionnalisation directe du PBSLP par la surface des grains. Cette modification de surface, où un précurseur précéramique SiC est greffé sur la surface des grains de poudre de SiC, est une méthode potentielle pour améliorer le comportement au frittage de ce matériau céramique. Le but est de faire croître directement une couche moléculaire ou des nanofilms de polymères sur la surface des particules résultant en une architecture de type coeur-coquille qui n'affecte pas la fluidité de la procédé en 2 étapes par voie humide ont été étudiés et la procédure expérimentale optimisée.De plus, le comportement de frittage de la poudre de SiC et du SiC modifié en surface a été étudié dans le Spar Plasma Sintering, une technique bien établie dans la densification du carbure de silicium, avant l'utilisation de la surface modifiée dans le PBSLP. La fine couche moléculaire d'un précurseur précéramique à la surface des grains de particules de SiC, agit comme un additif de frittage sans produire de contamination par des hétéroatomes car, en plus de l'hydrogène, elle ne contenait que du Si et du C chimiquement liés et dans le même rapport 1:1 que le carbure de silicium. A l'aide du SPS, les échantillons de SiC et le SiC modifié en surface (smSiC) ont été fortement densifiés en utilisant les mêmes conditions SPS. Le Chapitre 4 porte sur : Méthode de modification de surface au carbure de silicium par voie humide et étude de l'effet de cette modification sur l'aptitude au frittage par SPS. Fait intéressant, la densification est De plus, la puissance du laser et la vitesse de balayage devaient être ajustées de sorte que la température de balayage se situe entre les limites de frittage et de décomposition.Deuxièmement, l'effet des stratégies de balayage sur le PBSLP direct du SiC a également été étudié expérimentalement et numériquement. Quatre stratégies de numérisation disponibles dans l'imprimante 3D commerciale utilisée dans ce travail ont été considérées dans cette étude. Ces stratégies de balayage sont Concentric in-out, Hexagonal, Linear et Zigzag. La puissance laser, la vitesse de balayage, la distance entre les trajets adjacents du laser et l'épaisseur de la couche ont été maintenues constantes pour que seul l'effet de la stratégie de balayage soit pris en compte. améliorée par cette technologie émergente. En tant que méthode de fabrication additive, on s'attend à ce que PBSLP fabrique des composants SiC de forme compliquée ces dernières années. Cependant, les pièces en céramique de carbure de silicium préparées par frittage laser sélectif présentent encore quelques défauts fatals, notamment de faibles densités et de mauvaises propriétés mécaniques. À cet égard, le frittage laser sélectif indirect peut être adopté pour former des composants céramiques en carbure de silicium en frittant des liants polymères dans une poudre composite[3][4].Le SiC n'a pas de phase de fusion dans des conditions atmosphériques normales, mais se décompose à des températures supérieures à 2545 °C en Si liquide et en C solide[48]. En conséquence, une fusion laser sélective pure du carbure de silicium ne peut pas être effectuée. Pour résoudre ce problème, différentes solutions ont été adaptées selon que l'on utilise une stratégie SLS directe ou indirecte. silicium fondu dans l'étape finale. Cela a abouti à des pièces en carbure de silicium liées par réaction, très denses avec jusqu'à 84 % en volume de SiC.En termes de PBSLP indirect, les premières recherches ont été menées à l'Université du Texas à Austin en 1993, où le PBSLP indirect de carbure de silicium lié par réaction a d'abord été étudié[START_REF] Nelson | Selective Laser Sintering of Polymer-Coated Silicon Carbide Powders[END_REF]. Depuis, nous pouvons observer différentes combinaisons de poudre et différents liants qui ont été utilisés afin d'augmenter la densité et les propriétés des pièces SiC fabriquées en additif. Outre l'utilisation de liants, une autre solution pour réduire la porosité des pièces finales a été l'utilisation de l'infiltration d'une résine de carbone précurseur (résine phénolique) dans la structure poreuse de la pièce crue, puis carbonisée (pyrolyse d'infiltration de polymère) et enfin infiltrée avec du silicium fondu (frittage réactionnel) pour construire du SiSiC (carbure de silicium lié par réaction) qui a amélioré les propriétés des prototypes Si/SiC de forme complexe [77]. De plus, ces dernières années, différents post-traitements ont été étudiés comme une autre méthode Cette méthode induit un retrait important entre la céramique frittée au laser et la céramique finale post-frittée. De plus, le déliantage doit être effectué avec soin afin d'éviter la formation de fissures dues à un dégazage excessif. En ces termes, la PBSLP indirecte ne peut donc pas être considérée comme une technique de mise en forme du réseau, car des changements dimensionnels se produisent au cours du traitement. D'autre part, les méthodes PBSLP directes n'induisent pas de retrait et prennent généralement moins de temps que les méthodes indirectes. Cependant, le SiC est notoirement difficile à traiter directement en raison de l'absence de phase de fusion dans des circonstances normales. Bien que l'utilisation de poudre de Si permette de fabriquer des pièces à base de carbure de silicium, fabriquer des pièces entièrement denses avec une composition pure SiC reste un défi.

	6 𝑚 𝑆𝑖𝐶 3.21 𝑑 𝑔	,
	and the number of grafted PSE molecules is 𝑁 𝑃𝑆𝐸 = 1.48 • 10 15 𝑚 𝑆𝑖𝐶 𝑑 𝑔 , where this value converted in moles gives the PSE 𝑆 𝑃𝑆𝐸 𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑜𝑛 𝑆𝑖𝐶 𝑆 𝑃𝑆𝐸 = Techniques Les polymères précéramiques sont une classe spéciale de polymères qui peuvent être
	saturation value on the SiC surface, 𝜒 𝑃𝑆𝐸 𝑠𝑎𝑡 = convertis avec un rendement élevé en matériaux céramiques, ou en céramiques dérivées 1.48 •10 15 6.02 •10 23 𝑚 𝑆𝑖𝐶 𝑑 𝑔 = . Finally,
	converting the value into mass, the final expression is obtained: de polymères (PDC), via un traitement à haute température dans des atmosphères inertes
	ou oxydantes [84]. La conversion polymère-céramique se produit avec un dégagement de
	𝒎 𝑷𝑺𝑬 𝒔𝒂𝒕 = 𝜒 𝑃𝑆𝐸 𝑠𝑎𝑡 × 𝑀 𝑃𝑆𝐸 = gaz et un retrait à 400°C-800°C [84]. Les polymères précéramiques les plus fréquemment 1.48 •10 15 6.02 •10 23 𝑚 𝑆𝑖𝐶 𝑑 𝑔 × 222 = 𝟓. 𝟒𝟔 • 𝟏𝟎 𝟏𝟓 𝒎 𝑺𝒊𝑪 𝒅 𝒈 utilisés contiennent des atomes de silicium dans le squelette (par exemple, des
	polysiloxanes, des polysilazanes et des polycarbosilanes), donnant des céramiques SiOC,
	Plasmas Sintering (SPS) a été utilisé comme post-traitement pour densifier davantage les
	la puissance laser, l'épaisseur de la couche, la vitesse de balayage, les stratégies de échantillons fabriqués et les propriétés mécaniques, telles que la dureté Vickers et une silicium dans des pièces complexes en SiC pur où leurs propriétés mécaniques et
	balayage et le compactage de la poudre. Néanmoins, les recherches antérieures dans ce résistance à la flexion à 3 points, ont été mesurées. thermiques peuvent être améliorées et contrôlées via la teneur en Si [72]. De plus, au
	domaine se sont focalisées uniquement sur la modification de la puissance laser et de la cours de cette période, différents auteurs ont développé un micro-frittage laser pour
	vitesse de balayage, négligeant d'autres paramètres. Traitement laser sélectif sur lit de poudre du carbure de silicium fabriquer des céramiques SiC [73] [74] en mélangeant des lits de poudre Si-SiC avec un
	laser à commutation q. Ces techniques ont contribué au développement des travaux de
	Dans un premier temps, une étude a été menée pour étudier la possibilité de fabrication Pour fabriquer certaines pièces complexes en SiC, des procédés industriels réguliers ont recherche actuels. À titre d'exemple, Meyers. et al. [75], [76] ont fritté au laser un mélange
	de SiC par PBSLP direct expérimentalement et numériquement. Les résultats ont montré été développés avec succès depuis les années 90 comme nous l'avons décrit dans les de poudres de carbure de silicium (SiC) et de silicium (Si) où le Si fond et se resolidifie

En tant que solution de la communauté scientifique pour effectuer un PBSLP direct de SiC, généralement, un mélange initial de poudres de carbure de silicium (SiC) et de silicium (Si) est utilisé car le Si fond et se resolidifie pour lier les particules primaires de SiC. Ensuite, ces préformes Si-SiC sont imprégnées d'une résine phénolique, qui est pyrolysée pour donner du carbone poreux et transformé ensuite en SiC formé par réaction secondaire lorsque les préformes ont été infiltrées avec du silicium fondu dans l'étape finale. Il en résulte des pièces en carbure de silicium liées par réaction. Cependant, ce processus pour obtenir des corps denses complets de carbure de silicium lié par réaction (RBSC) sacrifie l'optimisation des propriétés mécaniques par rapport à une pièce en SiC. Lpoudre ce qui impliquerait l'impossibilité d'utiliser cette matière première dans les procédés PBSLP. Ainsi donc, dans ce travail, l'influence de la température, des ultrasons, du poids relatif greffé (%) du précurseur précéramique, la reproductibilité et la durabilité d'un toujours meilleure pour le smSiC que pour l'échantillon de SiC brut. De plus, le greffage en surface de la céramique dérivée d'oligomères n'affecte pas les phases finales. Cette étude nous a permis de déterminer que la modification de surface de la poudre de SiC diminue la température de début de frittage d'environ 180°C et donc une meilleure densification est obtenue. D'autre part, en parallèle avec le processus précédent de modification des poudres, cette recherche s'est également concentrée sur l'investigation de l'optimisation du processus de fabrication au moyen du procédé PBSLP. La fabrication additive spécifique de SiC à l'aide de PBSLP implique l'optimisation de nombreux paramètres de fabrication tels que que le PBSLP direct du SiC est possible avec l'optimisation des paramètres du procédé. L'épaisseur de la couche et la distance de hachure sont les paramètres les plus importants qui devaient être optimisés. Par la suite, suite aux résultats obtenus précédemment, des pièces de forme 3D simple (parallélépipèdes) en carbure de silicium ont été fabriquées au moyen de PBSLP direct en l'absence de post-traitements et de tout ajout d'additifs dans le mélange de poudre initial. L'optimisation individuelle de chaque paramètre, puissance laser, vitesse de balayage, distance entre les trajets adjacents du laser et compactage de la poudre a été effectuée. De plus, la viabilité du procédé a été confirmée avec la fabrication de formes complexes SiC, de structures spécifiques en réseau 3D poreux SiC qui ne peuvent pas être obtenues avec les techniques de fabrication traditionnelles et d'autres objets 3D en tant que démonstrateurs. Enfin, PBSLP a été conduit à fabriquer des pièces en SiC et SiC 3D à surface modifiée afin d'étudier l'efficacité du frittage et de la densification dans le procédé. De plus, Spark sections ci-dessus [70]. Cependant, pour certaines applications spécifiques, en raison des énormes avantages de la fabrication de céramiques avec des structures complexes, la fabrication additive (AM) a été largement étudiée car la conception des composants pourrait être La première recherche pour obtenir un PBSLP direct de SiC a eu lieu en 1993 en balayant de la poudre de silicium dans une chambre d'acétylène (C2H2) où le carbure de silicium pouvait être formé par la réaction de Si avec le carbone dans l'atmosphère. Cependant des pièces céramiques très poreuses à haute teneur en SiC ont été obtenues [71]. Pour augmenter la densité par traitement direct PBSLP de la partie SiC finale, Hon et al. en 2003, des composites SiC/polyamide ont été fabriqués en mélangeant 50 % en volume de polyamide avec 50 % en poids de SiC pour un traitement SLS direct. Après le processus PBSLP, le polymère fait également partie intégrante du produit final plutôt que d'être éliminé dans les processus en aval. Néanmoins, les pièces finales avaient de mauvaises propriétés mécaniques [50]. En ces termes, Löschau et al. ont utilisé l'infiltration de pour lier les particules primaires de SiC. Ensuite, ces préformes Si-SiC ont été imprégnées d'une résine phénolique, qui a été pyrolysée pour donner du carbone poreux et transformée en SiC formé par réaction secondaire lorsque les préformes ont été infiltrées avec du pour réduire la porosité des pièces fabriquées avec des additifs. La combinaison du pressage isostatique à froid (CIP), en tant que post-traitement, après le processus PBSLP avec la combinaison de la pyrolyse par infiltration de polymère (PIP) et du frittage par réaction (RS) dans cet ordre strict, a construit des pièces 3D à base de SiC qui se caractérise par une meilleure résistance à la flexion à température ambiante dans la littérature, ce qui augmente la valeur maximale de la résistance à la flexion de 55 % [78] et de 94 % de la densité relative [3]. Pour résumer, d'une part, les approches indirectes basées sur le PBSLP nécessitent une quantité élevée de liant polymère et donnent des céramiques avec une quantité substantielle de porosité. SiCN ou SiC après pyrolyse. Cependant, des polymères contenant de l'aluminium et du bore sont également possibles. De plus, les polymères précéramiques peuvent être

Contexte, objectifs et aperçu des résultatsLe carbure de silicium (SiC) est une céramique industrielle largement utilisée en raison de ses excellentes propriétés telles que sa rigidité mécanique élevée, sa faible densité, sa conductivité thermique élevée, son faible coefficient de dilatation et sa haute résistance à la corrosion, ce qui le rend utile pour une large gamme d'applications dans les domaines de l'aérospatial, de l'automobile, de la mécanique, de l'armée, de la chimie, de l'électronique, de l'optique et de l'énergie nucléaire[1]. Le processus industriel régulier, pour fabriquer ces pièces larges et complexes, a été développé avec succès depuis les années 90. Cependant, pour certaines applications spécifiques, la conception des composants pourrait être améliorée par la fabrication additive.En tant que méthode de fabrication additive, le traitement laser sélectif en lit de poudre [2], également appelé frittage/fusion sélective au laser (SLS/SLM), devrait fabriquer des composants de forme compliquée ces dernières années. Cette technique est une méthode basée sur la fusion sur lit de poudre (ASTM ISO 59000), qui présente des similitudes avec d'autres méthodes comme le jet de liant, par exemple. En général, le traitement laser sélectif de la céramique sur lit de poudre est classé en direct et indirect. Le PBSLP direct est la méthode par laquelle la poudre céramique est chauffée par un faisceau laser pour « lier » les particules à la suite d'un frittage ou d'une fusion à l'état solide et, en revanche, le PBSLP indirect est la méthode par laquelle l'irradiation laser fait fondre un liant polymère organique sacrificiel ajouté à la poudre de céramique, ce qui entraîne la liaison des particules de céramique. La principale différence entre les deux techniques est le processus de déliantage qui n'est présent que dans la méthode indirecte. En conséquence, le PBSLP indirect implique la fusion d'une phase de liant organique sacrificiel (généralement) pour produire des pièces crues. Les pièces crues sont ensuite déliantées et frittées pour produire des pièces en céramique. En revanche, le PBSLP direct n'implique pas de phase liante sacrificielle et les pièces céramiques sont réalisées par

de HCl dans sous-produit de décomposition. Des précautions doivent donc être prises visà-vis de l'utilisation de produits corrosifs[START_REF] Lim | Deposition of epitaxial silicon carbide films using high vacuum MOCVD method for MEMS applications[END_REF]. De plus, du fait des contraintes environnementales, il est préférable de travailler avec des précurseurs non halogénés.Dans le tableau 8 suivant, il est présenté en détail, une liste de précurseurs organométalliques de SiC et leur condition d'utilisation. Suite à cette synthèse de précurseurs existants, les candidats les plus appropriés pour notre travail particulier seraient deux composés organométalliques : le disilabutane (DSB) et le polysilyléthylène (PSE). Ils pourraient être de bons candidats pour notre expérience, pour la fonctionnalisation de surface de la poudre de carbure de silicium, car ils ont un rapport Si:C de 1: 1, et pourraient être utilisés comme liant pour améliorer le processus d'impression 3D, et en même temps, se convertir en carbure de silicium stoechiométrique sans introduire d'impuretés dans les pièces fabriquées par PBSLP.Plan de recherche et méthodologie et objectifsEn règle générale, les SiC direct-PBSLP sont effectués avec un mélange initial de poudres de carbure de silicium (SiC) et de silicium (Si) où le Si fond et se resolidifie pour lier les particules de SiC primaires. Cette solution a été adoptée, comme nous l'avons expliqué dans le paragraphe 1.3.3, Traitement laser sélectif sur lit de poudre du carbure de silicium, car le SiC n'a pas de phase de fusion dans des circonstances atmosphériques normales, mais se décompose à des températures supérieures à 2545 °C en Si liquide et solide. C

relative et 5 % et 1 % de Si et de C élémentaire, ce qui correspond à une certaine décomposition au cours du processus en raison des pics élevés générés intrinsèquement par la stratégie de balayage. Cependant, nous sommes limités par le logiciel de l'imprimante 3D, et il n'est pas possible de le modifier. Le développement d'une nouvelle stratégie de numérisation pourrait résoudre ces pics de chaleur et empêcher la dégradation du matériau. En conséquence, cette partie prouve la viabilité du d-PBSLP comme technique de mise en forme pour la fabrication de pièces SiC 3D. De plus, la viabilité du procédé a été confirmée avec la fabrication de formes complexes SiC, de structures spécifiques en treillis SiC qui ne peuvent être obtenues avec les techniques de fabrication traditionnelles.Méthode de modification de surface du carbure de silicium par voie humide et étude de l'effet de cette modification sur l'aptitude au frittage par SPS Récemment, de nombreux chercheurs ont accordé une attention particulière à l'amélioration des propriétés des particules de SiC dans une solution liquide en modifiant leurs surfaces avec différents polymères[START_REF] Spierings | Powder flowability characterisation methodology for powder-bed-based metal additive manufacturing[END_REF] -[START_REF] Yakimova | Surface functionalization and biomedical applications based on SiC[END_REF]. Les polymères précéramiques spécifiques sont une classe spéciale de polymères qui peuvent être convertis avec un rendement élevé en matériaux céramiques, ou en céramiques dérivées de polymères (PDC), via un traitement à haute température dans des atmosphères inertes ou oxydantes.La conversion du polymère en céramique se produit avec un dégagement de gaz et un retrait à 400 ° C -800 ° C[START_REF] Colombo | Additive manufacturing techniques for fabricating complex ceramic components from preceramic polymers[END_REF]. Cependant, de nombreux facteurs tels que la composition chimique de la particule, la taille des particules, la concentration des particules et la quantité d'additif doivent être soigneusement pris en compte pour obtenir une suspension stabilisée et une modification optimisée de la surface de la poudre. De plus, pour tirer parti de la technique de modification de surface, il est important que la quantité de précurseur précéramique adsorbée, car le but est de modifier le comportement de la charge de surface sans augmenter la surface spécifique ou modifier trop la morphologie de la poudre. Des surfaces spécifiques très élevées poseront des problèmes lors des étapes de formage, en particulier lorsque des composants de forme complexe avec des densités à cru élevées et uniformes doivent être produits[START_REF] Iijima | Surface Modification of Silicon Carbide Nanoparticles by Azo Radical Initiators[END_REF].En termes de méthodes de modification de la surface du carbure de silicium, deux méthodes principales de modification peuvent être distinguées. La première consiste à
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Annex I Transferred heat laser-powder user defined code (CFD) model by

Mohamed Abdelmoula

The used defined code (CFD), developed by Mohamed Abdelmoula, Gazi University, Turkey, describes the process parameters such as laser power, scanning speed, scanning strategies, layer thickness and hatching [START_REF] Montón | Experimental and numerical study for direct powder bed selective laser processing (sintering/melting) of silicon carbide ceramic[END_REF].

The heat transfer from the laser source to the powder bed can be described by the energy equation (Eq. ( 1)) according to [START_REF] Moser | Multi-Layer Computational Modeling of Selective Laser Sintering Processes[END_REF] .

Where 𝜌, 𝐶 𝑝 , 𝑇, k, t, and 𝑆 ℎ is the density, specific heat, temperature, thermal conductivity, time, and the laser heat source respectively.

A User-Defined Function (UDF) that describes the laser heat source 𝑆ℎ according to [START_REF] Moser | Multi-Layer Computational Modeling of Selective Laser Sintering Processes[END_REF] (Eq.( 2), (3), and (4)) was developed, compiled, and solved using ANSYS FLUENT 2020R2. The material properties as function of temperature were chosen according to the powder data sheet provided by Mersen Boostec® and [START_REF] Montón | Experimental and numerical study for direct powder bed selective laser processing (sintering/melting) of silicon carbide ceramic[END_REF] (Table 26).

𝐼 𝑜 = 2𝑃 𝜋 𝜔 2 (3)

Where A, 𝛼, 𝜔, 𝐼 𝑜 ,𝐷 𝑏 , 𝑣 and 𝑡 are the powder absorptivity, absorption coefficient, laser characteristic radius, laser intensity, laser beam diameter, scanning speed and time respectively. The laser intensity was calculated based on laser characteristic radius as
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Abstract: Silicon carbide (SiC) is a widely used industrial ceramic because of its excellent properties which makes it useful for a wide range of applications. For some specific applications, the component design could be improved by additive manufacturing. As one of additive manufacturing methods, Powder Bed Selective Laser Processing, also called Selective Laser Sintering/Melting (SLS/SLM), has been expected to fabricate complicated shape components in recent years. The original scientific approach of this PhD thesis resides in the production of innovative SiC powders that enable direct PBSLP by grain surface functionalization. This surface modification, where a SiC preceramic precursor is grafted onto the grain surface of SiC powder, is a potential method to improve the sintering behaviour of this ceramic material. Moreover, the sintering behaviour of both SiC powder and surface modified SiC was studied in spark plasma sintering prior the use of the modified surface in PBSLP. On the other hand, regarding the PBSLP process, firstly, a study was carried out to investigate the manufacturing possibility of SiC by direct PBSLP experimentally and numerically. Finally, following the results obtained previously, silicon carbide parts were manufactured by means of direct PBSLP in absence of post-treatments and any addition of additives in the initial powder mixture. Moreover, the process viability can be confirmed with the manufacturing of siC complex shapes, specific, SiC lattice structures which cannot be obtained with traditional manufacturing techniques.

Résumé: Le carbure de silicium (SiC) est une céramique industrielle largement utilisée en raison de ses excellentes propriétés qui le rendent utile pour une large gamme d'applications. Pour certaines applications spécifiques, la conception des composants pourrait être améliorée par la fabrication additive. En tant que méthode de fabrication additive, le traitement laser sélectif sur lit de poudre, également appelé frittage/fusion sélective au laser (SLS/SLM), devrait permettre de fabriquer des composants de forme compliquée ces dernières années. L'approche scientifique originale de cette thèse réside dans la production de poudres innovantes de SiC qui permettent une fonctionnalisation directe du PBSLP par la surface des grains. Cette modification de surface, où un précurseur précéramique SiC est greffé sur la surface des grains de poudre de SiC, est une méthode potentielle pour améliorer le comportement au frittage de ce matériau céramique. De plus, le comportement de frittage de la poudre de SiC et du SiC modifié en surface a été étudié dans le frittage par plasma d'étincelle avant l'utilisation de la surface modifiée dans le PBSLP. D'autre part, concernant le procédé PBSLP, dans un premier temps, une étude a été menée pour étudier la possibilité de fabrication de SiC par PBSLP direct expérimentalement et numériquement. Enfin, suite aux résultats obtenus précédemment, des pièces en carbure de silicium ont été fabriquées par PBSLP direct en l'absence de post-traitements et de tout ajout d'additifs dans le mélange de poudre initial. De plus, la viabilité du procédé peut être confirmée avec la fabrication de formes complexes SiC, de structures spécifiques en treillis SiC qui ne peuvent être obtenues avec les techniques de fabrication traditionnelles.