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General introduction

License CC BY-NC-ND 4.0 Non-oxide ceramics are considered potential candidates for high-temperature applications, due to their good refractoriness and thermomechanical properties. Among nonoxide ceramics, silicon carbide is of particular interest in this project. One way of obtaining SiC is via the polymer derived ceramics (PDCs) route. Through the PDCs strategy, several preceramic precursors containing silicon element were initially studied. In this study, as our interest is in developing silicon carbide, from a polymer having elements such as Si, C and H, polycarbosilanes (PCSs) are the appropriate choice. The structures of these polymers influence the chemical composition, ceramic yield, oxidation resistance and the mechanical properties of the resulting ceramic. A perfect knowledge of the synthesised polymers is the best way to understand and to predict their shaping and thermal behaviour. This involves the use of controlled polymerisation reactions, to generate well-defined microstructures of the materials during the ceramisation of the precursor. In addition, the PDCs route can be combined with numerous shaping processes such as casting, fibre drawing or aerosolspraying. However, the link between the rheology of preceramic polymers and the shaping processes is not well documented in the literature. Therefore, the objective of this thesis is to study the evolution of viscosity during the polymerisation of preceramic precursors and to correlate it to shaping processes. However, the viscosity depends on the developing macromolecular structure during the polymerisation reaction. Hence, it is essential to carry out both structural and rheological monitoring of the polymerisation process.

To achieve this goal, the development of a unique platform dedicated to the monitoring of carbosilane polymerisation has therefore been carried out. The newly designed platform can be divided into two parts. The first one includes a rheometer coupled with a Fourier transform infrared spectrometer (FTIR) and a Raman spectrophotometer (Rheo-Raman-FTIR setup). The second part is made of a Size-Exclusion Chromatography with a Multi-Angle Light Scattering (SEC-MALS). The link between these two parts is made by the conversion rate of the preceramic polymer obtained in each case by vibrational spectroscopy (Raman/IR).

The challenge is to adapt, for each part of the platform, the collection of vibrational information to the dedicated assembly. The Rheo-Raman-FTIR setup consists of an attenuated total reflectance (ATR) and a Raman spectrometer, coupled on a rheometer. This setup will combine both the rheological properties and the conversion rate obtained by vibrational spectroscopies as a function of the polymerisation time. As mentioned above, knowledge of the macromolecular structure in real time would be an important asset in understanding the rheology of these systems. During the polymerisation reaction, sampling in round bottom flask (RBF) will be carry out followed by an analysis of the samples with the help of the SEC-MALS. The SEC-MALS will provide real-time information about the structure License CC BY-NC-ND 4.0 of the macromolecules in terms of average molar mass, molar-mass dispersity or conformation of the polymer. A Raman spectrometer associated to an immersion probe will then monitor the polymerisation reaction in RBF, the conversion rate will be determined. The monitoring performed by the Raman spectroscopy can, thus, synchronise the kinetics of the reactions in RBF to that on the rheometer. The establishment of this unique platform therefore constitutes an important step in the understanding the rheology of preceramic polymers.

The first chapter of this manuscript will be devoted to the bibliographical study of SiC systems, focusing firstly on their intrinsic physico-chemical properties and the different routes to synthesise SiC carbide. Moreover, the different steps to obtain a ceramic material via the PDCs route are presented. The existing studies on the rheology of preceramic polymers will be reviewed, with a particular focus on two shaping processes i.e. fibre drawing and direct ink writing (DIW). In addition, the relationship between changes in molecular structure and rheology will be highlighted with an emphasis on existing coupling setups such as Rheo-Raman and Rheo-FTIR. Finally, the development of the new platform will be presented with the risks associated with the real-time monitoring of preceramic precursors.

The second chapter will present the various physico-chemical characterisation techniques used, as well as the polymerisation protocol for the synthesis of a hyperbranched polycarbosilanes. Vibrational characterisation of reagents will be detailed. Moreover, post processing of Raman and FTIR spectra will be explained and a theoretical approach via the theory of the functional density will point out the specificities of the vibrational responses of the molecules studied.

The third chapter will highlight the relationship between kinetics of polymerisation and rheological behaviour of preceramic polymer. The characterisation of the synthesised polycarbosilanes will be performed via 1 H, 13 C and 29 Si NMR spectroscopies, TGA, SEM and XRD. The optimisation of the Rheo-Raman-FTIR setup in terms of gap distance, intensity of the Raman signal, impact of catalyst concentration, homogeneity of the reaction medium across the geometry will be presented. Ultimately, after optimising the Rheo-Raman-FTIR setup, the results obtained from monitoring the polymerisation reaction in real time will be discussed.

The fourth and last chapter will highlight how the structure of the macromolecules affect the rheological behaviour of preceramic polymer. The optimisation of the sampling process in RBF will be carried out and the collected samples will be analysed via the SEC-MALS in terms of average molar mass, molar-mass dispersity, and conformation of the polymer structure. Finally, the relationship between monomer conversion, average molar mass of the collected sample and the viscosity of the medium will be illustrated.

Chapter 1.

Bibliographic study

Introduction

The challenges lying ahead in the structural material area consist in the development of materials operating in severe environments, such as at high temperatures (T > 1400 °C), heavy loads, and high corrosion or under oxidising atmospheres. The targeted application sectors are nuclear, aeronautic propulsion, or the steel industry [START_REF] Piriou | Rheological and thermal behaviours of a hyperbranched polycarbosilane[END_REF]. In these different application areas, the issues are: to enhance the performance and the lightness of structural materials, to reduce the fabrication cycles by decreasing the assemblage operations, to improve the lifetime, the performance, and the consumption of these systems [START_REF] Salem | Transparent Armor Ceramics as Spacecraft Windows[END_REF] properties of polycarbosilanes and more generally on the polymer-derived ceramics (PDCs) [START_REF] Yajima | Synthesis of Continuous Sic Fibers with High Tensile Strength[END_REF]. Before describing the PDCs route, the focus will be on the structures, properties, and synthesis of SiC.

Structures and properties of SiC

For the last ten years, SiC has gained significant importance for high power, hightemperature electronic devices as well as abrasion and cutting applications, due to its distinct properties [START_REF] Saddow | Advances in silicon carbide processing and applications[END_REF]. SiC is accessible in amorphous, single-crystalline, or polycrystalline structures [START_REF] Abderrazak | Silicon carbide: synthesis and properties[END_REF]. The relationship between Si atoms and C atoms in SiC crystal structure is such that each Si atom is tetrahedrally bonded to four carbon atoms or vice versa as shown in Figure 1.1a [START_REF] Rashid | Nanoscale and microscale simulations of nn junction heterostructures of 3c-4h silicon carbide[END_REF]. The distance between the carbon and silicon atom is 189 pm while between the carbon atoms is 308 pm.

License CC BY-NC-ND 4.0 Furthermore, it is a promising ceramic for substituting conventional metals and ionic-bonded oxide ceramics such as aluminum. Moreover, SiC is useful in many industrial fields for its mechanical properties as well as its ability to withstand abrasion [START_REF] Morkoc | Large-band-gap SiC, III-V nitride, and II-VI ZnSe-based semiconductor device technologies[END_REF]. At room temperature, it reacts poorly with any known material demonstrating that it is chemically inert.

It is practically unachievable to diffuse anything into SiC, even dopants need to be grafted or grown into the material [START_REF] Fantozzi | Les céramiques industrielles: Propriétés, mise en forme et applications[END_REF]. Finally, SiC has outstanding chemical and thermal stability which enables it to operate at high temperatures in hostile environments such as corrosive atmospheres, thanks to its physicochemical properties [START_REF] Hinoki | Silicon Carbide and Silicon Carbide Composites for Fusion Reactor Application[END_REF]. The oxidation resistance of SiC has been reported extensively in literature review

[BA92] [BA96] [BR18] [GU72] [HA13] [HE90] [HI76] [JA13] [VA90]
. Oxidation of silicon carbide obeys indeed two different mechanisms namely passive and active oxidation. These mechanisms depend on both the oxygen partial pressure and temperature. According to equation 1.1, the passive oxidation that occurs generally at low temperature and high oxygen partial pressure forms a silica protective layer under these conditions that acts as a diffusion barrier against gaseous oxidant species and limits the kinetics of SiC oxidation [START_REF] Jacobson | Oxidation transitions for SiC Part I. Active-to-passive transitions[END_REF].

( ) ( ) ( ) ( )

Eq. (1.1)
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In contrast, active oxidation, which takes place at high temperatures and low oxygen partial pressures, results in the formation of volatile oxides such as SiO(g) and CO(g) (equation 1.2). Consequently, no protective silica layer is developed [START_REF] Jacobson | Oxidation transitions for SiC Part I. Active-to-passive transitions[END_REF]. A significant mass loss of SiC is noted according to the reaction:

( ) ( ) ( ) ( ) Eq. (1.2)
High hardness and strength, chemical and thermal stability, oxidation resistance are among some notable properties of SiC. However, these properties are influenced by the synthesis process selected. Indeed, the properties of SiC will vary according to various synthesis methods of SiC. Therefore, a processing method that allows us to have control over the final properties of the SiC will be favoured.

Synthesis of SiC

Since Acheson reported the production process of SiC in 1893, numerous works have since been published on the synthesis of SiC [START_REF] Acheson | Carborundum: Its history, manufacture and uses[END_REF]. Different synthesis routes of SiC will be presented starting with the traditional Acheson process, which paved the way for the commercialisation of SiC. An overview of the most common methods of elaboration of SiC will be focused on such as chemical vapour deposit, sol-gel, or even polymer-derived ceramics (PDCs). These miscellaneous synthesis approaches proposed in the literature review can be classified into solid, gas, or liquid routes.

Solid route

Jöns Jacob Berzelius is mostly known for his discovery of silicon. In 1824, he published a paper where he figured out that there was a chemical bond between silicon atom Si and carbon C in one of the samples he had produced [START_REF] Berzelius | Untersuchungen über die Flussspathsäure und deren merkwürdigsten Verbindungen[END_REF]. Years later, in 1893, E.G. Acheson came up with SiC during an experiment on the synthesis of diamond. He named the new substance carborundum since he thought it was a compound of the carbon used in the experiment [START_REF] Acheson | Carborundum: Its history, manufacture and uses[END_REF]. The Acheson process developed the mass production of silicon carbide [START_REF] Guichelaar | Acheson process[END_REF]. The chemical reaction for manufacturing SiC was carried out at high temperatures (above 2500 °C) between silica (SiO 2 ) and carbon and the overall reaction is written as:

( ) ( ) ( ) ( ) Eq. (1.3)
The carbothermal reduction of SiO 2 with carbon in an inert atmosphere at a given temperature is one of the most common methods in the industrial synthesis of carbides as it is simple to implement. However, the reaction time is normally too long, around 10-20 h, and the reduction reaction does not favour homogeneity due to diffusion gradients. Another 

Liquid route

The last route to be considered to synthesise silicon carbide is the liquid route which can be categorised into two types: a) sol-gel method and b) the polymer-derived ceramics (PDCs) route. The PDCs route can undergo numerous shaping processes, unlike the solid route. Compared to the sol-gel, the PDCs route have the advantage of not having drying difficulties which could prevent the production of bulk components. Moreover, they require less processing time (the long processing time for drying and gelation are bypassed), flammable solvents are not needed, they can be processed in a molten state and their solutions are stable in time. In addition, like the PDCs route, the sol-gel method is able to manufacture fibres, coatings, and aerogels by using liquid forming machinery.

Sol-gel route

In the 1970s and early 1980s, the sol-gel technique received considerable attention, as researchers aspired to explore new, low-temperature methods for producing common ceramics. The sol-gel approach helped to bypass the difficulties encountered in traditional processing techniques such as volatilisation, high temperature (above 2500 °C), or crystallisation. Hydrolysis and polycondensation are the two steps involved in the sol-gel process. The first step consists in mixing inorganic metal salts or metal alkoxide compounds with a mutual solvent (most often alcoholic) followed by low-temperature hydrolysis and 

The polymer derived ceramic (PDC) route

The fabrication of non-oxide ceramics from molecular precursors was mentioned in the Polycarbosilanes (PCS) are polymers of interest in this study as we focus on developing silicon carbide, which can be obtained from a polymer having elements such as Si, C, and H. PCS has been described as an organosilicon polymer whose backbone consisted of silicon-carbon bonds [START_REF] Interrante | Polycarbosilanes», Silicon-Containing Polymers: The Science and Technology of Their Synthesis and Applications[END_REF]. It has a significant technological importance attributed to its high thermal, chemical, and oxidative environment. Therefore, it is not difficult to predict a large variety of applications that could be suited for these polymers in areas such Si 

X R 2 R 1 n Si H 2 C R 1 R 2 n Si C H C H R 1 R 2 n Si N C R 1 R 2 n N Si H N R 1 R 2 n Si O R 1 R 2 n Si O R 1 R 2 n H 2 C Si R 3 R 4 Si H N R 1 R 2 n C l Cl Cl Si O R 1 R 2 n H 2 C Si R 3 R 4 K u m a d a

Polysilylcarbo -diimide Polysilazane

License CC BY-NC-ND 4.0 as (1) nanotechnology, (2) new ceramic materials organic-inorganic hybrids, (3) surface science, or even catalysis [START_REF] Mangala | Palladium(II) supported on polycarbosilane: Application as reusable catalyst for Heck reaction[END_REF]. Moreover, being well known as ceramic material precursors, polycarbosilanes have been used in the production of silicon carbide, monoliths, fibres, composites, or refractory materials [START_REF] Gupta | Rheological Behavior of Polycarbosilane Part II: Effect of Heterometal (Al) Content and Nature of Bonding with Si of Polycarbosilane[END_REF]. To synthesise polycarbosilanes, it is possible, to begin with suitable monomers such as carbosilanes. After polymerisation, the polycarbosilanes obtained can under heat treatment, generate an amorphous ceramic that, for temperatures above 1000 °C leads to a crystalline ceramic. Greil During the heat treatments, the polymer undergoes structural rearrangements accompanied by mass losses and the ceramic yield obtained can be calculated as follows:

Eq. (1.4) Ceramic yield can be defined as the mass of ceramic expressed as a percentage of the mass of the ceramic precursor used in the crystallisation process. The attributes of the preceramic polymer strongly impact its ceramic yield, which must be as high as possible in order to limit, the quantity of the material used in the fabrication of ceramics. As mentioned before, the physical and chemical properties of PDCs can be altered significantly by modifying the polymer precursors [START_REF] Miller | Polysilane high polymers[END_REF]. Therefore, the synthesis of polycarbosilanes is a crucial step in obtaining PDCs and their composites.
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Synthesis of polycarbosilanes via different reaction routes

PCSs of the general structure In the search for high yield ceramics, linear polycarbosilanes are usually disregarded as upon heat treatment above 1000 °C, there is a significant loss of Si and C, which often results in a low ceramic yield. This is normally due to polycarbosilanes consisting of inert groups such as methyl as the substituents on Si or simply as a consequence of low molecular weight polymers. Wu and Interrante reported a new route to generate linear polymer, which would provide a higher molecular weight polycarbosilane with improved physical properties and ceramic yields [START_REF] Wu | Preparation of a polymeric precursor to silicon carbide via ringopening polymerization: synthesis of poly[(methylchlorosilylene)methylene] and poly(silapropylene)[END_REF]. To achieve this amelioration, the polycarbosilane polymer utilised in the pyrolysis is a polysilaethylene obtained by polymerising 1,3-disilacyclobutane with a ring opening polymerisation using Pt-group metal complexes such as chloroplatinic acid as catalyst (Figure 1.8). By beginning with an inexpensive, commercially available compound, methyltrichorosilane, (Cl 3 Si-CH 3 ) the authors established a revised multistep poly(silaethylene) synthesis. Chloromethyltrichlorosilane Cl 3 Si-CH 2 Cl was produced via halogenation using chlorine in the presence of ultraviolet light.

(-R 1 R 2 Si-CR 3 R 4 -] n -(R 1 , R 2 , R 3 ,
Nevertheless, it could not be directly altered into 1,1,3,3-tetrachloro-1,3-disilacyclobutane.

Hence before the reduction coupling, two of the silicon-bonded chlorine atoms were replaced by ethoxy (R = OEt) achieved by an alcoholysis reaction. The ethoxy groups in 1,1,3,3tetraethoxy-1, 3-disilacyclobutane were subsequently substituted with chlorine atoms by a treatment with acetyl chloride together with FeCl 3 . Pt-catalysed ring opening polymerisation occurred prior to the reduction with LiAlH 4 [START_REF] Smith | Process for the production of silicon carbide by the pyrolysis of a polycarbosilane polymer[END_REF] [SO13] [START_REF] Wu | Preparation of poly (dichlorosilaethylene) and poly (silaethylene) via ring-opening polymerization[END_REF]. Consequently, by starting with 1,3-disilacyclobutane as a monomer, ROP generated a linear polymer with 85 % ceramic yield [START_REF] Wu | Preparation of a polymeric precursor to silicon carbide via ringopening polymerization: synthesis of poly [(methylchlorosilylene) methylene] and poly (silapropylene)[END_REF].

License CC BY-NC-ND 4.0 The advantages of this route are: i) the synthesis from adapted monomers instead of using commercially available polymer, thus controlling the composition of the material from the start. ii) the reaction can take place in one step. iii) the reaction is usually rapid since no need for purification step. To have an insight during the polymerisation, suitable characterisation techniques need to be selected. This will help to better control the polymerisation reaction to obtain a final ceramic product with desired properties. The synthesis of polycarbosilanes forms part of the first step in the different stages of PDC route.

The other stages of the PDC route are as essential as the chemical synthesis of polymer from molecular precursors. Therefore, the description of the different stages of the PDC route is thereafter reported with a particular emphasis on shaping/crosslinking, pyrolysis, and crystallisation.

Different stages of PDC route

The structures of generated ceramics obtained after thermal decomposition are greatly influenced by the chemistry and architecture of the precursors, the synthesis route, and conditions (inert or reactive atmosphere, heating rate, imposed time) under which heat treatment took place. During the polymer to ceramic transformation, the preceramic polymer experiences several processes as a function of temperature. After the synthesis of the License CC BY-NC-ND 4.0 polymeric precursors, the polymer can be crosslinked/shaped into a desired green body.

Under heat treatment, an amorphous ceramic will be generated that, for temperatures above 1000 °C leads to a crystalline ceramic. Figure 1.11 illustrates the general four steps processes in the fabrication of ceramics from polymeric precursors. An overview on each step will be discussed. 

Chemical synthesis of polymers from molecular precursors

The first step is the chemical synthesis of the polymer from molecular precursors. It consists of the polymerisation (thermal or chemical) of the starting monomer [START_REF] Colombo | Polymer-Derived Ceramics: 40 Years of Research and Innovation in Advanced Ceramics[END_REF]. With the growing interest in materials of complex composition made of three or even four elements, this step allows for the chemical incorporation of metalloids/metals in the monomeric precursor [START_REF] Liu | Synthesis, characterization, and ceramization of a SiC-ZrC-C preceramic polymer precursor[END_REF]. In addition, this makes it possible to play on many physicochemical properties of the precursor (such as its viscosity, fusibility, solubility, glass transition temperature, or its physical state) in order to adjust it to the targeted shaping process, to improve its ceramic performance, as well as ensuring that its shaping is

maintained during ceramic processing [CH92] [ME13] [MI07] [WA04] [WE00] [WE98] [ZI99].

Crosslinking

A particular characteristic of processing parts utilising preceramic polymers is that after shaping, the components need to be altered into a thermoset material capable of maintaining its shape during ceramisation. The integration of suitable functional groups facilitates the formation of a thermoset material via condensation or addition that happen spontaneously, ordinary below 200 °C for thermal crosslinking. The utilisation of catalysts can reduce the crosslinking temperature as well as preventing the evaporation of oligomers with formation of bubbles and increase the ceramic yield [START_REF] Harshe | Amorphous Si (Al) OC ceramic from polysiloxanes: bulk ceramic processing, crystallization behavior and applications[END_REF], [START_REF] Ismail | Fabrication and characterisation of SERS substrates through photo-deposition of Gold Nanoparticles[END_REF]. The addition of a catalyst often enables for the crosslinking reactions to occur during shaping and not after the pyrolysis treatment.

Curing can also be accomplished after shaping as well by oxidative treatments.

However, a decrease of its high temperature stability is noted due to a considerable oxygen 

Shaping

Preceramic polymers are still polymeric in nature at the temperature at which shaping processes are performed. Consequently, they are subjected to numerous shaping processes, with some having distinct approaches or can be operated with more ease than in the case of ceramic powders. Various shaping techniques are being used in processing of PDCs such as deposition or impregnation, tape casting, additive manufacturing or pressing (Figure 1.12) [DU07] [START_REF] Colombo | Polymer-Derived Ceramics: 40 Years of Research and Innovation in Advanced Ceramics[END_REF]. Warm pressing, fibre drawing, extrusion and injection moulding are plastic forming technologies that can be employed to shape preceramic polymers due to the flexibility that the PDC route provides. For any shaping methods implemented, understanding the rheology of the system is essential to shape the material in any desired forms.

Figure 1.12. Different shaping processes [START_REF] Colombo | Polymer-Derived Ceramics: 40 Years of Research and Innovation in Advanced Ceramics[END_REF].
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Pyrolysis

The third stage essentially concerns the physical and chemical transformation of the polymer network into an amorphous ceramic. This conversion is carried out by heat treatment of around 1000 °C, of which the experimental conditions (e.g., temperature ramps, nature of the atmosphere gas in the chamber, etc.) directly influence the ceramic conversion efficiency and the composition of the latter. For example, the use of ammonia can significantly reduce its carbon content and develop nitrides. During this conversion between 10 % and 50 % of the initial mass of the polymer is expelled in various gaseous forms while the density of the material increases [START_REF] Riedel | Chemical formation of ceramics[END_REF]. These gases are produced by the reactions that take place during heat treatments between the organic groups contained in the polymer or by decomposition of the latter into small fragments or even oligomers, at the start of the conversion. Regarding its microstructure, the material is an amorphous solid exhibiting a homogeneous distribution of its different elements [START_REF] Trassl | Characterization of the Free-Carbon Phase in Si-C-N Ceramics: Part II, Comparison of Different Polysilazane Precursors[END_REF].

Crystallisation

The final stage is the crystallisation of the amorphous ceramics through a second heat treatment above 1000 °C and under a controlled atmosphere. The crystalline phases for polycarbosilanes are often β-SiC and C Graphite since crystallisation occurs between 1100 and 1500 °C. This crystallisation is obtained by the segregation of the different phases contained in the ceramic (redistribution of chemical bonds) with increasing temperature [START_REF] Müller | Correlation of boron content and high temperature stability in Si-B-C-N ceramics[END_REF]. These amorphous segregations then crystallise locally: this is the nucleation step. Nanocrystals are first contained in an amorphous matrix then, their growth by diffusion leads to nanocomposites fully crystallised [START_REF] Bill | Precursor-derived Covalent Ceramics[END_REF]. This is accompanied by a volume shrinkage resulting from the densification. The thermal stability of these ceramics depends on their composition; for SiCN ceramics, it is mainly limited by the presence of silicon nitride. Indeed, Si 3 N 4 reacts in solid phase with free carbon (carboreduction reaction) from 1484 °C and it decomposes at 1876 °C. Si-N bonds are broken and free carbon is consumed, forming crystallites of SiC and causing the release of N 2 . This induces a mass loss, the formation of porosities and considerably modifies the composition of the ceramic. To conclude on this transformation of the polymeric precursor into ceramic, it is useful to specify that the pyrolysis /crystallisation atmosphere will impact the temperature and the occurrence of crystallisation of the various phases, as well as the temperature of the decomposition reactions.

The different steps used in the PDC route to transform the organic/organometallic material into ceramics have been presented. Among them, shaping is of particular interest since it can generate complex-shaped ceramics. Nevertheless, few information is available on the relationship between the rheological behaviour of preceramic polymers and shaping

License CC BY-NC-ND 4.0 processes. Consequently, studies that have put in evidence the rheological behaviour of preceramic polymers and their influence on the shaping processes are reported.

Rheological behaviour of preceramic polymers

Rheological analysis of polymeric materials presents two major aims. Firstly, it is employed to facilitate the shaping processes of polymers. Secondly, it provides rheological insights of the molecular structure of the polymer. Rheological investigation can contribute in tailoring the polymer materials for different applications. The rheological properties of polymers are closely linked to their molecular structure. The molecular structures are normally characterised by the number and weight average molar mass (M n, M w ) and molarmass dispersity (M w /M n ). Since polymers are viscoelastic materials, they can be characterised by the use of a rheometer. Moreover, temperature, atmosphere and geometry of the flow device are parameters that affect the polymer processing since they have a direct influence on the rheological behaviour of the polymer. Choosing to modify the chemical structure of the polymer, to improve the properties of the final ceramics, will imply to study the effect of the structural changes on the viscoelastic behaviour of the polymer. There are many different processing techniques to shape polymers -for example extrusion, injection moulding, compression moulding, reaction injection moulding, or fibre spinning [START_REF] Colombo | Polymer-Derived Ceramics: 40 Years of Research and Innovation in Advanced Ceramics[END_REF]. Since during the fabrication process the polymer flows through a shaping device, normally a die or a mould, it is primordial to study its rheological properties. Depending on the application and fabrication techniques to be used, the understanding and the control of the rheological behaviour of the polymer will help in optimising the processing conditions. To apply this approach to the PDCs' field, parameters influencing the rheological behaviour of polycarbosilanes will be presented first followed by two shaping processes: Fibre drawing and Direct Ink Writing (DIW).

Parameters influencing the rheological behaviour of polycarbosilanes

Rheology plays an important role in characterising organosilicon polymers such as polycarbosilanes, polysiloxanes, polysilazanes, polysilycarbodiimide or polysilsesquioxanes. The authors found out that, the increase in viscosity was related to an increase in metal salt content, and that it was more noticeable in Alac-PCS than in AlOR-PCS. This might be due to the higher reactivity of the acetylacetonate ligands in Alac-PCS with Si-H groups of PCS. Under inert atmosphere, the melt viscosity could be maintained for a longer period for both Alac-PCS and AlOR-PCS as compared to an air atmosphere. Since Alac-PCSs had a higher degree of crosslinking than AlOR-PCSs in any atmosphere, AIOR-PCS was more suitable for fibre spinning (as processing takes longer). In both studies carried out by Gupta At the end of the test, LHBPCS was converted from a liquid to a solid. LHBPCS with 0.5 wt. % and 0.2 % TBPB reported a gelation time (the point at which ) of 3 and 6 min at 120 °C, respectively (Figure 1.15b). The faster crosslinking reaction was recorded in LHBPCS with 0.5 wt. % TBPB due to the presence of the higher amount of TBPB. LHBPCS having 0.2 wt. % of TBPB had a gelation time that corresponded to the foaming time of EMS.

Hence, different amounts of EMS were incorporated into the LHBPCS having 0.2 wt. % TBPB for subsequent foaming and pyrolysis. Porous SiC with porosities of 87.4 -91.2 % with pore sizes of 20 -30 μm was obtained when the mass ratio of EMS to LHBPCS was increased from 60 wt. % to 120 wt. %. Moreover, SiC foam with low thermal conductivity was achieved, due to its small size pore, low density, and amorphous structure. The resulted foam manufactured by this method could be a promising high-temperature thermal insulation material candidate since it combined high thermal stability together with good thermal insulation properties.

Temperature, atmosphere, time, heterometal such as aluminium and the nature of the bonding of Si to polycarbosilanes are among some parameters that affect the rheological behaviour of polycarbosilanes. By understanding their influence on the rheology of polycarbosilanes, a satisfactory ceramic material, in terms of ceramic yield, shaping and thermal behaviour can be obtained. Moreover, as discussed, hyperbranched PCS can be employed to manufacture SiC foam with good physical and chemical properties. In this way, PCS can be utilised for other applications such as fibre forming or inks.

Shaping process

Among the numerous shaping techniques used in PDC processing: fibre drawing and DIW are the ones that have been considered. These two techniques were selected since they constitute among the most published work in the PDC field.

Fibres drawing

In 1970s, precursor-derived ceramic fibres having Si/C/N(O) elements in their structure were put forward by Yajima and Verbeck [START_REF] Verbeek | Production of shaped articles of homogeneous mixtures of silicon carbide and nitride[END_REF]. As a result of which several fibrous systems have been developed consisting mostly of Si-based (e.g. Si/C/N) or B-based (e.g.

BN) ceramics fibres. The production of fibres consists of four major steps: i) the synthesis of a designated precursor comprising of constitutive elements of the desired ceramics; ii) the conversion of the precursor into a preceramic network with the desired rheological behaviour to ensure good processing capabilities; iii) the achievement of green fibres through the spinning of preceramic polymer; iv) a thermal treatment under oxygen free atmospheres to obtain intended ceramic fibres. Furthermore, to achieve acceptable PDCs fibres, it is essential to control the spinning and the pyrolysis processes. However, spinning of preceramic polymers is possible with materials possessing suitable viscoelastic properties.

Melt spinning polymers need to express a shear thinning behaviour during extrusion. It is also pivotal that the polymer flows without necking from the spinneret hence avoiding deformation instabilities. To understand the key parameters influencing the flow behaviour of preceramic polymers during the fibre spinning process, studies about the rheological behaviour of fibre have been reported. Studies carried out on silicon and boron-based ceramic materials will be presented.

Silicon-based material ceramics

Si-based preceramic polymer is normally required to be tractable, thereby presenting a broad range of viscoelastic properties that render it potential for shaping processes.

Normally, this can be accomplished by tailoring their chemical composition as well as their molecular structure. However, the difficulties lie in controlling the numerous requirements to process preceramic polymers. This can be observed in melt spinning equipment in which The authors observed that the evolution of the curve of fibre diameter S1-A, which was spun at a temperature of 117 °C, had the steepest slope compared to the S1-B (spun at 120 °C) and S1-C (spun at 125 °C). It was associated to its the higher viscosity obtained during the rheology test. However, since all samples had the similar take-up velocity, samples with higher viscosity experienced a higher resistance when an extensional force was applied.

Thus, S1-A was more apt to keep their shape. At the same time, under stretch forces, samples having spinning temperature of 120 °C (S1-B) and 125 °C (S1-C) experienced no apparent change in the fibre diameter as a result of their approximately close viscosity values.

A second batch of samples having varying take-up velocities with constant spinning temperature and flow rate demonstrated that the diameter of the fibre decreased with increasing take-up velocities. The numerical computations together with the rheological

License CC BY-NC-ND 4.0 measurements allowed for a complete rheological characterisation of the samples. Both the shear properties and the extensional thinning viscosity (a fluid for which the extensional viscosity is decreasing with increasing strain rate) obtained during spinning process confirmed a satisfactory spinnability of the samples. However, it might have been better to match the shear rheology with the extensional rheology (extensional rheology focuses on pulling on a piece of material in a purely extensional manner i.e. no shear) to have general criteria of quantitative as well as qualitative appreciation of the fibre spinnability of PDCs.

Boron-based ceramic materials

In addition to SiC based material, some papers based on boron materials are presented due to their promising rheological findings on fibre forming. Hexagonal boron nitride (h-BN) is a non-oxide advanced ceramic which provides great capabilities as fibrous consolidating agents in targeted applications. h-BN had been presented with appealing properties such as high stiffness and toughness, a good non-wettability in contact with metallic and silicate melts, and an oxidative resistance up to 1000 °C. Furthermore, poorly dense ceramic showed promising potentialities in infrared and microwave-transparent structures as well as they offered outstanding electrical insulation properties due to inadequate dense ceramics. Furthermore, a steady-rate sweep test was carried out where the shear rate had a steady raise from 0.1 to 100 s -1 . This investigation was performed to verify if the inks had the desired shear-thinning behaviour for DIW applications. Both inks had a high viscosity of the order of 10 3 Pa•s at low shear rate (0.1 s -1 ) but a decrease of two order magnitudes was

License CC BY-NC-ND 4.0 reported when there was an increase of shear rate up to 100 s -1 (Figure 1 Both inks H0 and HF showed a resembling curve. At the start the viscosity was low (<100 Pa•s), but in the first 20 s it rose by two order of magnitude to reach a plateau value.

The results obtained support the fact that the two inks have suitable rheology properties for DIW as the viscosity increases happened within a short time span, hence reducing the deformation of the printed, unsupported structures of the scaffold. The authors concluded that the filament deformed within seconds after being extruded but the viscosity of the inks quickly increased and as a result of which the deformation reached a plateau. This increase in viscosity stopped further deformation from happening. The fabricated scaffold had the proper mechanical properties for non-load-bearing bioengineering applications.

In parallel, much interest has been drawn lately in using DIW to obtain ceramic matrix composite (CMC) via preceramic polymers. Franchin et al. reported for the first time the investigation of an ink consisting of chopped fibres that was appropriate for DIW [START_REF] Franchin | Direct ink writing of ceramic matrix composite structures[END_REF].

Their findings suggested that a stronger gel-like behaviour was necessary to keep the structure of the component with respect to the design. Consequently, some adjustments were still needed to optimise the ink rheology, nevertheless a complex CMC structure with a porosity of 75 % and compressive strength of 4 MPa was seemingly achieved. Within a space of one year the authors reported the optimisation and characterisation of preceramic inks for direct ink writing of ceramic matrix composite structures [START_REF] Franchin | Optimization and characterization of preceramic inks for direct ink writing of ceramic matrix composite structures[END_REF]. Two inks namely Ink A (composition: isopropyl alcohol, poly(methyl-silsesquioxane) Silres MK, SiC carbon fibre, License CC BY-NC-ND 4.0 fumed silica, crosslinker geniosil GF91 and Dispersant BYK180), and Ink B (same components as ink A except it didn't have fumed silica in the mixture) were reported for the rheological tests. Dynamic oscillation tests were carried out to determine the inks transition phase from low rigidity systems at higher shear stress values. As a conclusion, the results demonstrated that both inks have suitable rheology for DIW, as there is a reduction of deformation of the printed structures due to a rapid increase of viscosity. Ink B had higher values of viscosity over a range of time therefore avoiding the collapse of the layers of the structure during printing. In addition, printed materials could maintain the desired shape and not adding fumed silica in the mixture led to structures

License CC BY-NC-ND 4.0 enabled to be used at higher temperatures. Although DIW 3D ceramic composites material showed promising signs, very few studies have been reported.

Most of the studies described above tried to obtain a rheology adapted to their shaping process by either adding additives or modifying the preceramic polymer composition.

However, rheology depends as well on the evolution of macromolecular structures during the polymerisation reaction. Consequently, we have turned to other characterisation techniques such as vibrational spectroscopy that could be useful, especially when coupled with a realtime online rheometer. Hence, the combination of these techniques could provide a powerful approach in monitoring chemical and rheological changes in any systems.

Relationship between changes in molecular structure and rheological behaviour

Most of the studies coupling rheological to vibrational approach use either Fourier transform infrared spectroscopy (FTIR) or Raman spectroscopy. Consequently, studies describing the relationship between changes in molecular structure and rheological behaviour have been divided into two parts. The first one will illustrate studies where an FTIR spectrometer and rheometer were employed while the second part will report studies where a rheometer is coupled with a Raman spectrometer. Among the studies presented in this section, only one study dealt with the PDCs framework (Darsy et al. [START_REF] Darsy | Monitoring a polycycloaddition by the combination of dynamic rheology and License CC BY-NC-ND 4.0 FTIR spectroscopy[END_REF]).

From the literature, few studies have been described on the coupling of a rheometer At 40 °C, DA reaction occurred and the maleimide peak intensity decreased back to its initial value. Hence, the same result in network reversibility was noted for both FTIR and rheological data in the case of polymer P1. Therefore, the integration of both furan and maleimide functionalities give way to a polymer self-healing abilities and high complex modulus.

While for P3, it was observed that it crosslinked at a temperature of 100 °C, however this crosslinking was irreversible in consequence of G' remaining higher than G'' during the cooling the heating processes. Moreover, P2 and P4 did not crosslink at temperature superior than 100 °C during the heating and cooling cycles. Thus, P2, P3 and P4 exhibited partial viscoelastic recovery with no proper self-healing properties. The authors demonstrated that synthesised self-healing polymer (P1) with a high modulus in the crosslinked state can be obtained. This study was another example of the advantages of coupling in-situ FTIR data with rheological ones to have a better insight in the chemical reactions (DA and rDA reaction).

In By comparing the measurements of the neat PHB sample with the PHB/TA15 occurring at the same temperature, higher values of moduli were recorded (a difference of two orders of magnitude between) revealing that a complete melting is achieved. In the case of the TAdoped sample there was a much less pronounced decrease of the elastic modulus with respect to time. A stable, intermediary region was found where the degradation was delayed and reduced. FTIR spectroscopy was used to get an insight on the stability of the mechanism arising due to TA. FTIR spectra of the samples were collected during the rheological measurements at 180 °C. By comparing the PHB/TA15 spectra with the PHB spectra, an increase in TA absorption peaks was noticed together with a reduction of the absorption band at 1730 cm -1 (attributed to ester carbonyl stretching) and an occurrence of a signal at 1705 cm -1 . This result can be associated with the generation of intermolecular hydrogen bonds between carbonyl of PHB and hydroxyl of TA. The author's findings indicated that the TA-doped sample increased the processing window of the polymer as well as the thermal stability. Consequently, processing can be carried out at lower temperatures.

In The experiment was carried out at three different temperatures namely 85, 90 and 95 °C. All measurements data were coupled. Thus, the changes in molecular properties (such as conversion obtained from FTIR spectroscopy) were linked to the changes in macroscopic properties (such as the dynamic moduli and complex viscosity form rheological measurements).

No apparent impact on the polymer structure was observed when subjected to different atmosphere (either air or argon); therefore, all rheological measurements were carried out in air. Even with varying temperature, the polymer remained viscous according to the rheological moduli values obtained. By following the evolution of the azide stretching band at 2087 cm -1 , it was feasible to calculate the azide conversion as a function of time (Figure 1.25a). The azide conversion increased rapidly in the incipient stages of the reaction with an increase in temperature. After 4000 s, the azide conversion was 0.7, 0.8 and 0.9 for the temperature of 85 °C, 90 °C and 95 °C, respectively. A critical azide conversion of 0.7 was noted and it was referred to as the quantity of consumed azide needed to have an impact on the rheological behaviour (it coincided with the beginning of the increase in complex viscosity In addition, an activation energy of 73.3 kJ•mol -1 for the 1,3-dipolar polycycloaddition was found. Even though promising results were obtained in terms of kinetics and rheological behaviour, the coupling set-up had some limitations as well. The authors noted a difference in the polymer growth between the lower surface of the geometry and inside the sample. This was likely because the FTIR spectrometer could retrieve information in ATR mode through the diamond window situated in the lower plate of the rheometer. Consequently, only the lower surface of the sample, which is in contact with the ATR diamond, is being monitored during the experiment. This limitation could be overcome by using a Raman lens (Raman spectroscopy), to retrieve information in volume since it analysed the samples with a greater penetration depth.

Studies about the combination of a rheometer with a Raman spectrometer have been scarcely reported in the literature. Among those studies, Chevrel et al. made use of a laboratory made rheo-Raman setup to monitor continuously a free radical reaction of acid acrylic in aqueous solution [START_REF] Chevrel | Rheo-Raman: A Promising Technique for In Situ Monitoring of Polymerization Reactions in Solution[END_REF]. The interest of the authors was to find out whether the rheo-Raman setup would provide satisfactory primary results for the continuous in-situ monitoring of acrylic acid polymerisation under defined conditions. The setup composed of a rheometer in a Couette configuration and a Raman spectrometer with a non-contact fibre optic probe was located outside quartz vessel as shown in Figure 1.26. From the obtained Raman spectra, the C-H bond which decreases with monomer consumption was used to monitor the reaction. In addition, the O-H band of water at 3400 cm -1 remained unchanged during the reaction. Thus, the latter normalised the Raman spectra. The impact of the different monomer concentrations as a function viscosity variation and polymer formation was studied as illustrated in Figure 1.27. It was noted that the polymer formation and viscosity increased rapidly for higher initial monomer concentration. For instance, it was reported that for a 15 wt. % of initial acrylic acid concentration, the viscosity increased for almost four orders of magnitudes while for a 5 wt. % of initial acrylic acid concentration, the viscosity increased for almost two orders of magnitude. ) and concentration of polymer during the polymerisation process. The initial concentration of monomer was varied between 5 wt % and 15 wt % while the initial concentration of the initiator was kept equal to 0.2 wt %. The abscissa corresponds to reaction time minus the duration of the induction period [START_REF] Chevrel | Rheo-Raman: A Promising Technique for In Situ Monitoring of Polymerization Reactions in Solution[END_REF].
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The different initiator concentrations were studied by keeping the monomer concentration constant. It was reported that the reaction rate decreased with a decrease in initiator concentration while the viscosity of the medium increased for specific monomer concentration. At higher initiator concentration, the polymerisation was accelerated leading to formation of smaller macromolecules. These findings demonstrated that the rheo-Raman platform managed to overcome three main difficulties encountered during monitoring of polymerisation reaction. Firstly, the viscosity of the medium together with the monomer conversion were perpetually followed with well-defined conditions such as temperature.

Secondly, macroscopic viscosity could be directly linked to structural changes. Finally, the mixer type rheometer gave scalable results especially with regard to stirring conditions. Therefore, the styrene conversion could be monitored during the whole HIPS process (either in heterogeneous or homogeneous medium) by an immerse probe while the external Raman probe provide information about the phase separation during the HIPS process. The immersed probe analysed a volume of approximately less than 1 μm 3 while for the external probe it is about 100 μm 3 . Subsequently, the external probe analysed a greater conical volume of reaction medium than that of the immersed probe. Therefore, the non-contact probe could detect the light diffusion phenomena occurring during phase separation.

Information about the styrene conversion or phase separation and phase inversion were acquired by using the immersed and external probe. Finally, the HIPS process was investigated continuously in-situ with a rheometer in a Couette analogy coupled with a Raman spectrometer (external probe). In this way, it was feasible to link Raman results to the viscosity of the reaction medium.

There was a certain amount of interest in producing model of polymerisation reactors aided by experimental data that can improve the design and optimised the industrial plants.

The Rheo-Raman platform combined with mathematical model of the reaction medium seemed to be the appropriate way to access such knowledge. Hence, Chevrel et al. carried out a free radical polymerisation of acrylic acid in up to 60 wt. % aqueous solutions mix with potassium persulfate as the initiator in the rheo-Raman platform [START_REF] Chevrel | In situ monitoring of acrylic acid polymerization in aqueous solution using rheo-Raman technique[END_REF]. An overall rheokinetic modelling for different reactant concentrations were generated in order to find out the influence of the initiator and monomer feed concentration as well as the process conditions (temperature and shear rate). Experimental data were compared to kinetic model and rheological equations obtained from literature. For an acrylic acid feed concentration up to 15 wt. %, the authors found out that the calculated curves fitted the experimental data for both polymer concentration and viscosity of the medium. Moreover, polymerisation in conditions displaying gel effect was studied. In this way, three monomer concentrations between 40 wt.

% to 60 wt. % acrylic acid were used to determine the influence of shear on the occurred gel effect. It was feasible to prevent gel effect by exerting a high enough shear rate on a concentration of 40 wt. % while for concentration ranging between 50 wt. % to 60 wt. % gel effect was only prolonged with increasing shear rate. Thus, the development of a rheo-kinetic model of the free radical polymerisation carried out on rheo-Raman device, have allowed in turn to develop pilot scale experiments.

Conclusion

The bibliography study evidenced the state of art of non-oxide ceramics in terms of shaping and monitoring of syntheses. As stated before, among the non-oxide ceramics, silicon carbide is of particular interest. SiC can be produced via the polymer ceramic routes also known as PDC route. Among the possible synthesis routes presented, the hydrosilylation is an appealing one since the reaction directly involves the reactivity of elements such as silicon, carbon and hydrogen from defined monomers in a one-step

License CC BY-NC-ND 4.0 reaction. In addition, it provides control of the elements and composition in comparison with a commercial polymer. In parallel, the study carried out on rheology of preceramic polymer allowed researchers to have a better understanding how to characterise our materials in order to shape the polymer in any desired form. However, there was a lack of information on the chemical changes occurring during polymerisation/crosslinking process. Consequently, studies have been reported that combined either a rheometer with an FTIR spectrometer or a rheometer coupled with Raman spectrometer. These studies demonstrated how to characterise the rheological properties and chemical changes occurring during a reaction.

But no study has ever attempted to combine both vibrational techniques to a rheometer simultaneously.

To reach this goal and to recover information in volume in the Rheo-FTIR platform, it was undertaken to use a Raman fibre spectrometer, as it is possible to analyse the samples with a greater depth of penetration. In addition, the complementarity of Raman and IR spectroscopy could be interesting in terms of simultaneous monitoring. The Raman head of the spectrometer will be used with a collection lens. The depth that will be probed will be higher than 100 μm, which is 10 times more than by ATR mode during the FTIR. This new platform would be a powerful tool to carry out experiments on polymerisation with both a structural and shaping point of view of the growing preceramic materials, from functionalised carbosilanes, obviously presenting a suitable signature for the FTIR and Raman monitoring.

Another key characterisation concerns the molar masses of the new generated macromolecules, to understand their growth, models linking their rheology to the evolution of macromolecular structures during syntheses is envisaged. Most of the time, to access such information the Gel Permeation Chromatography (GPC) is coupled with refractive index (RI)

or UV detectors, but the retrieved data is only relative, and does not reflect the real mass, especially for complex structures. Fortunately, a family of detectors, named Multi-angle Light Scattering (MALS), is able to determine absolute molar masses, sizes (root mean square Several risks exist in this project, with different impacts or likelihoods (Figure 1.30).

First, regarding the synthesis part, the choice of the starting monomers will be a crucial step.

Indeed, because the final desired material is SiC, the ratio Si/C will need to be close to 1, to avoid free carbon in the ceramic, after pyrolysis. Moreover, the functionalities of monomers, leading to different degrees of branching, would be taken into account, as they impact the rheological behaviour of the polymer. In addition, a compromise will have to be found between a high ceramic yield and the rheological properties of the polymers for a suitable shaping. The composition and the structure of the growing polymers would probably bring answers to this problematic, particularly thanks to the MALS detector. The dilution factor in an appropriate organic solvent will also have to be optimised in order to use the same conditions on the rheometer as in the round bottom flask. Indeed, the concentration of organic precursors (monomers or polymers) should be sufficient to allow for the detection of a characteristic signal by the two spectrometers, during the monitoring. In addition, particular attention will be paid to the kinetic of the polymerisation, to bypass reactions that are carried out too fast, often leading to shaping issues. Another risk will be linked to the sensitive character of polycarbosilanes in air environment. This can cause crosslinking reactions independent to the polymerisation. To avoid this possibility, an inert atmosphere such as argon could be used both during the synthesis on the rheometer, during thanks to adapted hoods and inlets for Ar atmosphere, and in batch mode.

License CC BY-NC-ND 4.0 Secondly, a risk will be present to retrieve suitable data with a Raman fibre spectrometer. A fall-back will be to adapt the section of analysis, by optimising the beam diameter according to the space between the two plates of the rheometer. Furthermore, the non-constant shear rate across the sample in the plate/plate geometry could have consequences on the polymerisation reaction. A solution to avoid this effect would be to use cone/plate geometries. Finally, to avoid the risk of not clearly linking the data from the Size Exclusion Chromatography (SEC)/MALS detector during the regular flask synthesis, to the kinetic of the reaction performed with the rheometer, samples will be taken for the batch synthesis in order to analyse them by Raman spectroscopy. Indeed, it will allow for the in-situ monitoring of polymerisation reactions during both the regular synthesis and the one carried out with the rheological platform. However, the solution samples from the batch synthesis will certainly evolve during the analysis, creating the risk of not properly linking the results of Raman spectrometry to the time of extraction. To overcome this drawback, an immersion Raman probe could be used as a means of control. The synchronisation of the kinetics followed on either batch mode or in the rheometer would be ensured.

Chapter 2.

Experimental techniques

Introduction

This chapter will describe the experimental protocols and the analytical techniques employed during the different stages of the PDC route. The choice of the raw materials used and the polymerisation protocol employed will be presented. The different experimental characterisation techniques to monitor the in-situ polymerisation reaction will be described along with the experimental techniques used to characterise the synthesised hyperbranched polymer. The origin of the reagents and solvents used in this work is presented in Table 2.1. All these compounds are commercially available and used as received. The indicated purity is the minimum purity guaranteed by the supplier. 

Selection of reagents

A

Polymerisation protocol

In this work, the polymerisation process took place on two rotational rheometers. The 

Polymerisation protocol on rotational rheometer (Model AresG2)

The polymerisation procedure carried out at LRGP-Nancy on rotational rheometer (Model AresG2) consisted of mixing 957 μL of TAS (319 mmol•L -1 ), 1915 μL of BDSB (664 mmol•L -1 ) in a quartz vessel with 10 mL of toluene. The addition of 100 μL Pt catalyst (0.415 mmol•L -1 ) in the quartz vessel started the polymerisation reaction. Simultaneously, the rheological and Raman data acquisitions were launched as soon as the catalyst was added to the reaction mixture.

Polymerisation protocol on rotational rheometer (Mars III, Thermo

Scientific)

The polymerisation procedure on the rotational rheometer (Mars III, Thermo Scientific) consisted of mixing 73.8 μL of TAS (319 mmol•L -1 ) and 148 μL of BDSB (664 mmol•L -1 ) in a test tube with 702 μL of toluene. At the same time, the rheometer was set in terms of inertia and gap. The addition of 77.1 μL catalyst solution (0.415 mmol•L -1 ) in a test tube started the reaction. Within seconds, the mixture was loaded in between the plates of the rheometer.

The rheological, Raman and FTIR data acquisitions were initiated once the mixture was placed in between the plates of the rheometer.

Polymerisation protocol in round bottom flask (RBF)

The polymerisation procedure in RBF consisted of mixing 369 μL of TAS (319 mmol•L -1 ), 739 μL of BDSB (664 mmol•L -1 ) and 3.5 mL of toluene in the RBF. The addition of 385 μL catalyst solution (0.415 mmol•L -1 ) started the polymerisation reaction in the RBF. At the same time, the Raman acquisition was launched when the catalyst was added to the reaction mixture.
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Rheological behaviour of polymer

Rheology is the science that deals with the deformation and flow of matter [START_REF] Reiner | Rheology», Elasticity and Plasticity / Elastizität und Plastizität[END_REF].

When a certain mechanical force is applied on a polymer, the stress generated and the polymer's response allow us to determine the rheological properties of the polymer, such as its viscosity. Viscosity can be defined as the internal friction or a measure of resistance to flow. For Newtonian fluids it is described by equation 2.1, where is the shear stress, ̇ is the strain rate and the constant of proportionality is called the coefficient of viscosity Polymers are generally viscoelastic materials, which are in an intermediate state between the ideal liquid and solid states. Usually, the viscoelastic behaviour of materials is explained by the use of mechanical models, which consist of dashpot and springs (Figure 2.3). The spring obeys Hooke's law due to its elastic element. When a fixed spring is subjected to a stress, it will deform immediately and will maintain its deformation as long as the constraint is maintained. When the stress is removed, it returns to its initial state. On the other hand, the dashpot obeys Newton's law of viscosity due to its viscous element. Hence, when a stress is applied to the dashpot, the deformation keeps increasing as a function of In Figure 2.4 the material response to an input signal with controlled amplitude is considered to be sinusoidal as well. In this case, it is said that the oscillatory regime is in the domain of the small inputs oscillation amplitude (SAOS -Small Amplitude Oscillatory Shear).

In general, the periodically output signal can vary, being represented by a harmonic odd Fourier series. By considering the material response in a strain-controlled test with a constant frequency and an amplitude in the domain of SAOS: the output signal expression is:

Eq. (2.5) 

Which type of rheometer to opt for?

A fundamental instrument for the study of rheological properties is a rheometer. A License CC BY-NC-ND 4.0

Rotational rheometer

It is the most popular type of rheometer utilised in rheology research. The rheometer has one of the plates fixed while the other one is moving. The sample is placed between the two plates (several geometries are available: plate/plate (PP), cone/plate (CP) and coaxial cylinders). The shear rate is associated with the angular velocity and the stress with the torque. Measurements are carried out in either stress controlled or strain controlled modes.

Normally for low to medium viscosity coaxial cylinders geometries are used while plate/plate or cone/plate geometries are employed for highly viscous liquids/paste. This allows the rotational rheometer to cover a large viscosity and shear rate range. The advantages of this instrument are: 1) small sample volumes for CP and PP; 2) variable measuring conditions can be set due to adjustable gap; 3) test highly viscous samples like polymer melts; 4) rapid cleaning for CP and PP. On the other hand, the disadvantages include the price of the instrument and the cleaning difficulties encountered with cylindrical geometry.

Capillary rheometer

The capillary rheometer is used for the measurement of shear viscosity and elasticity of viscous materials at high shear rates. In an electrically heated charging barrel, the sample is heated and the capillary die orifice is placed at the bottom of the barrel. The sample is squeezed out of the capillary die by a rod barrel driven by a motor either at constant or varying speedsin this way the shear viscosity of the melt can be measured [START_REF] Wang | Rheology instruments for food quality evaluation[END_REF].

Capillary rheometers are adjustable, accurate and used extensively in the rheological measurement of viscous samples. The flow allows for an easy exchange of samples.

Moreover, evaporation is not an issue since the instrument is a closed system. The melting and flowing of the material in the rheometer resemble the processes happening during the shaping step; hence, this rheometer has a high practical value. One of the limitations of the capillary rheometers is the difficulty in measuring fluid with low viscosity less than 1 Pa•s.

Torque rheometer

A torque rheometer has proven itself to be a valuable tool for studying thermal stability, shear stability, flow, and plasticising behaviour of materials. Typically, analyses by a torque rheometer include the influence of processing behaviour, influence of additives, thermal sensitivity of material, shear sensitivity, compounding behaviour, etc. [ME20]. Torque rheometers are primarily small extruders that utilise a motor to measure the torque on the rotors. It is linked to a software that follows the drive speed, pressure, temperature and process torque. It can determine the rheological properties of analysed samples reliably, accurately and continuously [START_REF] Wang | Rheology instruments for food quality evaluation[END_REF]. A computer automates the torque rheometer; consequently, it can replicate rheological behaviour of the material during the actual License CC BY-NC-ND 4.0 processing conditions. The corresponding software accomplishes data acquisition, control, and processing of experimental data. Furthermore, the software has built-in functions to process data that traditional torque rheometers are not equipped with such as linear accelerated measurement of the shear sensitivity of material. [HE20] [WA19]. However, torque rheometers provide only a relative measure of viscosity through correlation with torque.

Interfacial rheometer

An interfacial rheometer is a test instrument for measuring the shear rheological properties of a liquid/liquid or liquid/gas interfacial film, which belongs to 2D space rheology.

It can be used for the processing and treatment of emulsion, the deformation and combination of emulsion drops, the microstructure of food raw materials and other consumer products, the interface transfer function, and other research fields [NA98] [START_REF] Tajuelo | A magnetic rod interfacial shear rheometer driven by a mobile magnetic trap[END_REF]. The magnetised probe is moved at air-water or oil-water interface using a magnetic field created by a Helmholtz coil and the probe movement is recorded. Strain control and Stress control can be carried out on the same rheometer and even in the same experiment. Normally a bicone geometry is used for interfacial rheometers where the cone is located directly at the liquid/liquid or liquid/air interface. In addition, the interface flow is coupled to bulk phase flow.

Furthermore, the advantages of using a bicone are: 1) low and high interfacial viscosities measurable; 2) robust well-defined measuring system; 3) use of large gap cylinder analogy.

The disadvantage is that a large sample volume required [START_REF] Wang | Rheology instruments for food quality evaluation[END_REF].

Different types of rheometers have been presented with each having specific purposes along with their advantages and disadvantages. Both the torque and the capillary rheometers are suited for shaping processes as they provide data on melt flow and viscosity of material.

The rotational rheometer investigates the polymer's viscoelastic properties. The last rheometer considered was the interfacial rheometer that measures the flow of matter at the interface between two fluids. However, since our goal was to follow in real time the rheological and structural changes occurring during polymerisation reaction. A rheometer that coupled two analytical techniques (FTIR spectroscopy and dynamic rheometry) in one instrument to form the Thermo Scientific™ Rheonaut Module with the Thermo Scientific™ HAAKE™ MARS™ Rheometer was more suited for this project.

Rotational rheometer coupled with FTIR spectrometer

The rotational rheometer (Mars III, Thermo Scientific™ HAAKE™ MARS™ Rheometer) has a Rheonaut module with a side port to equip a standard FTIR spectrometer (Figure 2.6).

The Rheonaut module can accommodate numerous standard FTIR spectrometers such as the Thermo Scientific™ Nicolet IS10™. The Rheonaut was developed to investigate the License CC BY-NC-ND 4.0 rheological and structural changes occurring at real time. The advantages of this setup are:

1) same sample history and composition; 2) time saving since tests carried out at the same time; 3) tests carried out by both methods have same conditions e.g. temperature, pressure, etc; 4) the FTIR data can be efficiently correlated to the rheological data. Furthermore, the rheonaut module possesses two different temperature control units i.e. a Peltier temperature unit (0-100 °C) and an electric unit with a range of temperatures varying from room temperature to 400 °C. This measuring unit is devised for using either a cone-plate or a plate-plate measuring geometry. 

Cone-plate geometry (CP)

Normally, CP is appropriate for a variety of fluids but their applicability to dispersion is restricted to a particular maximum particle size. It is advised that a cone angle of is used since cones with an angle greater than 4° are regarded to be sub-standard. Moreover, it is necessary to correctly load the CP system with the right amount of sample as shown in License CC BY-NC-ND 4.0

The advantages of the CP geometry are: 1) small quantity of sample is needed; 2) rapid temperature adjustment and easy to clean; 3) across the entire conical gap, there are uniform shear conditions. One limitation of the CP geometry is, that the sample migrates out at the edge the gap as well as drying of sample may happen [START_REF] Paar | Basics of Rheology[END_REF].

Plate-plate geometry (PP)

PP system is recommended for testing gels, soft solids, highly viscous polymer melts or pastes. The gap widths should be from 0.5 to 1 mm. Solvent trap or special hood can be utilised to prevent evaporation of solvents. The advantages of the PP geometry are: 1) rather small amount of sample is needed; 2) easy and rapid cleaning; 3) possibility to test highly viscous materials. On the other hand, some limitations of the PP geometry are: 1) sample migrated out of at the edge of the gap as well as drying of sample may happen; 2) not a uniform sample temperature across the gap if the temperature equilibrium time is too short;

3) shear rate at the margin of the plate is higher than at the centre of the geometry [START_REF] Paar | Basics of Rheology[END_REF].

Vibrational spectroscopies

Vibrational spectroscopies are widely used optical characterisation techniques and used in many scientific and industrial fields. For several years now, they have been enjoying great success, due to the numerous technological innovations, which make them more and more efficient and usable on a wide range of materials crystals and ceramics, polymers, glasses, molecules (organic and inorganic), in various forms (liquid, gas or solid). Vibrational spectroscopy measures the vibrational energy in a compound where every single chemical bond coincides to a specific vibrational energy that can be regarded as a unique fingerprint, useful to identify compound structures, by contrasting it with the fingerprints of known compounds. 

Principle of infrared absorption spectroscopy

IR

( )

Eq. (2.13)

Attenuated Total Reflectance-IR spectroscopy

Based upon the total internal reflection phenomena, Harrik [START_REF] Harrick | Surface chemistry from spectral analysis of totally internally reflected radiation[END_REF] and Fahrenfort [START_REF] Fahrenfort | Attenuated total reflection: A new principle for the production of useful infra-red reflection spectra of organic compounds[END_REF] introduced Attenuated Total Reflectance (ATR) spectroscopy. IR spectra are acquired when the material sample is in contact with an internal reflection element (IRE). The incident beam directed onto the edge of the IRE, reflected through the IRE (all the lights are reflected off), and the reflected beam directed towards the detector. In most cases, the ATR crystal has a higher refractive index ( ) as compared to the sample ( ). Another important characteristic is the incidence angle that can be calculated from the refractive indexes of the sample ( ) and the IRE ( ) as shown in equation 2.14: Anti-Stokes Raman where the molecule is already in an excited phonon state and is excited to higher virtual state. When it relaxes back down to the ground state, it emits a photon with higher energy than the incident photon. Most Raman measurements are achieved taking into account only the Stokes shifted light. This is because most molecules are found in the ground state at room temperature and there is a low probability that a phonon will be Antistokes scattered [START_REF] Larkin | Infrared and Raman Spectroscopy: Principles and Spectral Interpretation[END_REF]. [START_REF] Morris | Modern Raman Spectroscopy: A Practical Approach[END_REF]. The intensity of the Raman scattered radiation is given by: ( ) 

( )

Eq. (2.17)

Contribution of Raman spectroscopy to the platform

Raman spectroscopy is an analytical technique where scattered light is used to measure the vibrational energy modes of a sample. Some advantages of Raman spectroscopy are: i) easy to implement as it does not require preparation of samples; ii) it is regarded as a non-destructive technique as the low power of the excitation laser does not damage the sample; iii) In-situ analysis of compounds that are in hostile or aqueous environments [START_REF] Simon | Spectroscopies vibrationnelles: Théorie, aspects pratiques et applications[END_REF]. However, in our case by including a Raman spectrometer to the platform, we will combine two vibrational techniques that complement each other. It is known that infrared (IR) absorption and Raman scattering spectroscopy provide complementary information of molecular vibrations: the former is active for anti-symmetric vibrations that alter the dipole moment, while the latter for symmetric vibrations that alter the polarizability. IR absorption spectroscopy, which is active for polar bonds such as O-H or N-H, is often used for identification of functional groups of molecules, while Raman scattering spectroscopy, active for bonds such as C=C, S-S, or C-S4, is used for identification of skeletal structures.

Moreover, by combining the Raman spectrometer equipped with a lens to the existing Rheo-FTIR setup complementary information in terms of spatial resolution will be obtained. The ATR provide a spatial resolution in micrometre while the spatial resolution for the Raman spectrometer is measured in millimetre. Furthermore, the information obtained from ATR provided only a surface information that is not representative of what is happening within the License CC BY-NC-ND 4.0 volume of the sample. Hence, the Raman spectrometer associated to a lens will lead to a larger depth penetration to the existing Rheo-FTIR setup.

In this project, Raman spectrometer will be equipped either with a lens or with an immersion probe. Figure 2.10 represents a laser beam profile of a lens with a focal distance of 75 mm. The dimension of the laser that is in an ellipsoid form can be calculated by using the following formulae:

Eq. (2.18)

Eq. (2.19)

where is the focal distance (75 mm), the wavelength of laser (785 nm), d is the diameter of the laser beam at the outlet (spot diameter) and is the input beam diameter (1358 μm).

The diameter of the laser varies from a maximum to a minimum value depending on whether we consider the diameter to be in horizontal or vertical position. For the theoretical calculation of the dimension of the waist, the mean of the two diameters is used. Therefore, the laser dimension of the lens with a focal distance of 75 mm is 0.055 mm and 12.2 mm.

On the other hand, the dimension waist of a Raman microscope objective can be calculated by applying the following formulae:

Eq. (2.20)

Eq. (2.21) where is the numerical aperture, is the wavelength of the laser. Given that the numerical aperture ( ) = 0.9, the wavelength of the laser is 785 nm. Thus, the theoretical waist of the microscope objective is 1.06 μm and 3.87 μm.

The microscope objective has a penetration depth around 3.87 μm while the lens has a penetration depth in between 12.2 mm. Therefore demonstrating that a greater volume will be probed by using the Raman spectrometer associated with a lens than a microscope objective (Figure 2.11). Therefore, the integration of the Raman spectrometer to the platform can only be beneficial as we exploit the complementary nature of the two vibrational techniques. License CC BY-NC-ND 4.0

Experimental conditions used during the in-situ analysis

As aforementioned, the Raman spectrometer is coupled with the Rheo-FTIR setup forming the newly devised setup known as the Rheo-Raman-FTIR setup as shown in the Figure 2.12. The only difference is that an immersion probe replaced the lens with a focal distance of 100 mm. The immersion probe has an immersion length of 15.3 cm and a diameter of 0.64 cm.

The tip of the immersion probe can withstand a temperature range of -30 to +450 °C and a pressure up to 20685 kPa. The Raman probe is immersed in a 25 mL solution in the RBF as presented in Figure 2.13. Since the Raman probe is in direct contact with the reagents, a better signal is obtained compared to the Raman lens with a focal distance of 100 mm.

Raman spectra are acquired with an exposure time of 2 s and a current interval time of 10 s.

The magnetic stirrer is set at 4.5 Hz during the polymerisation reaction. This frequency is selected in order to match approximately the shear rate on the rheometer. The magnetic stirrer is stirred continuously until it is trapped upon the formation of the gel. Table 2.3 shows the parameters used when using the Raman spectrometer. 

Vibrational characterisation of reagents

The IR and Raman spectra of the two monomers (TA and BDSB), of the solvent toluene and of Karstedt's catalyst were determined and are presented in Figure 2.14 to Figure 2.17. Indeed, it is important to identify the characteristic bands that will allow for the monitoring of the kinetics of the polymerisation reaction. The IR spectra are recorded in ATR mode with the following conditions: number of scans 8 and a resolution of 2 cm -1 . The resolution was set at 2 cm -1 solely for the reagents to obtain sharper spectra. While for Raman acquisitions, each reagent was placed in an individual test tube and Raman spectra acquisitions were carried out with an exposure time of 10 s and an interval of 15 s. .

The wavenumber range from 1500 to 2300 cm -1 is of particular interest as characteristic bands of the monomers are found in this region and they did not overlap each other. It is noticed that the stretching vibration of C=C from TAS is present in both IR (1630 cm -1 ) and Raman spectroscopy (1632 cm -1 ). In parallel, it is observed that the stretching vibration of Si-H is present in both IR (2117 cm -1 ) and Raman spectroscopy (2122 cm -1 ) while the stretching vibration of aromatic C=C (1587 cm -1 ) is present only in Raman spectroscopy for BDSB. This is linked to the symmetry of the molecule. Hence, a DFT investigation was considered since the stretching vibration of C=C ar (1587 cm -1 ) was active in Raman and not in FTIR. The DFT results are discussed at section 2.12. For the Raman spectrum of toluene, a stretching vibration band is observed at 1607 cm -1 , while in FTIR it is observed at 1605 cm - 1 . The Karstedt's catalyst shows a very weak band at around 1600 cm -1 in the Raman spectrum. The monitoring of the polymerisation reaction can either be carried out by following the evolution of the stretching vibration of Si-H in BDSB or the stretching vibration of C=C from TAS as both bands are consumed during the polymerization reaction. In order to better interpret the Raman and FTIR spectra of the reagents used during the experiments, the Tables 2.4 to 2.7 show the most common peaks of those reagents.
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Post processing of data

After obtaining the Raman and FTIR spectra, the Renishaw's Windows ® -based Raman Environment (WiRE™) is used for post processing and basic analyses. A common post processing technique is selected for Raman and FTIR data. Figure 2.18 shows a curve fitting applied to a Raman set of data. The data obtained are truncated from 1500 to 2300 cm -1 followed by a linear baseline subtraction. A triplet representing the stretching vibration of C=C of BDSB at 1587 cm -1 , C=C of toluene at 1607 cm -1 and the C=C of TAS at 1632 cm -1 is observed. At higher frequencies, we find the stretching vibration of Si-H at 2122 cm -1 . During the fit, frequencies of the function were fixed but limits were set on the amplitude of the curve. No constraint was applied on the Full Width at Half Maximum (FWHM). In literature, for FTIR, the amplitude of the peak is used for data processing. In this work, all the data was fitted by using a pseudo Voight function. Consequently, the intensity of the applied curve function was used for the analysis of the data. For both Raman and FTIR, the stretching vibration band of C=C in TAS was normalised by the stretching vibration of the band C=C ar of toluene since the toluene band remained unchanged during the reaction. Only the alkene conversion was calculated since in FTIR the amplitude of the Si-H band is influenced by the vibrations from the diamond crystal.

Therefore, the alkene conversion versus time can be calculated given the normalised peak intensity function at = 0, and at a time , denoted and , respectively. In this way, the conversion can be expressed as:

( )

Eq. (2.22)
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Density function theory

Density function theory is a computational quantum mechanics modelling method used in chemistry, physics and material science to investigate the electronic structure of solid, atoms and molecule [START_REF] Van Mourik | Density functional theory across chemistry, physics and biology[END_REF]. A vibrational analysis (FTIR and Raman) of BDSB molecule has been performed. However, by analysing the obtained spectra, we observe that there is an active mode in Raman spectrum that seems to be absent in FTIR spectrum as shown in The molecule BDSB has an axis of order 2 (C 2 ). Moreover, the BDSB molecule has a plane of symmetry ( ), that is orthogonal to the C 2 axis. Therefore, since BDSB molecule has a C 2 axis as well as a plane of symmetry ( ), subsequently it will have a centre of inversion as shown in Figure 2 the region 1500 cm -1 to 2300 cm -1 . In FTIR DFT the stretching vibration of C=C ar in benzene was identified at around 1539 cm -1 while in Raman DFT it was reported at 1626 cm -1 . By knowing the initial frequency of C=C ar , we could follow its evolution in the other molecules. Raman calculations of vibrational modes from 1500 cm -1 to 2300 cm ( ) relates the angular variation in scattering intensity to the mean square radius of the particle. The larger , the larger the angular variation; A 2second virial coefficient, a measure of solute-solute in solvent interaction.
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Therefore, coupling a MALS to a SEC has various advantages: for instance, the calibration problems would be successfully fixed by the MALS detectors. In addition, it would 

Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance analysis was carried out to investigate the structure of the 

Thermogravimetric analysis (TGA) coupled with mass spectrometry (MS)

The thermal behaviour of the obtained hyperbranched polymer was studied by thermogravimetric analysis (TGA) using a thermobalance (STA 449 F3, Netzsch) in a SiC oven. It was used to measure the weight loss as a function of time and temperature, this has enabled us to calculate the yield of the ceramic obtained. The thermal analysis cycle has been configured such that the temperature rise rate is 10 °C.min -1 , up to a temperature of License CC BY-NC-ND 4.0 order to subtract its contribution from the results obtained. All analyses were carried out under a neutral atmosphere (Argon) in order to avoid any contamination by oxygen. This argon sweep also served as a vector for conveying the gaseous species resulting from the thermal degradation of the polymer to a mass spectrometer (Omnistar, Balzers Instruments) coupled to the apparatus described above. At the inlet of the device, a gas flow of between 1 to 2 sccm (Standard Cubic Centimetre per Minute) was injected and the ionized fragments produced were analysed by a quadrupole allowing the separation of the ions according to the ratio (m/z). This ratio corresponds to the mass (m) of the ionized species divided by its charge (z). The acquisition was carried out as a function of time in parallel with the thermogravimetric analysis, and the values obtained (m/z) are expressed in Unit of Atomic Mass (AMU) over an interval of 1 to 200 AMU.

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was performed on pyrolysed powders (pyrolysis took place at different temperatures: 800 °C, 1000 °C, 1200 °C and 1400 °C). It is a sensitive technique to the organisation at the atomic scale of crystallised phases. It also enables identifying reference phases in samples. The sample is irradiated with an X-ray beam and the intensity scattered by this sample is measured as a function of the diffraction angle 2θ.

The X-ray diffraction analyses of the samples were carried out on an apparatus D8 advance type (Brüker, Karlsruhe, Germany) in θ-2θ configuration of the Bragg-Brentano type with a copper anticathode. The X-ray source used the Kα radiation from copper whose wavelength was λ CuKα1 = 1.540598 Å. Diffraction data was analysed with EVA software.

Scanning electron microscopy (SEM)

Scanning electron microscopy was carried out on paralysed material after heat treatment at 1400 °C to investigate the surface aspect of the material. Scanning electron microscopy is based on the principle of electron-matter interaction, capable of producing high-resolution images of the sample surface. The morphology of powders is characterised using a scanning electron microscope (JEOL, JSM-IT300). The acquisitions were made in SED (Secondary Electrons Detector) mode under high vacuum, with an acceleration voltage ranging from 10 to 15 kV and a working distance of 10 mm. This setup was coupled with an energy dispersion X-analyser (EDS) to estimate the composition and distribution of chemical elements in a defined area of the sample, or to perform elementary mapping of a surface.

The samples analysed were metallised with platinum to facilitate the flow of charges on their surface.

Chapter 3.

Relationship between kinetics of polymerisation and rheological behaviour of a preceramic polymer

Introduction

The first part of this chapter deals with the synthesis and the characterisation of the hyperbranched polycarbosilanes via 1 H, 13 C, 29 Si NMR spectroscopies, TGA, SEM and XRD.

Since one of the aims of the PDCs route was to control and understand the chemical and physical changes occurring during the polymerisation, several coupling devices have been reported for the monitoring of the hydrosilylation reaction. Table 3.1 illustrates the different coupling devices used in this chapter. The second part of this chapter would demonstrate the reasons of combining a Raman spectrometry with a Rheo-FTIR setup. In addition, preliminary monitoring of the polymerisation reaction was carried out on the Rheo-Raman setup as the results obtained was used as a reference in optimising the Rheo-Raman-FTIR setup. The Rheo-Raman-FTIR setup was optimised in terms of gap, and intensity of the Raman signal. Moreover, the homogeneity of the reaction across the plate-plate geometry was investigated as well as the effect of varying the catalyst concentration on the polymerisation reaction. Ultimately, after optimising the Rheo-Raman-FTIR setup, the correlation between the monomer conversion and the viscosity of the medium was illustrated. 

Rheo-FTIR setup.

Rheo-Raman setup. Rheo-Raman-FTIR setup.

Synthesis and characterisation of a hyperbranched polycarbosilane

The literature review reported different routes to synthesis polycarbosilanes via PDCs This reaction led to a hyperbranched polycarbosilane with a 94 % yield [START_REF] Piriou | Rheological and thermal behaviours of a hyperbranched polycarbosilane[END_REF]. These reagents were selected since they were commercially available, and they led to a gel-like polymer which could be easily shaped into desired form to generate for example porous

ceramics [LA17] [VA16].

Characterisation of the polymer via 1 H, 13 C and 29 Si NMR spectroscopies

Liquid-state 1 H NMR and 13 C NMR spectroscopies were utilised to determine the structure of the hyperbranched polymer, despite its low solubility in toluene-d 8 . Following the 1 H NMR spectrum of the hyperbranched polymer, different peaks were determined such as the methyl or methylene groups that could be associated to silicon at 0.17-1.78 ppm, and the protons of BDSB phenyl groups (6.78-7.59 ppm) as shown in Figure 3.2. 

Characterisation of the ceramic via TGA, SEM and XRD

TGA was used to monitor the conversion process from the polymer precursor to the ceramic. A four-step weight loss was exhibited by the TGA curve as shown in Figure 3.5. For the first 200 °C, quite a considerable weight loss happened (ca 12 %). This event could be related to the loss of residual toluene from the preceramic polymer. From 200 to 380 °C, no mass loss was noticed. The highest weight loss was observed between 380 to 700 °C (ca 54 %), which was due to the decomposition of organic groups during the ceramisation of the polymeric precursor. At last, above 700 °C a very low weight loss was detected, which demonstrated a good thermal stability of the resulting pyrolysis product.

Without considering the solvent release below 200 °C, a 40 wt % ceramic yield was reported with presumably the presence of porosity in the end product. These findings were further confirmed by analysing the microstructure of the ceramic (Figure 3.6), which showed a large range of pore diameters that could correspond to the presence of porosity. This microstructure could be useful for further applications in the domain of catalysis [PA13]

[VA18].

Figure 3.6. SEM image of residual porosity in the pyrolysis PCS after heat treatment at 1400 °C.
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At last, the X-ray diffraction (XRD) analysis was carried out on the pyrolysis products for various pyrolysis temperatures as described in Figure 3.7. When the pyrolysis temperature increased from 800 to 1400 °C, β-SiC phase (JCPDS no. 00-029-1129) was present above 1200 °C, which pointed out the success of the synthesis to produce SiC polymer precursor. Below 1200 °C, only poorly crystallised carbon was revealed. As the temperature increased, (above 1200 °C), the SiC diffraction peaks transformed into sharper peaks indicating an increase of the crystal size, while the carbon peaks stayed unchanged. Hence, a hyperbranched polycarbosilane was synthesised, which under heat treatment can be transformed into porous ceramics. As one of the main objectives was to develop a better understanding of synthesised polycarbosilane materials notably in terms of shaping, before the pyrolysis step. Hence, it was pivotal to establish a link between polymer architectures and the consequence on the future ceramics. This was accomplished by performing the monitoring of the polymerisation reaction that required a real time control of the construction of macromolecular structures under defined atmosphere and temperature. In addition, the rheological data of the polymer were of great importance, because they would condition the future shaping process. To answer this need to retrieve multiple parameters at the same time, which would improve the quality of production of polycarbosilanes, an adapted instrumentation was necessary. Since one of the challenges of the PDCs route was to control physical and chemical transformations that occurred during the polymerisation, a device that dynamically combined a rheometer and an infrared spectrometer was useful to monitor both the structure of the growing macromolecules and their rheological behaviour.
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Monitoring of the reaction kinetics via a rheometer coupled with an FTIR spectrometer

As detailed previously in the bibliography, several studies described the use of the coupling Rheo-FTIR to monitor various polymerisation reactions. The Rheo-FTIR coupling would allow the monitoring of the hydrosilylation reaction under controlled temperature and atmosphere starting with defined monomers with the aim of better understanding the relationship between the kinetics of the hydrosilylation reaction and the rheological behaviour of the preceramic polymer. However, before starting the coupling study, it was necessary to know the spectral signatures of the reagents involved. Hence, a preliminary study of the individual spectra was carried out and characteristics bands of the reagents were highlighted in chapter 2. The signature of functional groups of each monomer i.e. the stretching vibration of the Si-H (2117 cm -1 ) in BDSB and the C=C (1630 cm -1 ) in TAS were involved in the hydrosilylation reaction. To monitor the polymerisation reaction, either one of the monomers modes could be used to carry out the kinetic study as they both bands decreased during monomer conversion. Figure 3.8 illustrates the spectra at the beginning of the reaction and one when no more evolutions within the spectra were noticed. The advantage of combining a rheometer to an FTIR spectrometer was that we could directly correlate the monomer conversion obtained from real time FTIR spectroscopy to the in-situ rheological measurements. Combining the macroscopic properties data such as loss and storage moduli from rheology with molecular properties such as monomer conversion from FTIR spectroscopy, would result in a better understanding of the fundamental processes occurring during the polymerisation reaction. As stated in chapter 2, the alkene band (C=C 1630 cm -1 ) from TAS was chosen to follow the conversion of the monomers. The License CC BY-NC-ND 4.0 results were obtained after a time dependent oscillatory test was performed at a frequency set at 1 Hz and a strain at 0.5. The conversion of alkene was calculated as a function of time, at 25 °C (Figure 3.9). During the initial moments of the reaction, the conversion of alkene increased rapidly by approximately 0.5 for a time of 2000 s. Between 2000 s to 6000 s, a slower increase was observed indicating a lower kinetic rate due to a decrease in the concentration of the reactants as well as steric hindrance. Ultimately, the conversion of the alkene became stable after 6000 s and a maximum conversion of 0.71 was recorded. In parallel, to visualise the impact of the kinetics of the polymerisation reaction on the rheology of the ceramic precursor, the rheological moduli were plotted against the alkene conversion. During the initial phase of the reaction, the storage ( ) and loss ( ) moduli were constant as displayed in Figure 3.10. However, after a critical conversion rate close to 0.5, a sudden increase was noticed for the storage modulus that was up to two orders of magnitude compared to that of the loss modulus. Consequently, for a change of conversion of 25 %, the storage modulus increased by five orders of magnitude. The storage modulus was more responsive to the macromolecular growth for conversions greater than 0.5. Under this value, the conversion progressed more rapidly with no real impact on the rheological properties, as the macromolecular networks were not built enough during the step-growth polymerisation to properly influence the storage modulus.

License CC BY-NC-ND 4.0 Moreover, it was interesting to observe that the theory of gelation from Flory-Stockmayer could correspond to the critical conversion of the alkene. Indeed, the conversion at gel point can be expressed as:

√ (

where is the stoichiometric ratio (= 1 in this case) , is the functionality of TAS and is the functionality of BDSB. In agreement with these values, a critical conversion of 0.58 was calculated. This was in conformity with the gel time acquired from the Rheo-FTIR coupling.

This study demonstrated that the Rheo-FTIR coupling enabled real time monitoring of the hydrosilylation reaction by starting with defined monomers under controlled atmosphere and temperature. The in-situ experiment successfully correlated monomer conversion to the corresponding macroscopic rheological properties. However, the maximum alkene conversion was reached after 6000 s, indicating a slow rate of reaction. To optimise the studies further, the catalyst concentration will be adjusted. Indeed, this modification was essential, as the same polymerisation reaction will be performed in RBF. By taking in consideration, the reaction time was too long and counterproductive for sampling purposes in RBF. The rate of reaction was increased by increasing the catalyst concentration from 0.004 to 0.415 mmol•L -1 . Moreover, the Rheo-FTIR appeared to have some limitations since during the real time monitoring information were being acquired only at a single point across the whole sample; hence, the acquired data were not representative of the whole medium. As a

License CC BY-NC-ND 4.0 result, the addition of a Raman spectrometer was proposed to the existing coupling Rheo-FTIR notably to retrieve information in volume to better understand the kinetics of the reaction.

Contribution of Raman spectroscopy to the Rheo-FTIR setup

The combination of the Raman spectrometer to the existing Rheo-FTIR setup represented a major advantage since the combination of the two vibrational spectroscopy techniques complement each other. It is known that infrared (IR) absorption and Raman scattering spectroscopy provide complementary information of molecular vibrations: the former is active for anti-symmetric vibrations that alter the dipole moment, while the latter for symmetric vibrations that alter the polarizability. IR absorption spectroscopy, which is active for polar bonds such as O-H or N-H, is often used for identification of functional groups of molecules, while Raman scattering spectroscopy, active for bonds such as C=C, S-S, or C-S4, is used for identification of skeletal structures. Moreover, by combining the Raman spectrometer equipped with a lens to the existing Rheo-FTIR setup complementary information in terms of spatial resolution will be obtained. The ATR provides a spatial resolution in micrometre while the spatial resolution for the Raman spectrometer is measured in millimetre. Furthermore, the ATR provided only a surface information that is not representative of what is happening within the volume of the sample, while the Raman spectrometer associated with a lens will retrieve information with a larger depth penetration.

Therefore, the combination of the Raman spectrometer to the existing Rheo-FTIR setup By considering that this device could correlate the macroscopic viscosity with the medium composition, a preliminary study on the in-situ monitoring of the hydrosilylation reaction was undertaken. The reason why a preliminary study was undertaken on the Rheo-License CC BY-NC-ND 4.0

Raman setup was that the results obtained could be used as a reference in optimising the Rheo-Raman-FTIR at IRCER especially in terms of Raman signal acquisition.

Preliminary monitoring of the reaction kinetics via a Rheo-Raman setup (Rheo-C-R)

This experiment was carried out at Laboratoire Réactions et Génie des Procédés (LRGP-UMR 7274-Nancy). The Rheo-Raman setup was composed of a small-scale reactor (14 mL) wherein the polymerisation reaction took place as shown in Figure 3.11. The mixertype rheometer (model AresG2) was equipped with a quartz outer cylinder and was combined to a Raman spectrometer for in-situ measurements. A laboratory-made geometry, identical to industrial reactors, consisted of a mobile cylindrical chamber in quartz and a stationary helical ribbon that was utilised as a mixing tool. Moreover, the non-contact Raman spectroscopy measurements were carried out via the convective oven window and quartz outer cylinder due to the focalising system of the probe adapted to the rheometer size. The Raman spectrometer (Model RXN2, Kaiser Optical Systems) had a non-contact fibre-optic probe (objective) that provided a spectral resolution of 1.5 cm -1 . The laser excitation wavelength was 785 nm. The temperature was kept at 25°C throughout the experiment so that the reaction was not activated thermally. The optic probe was placed 10 mm from the mobile cylinder. Raman spectra acquisition were performed with an exposure time of 2 s and an interval time of 5 s. shown in Figure 3.12.

The graph was divided into 4 regions. In the first region, the intensity of the stretching vibration of C=C toluene and BDSB were almost constant while the stretching vibrations of C=C of TAS and Si-H started to decrease. The catalyst was added at t = 0 (in region 1), a decrease of 3.17 % and 3.1% was registered for C=C of TAS Si-H respectively at the start of the reaction. In region 2, a sharp decrease of 14.1 % and 11.4 % was observed for the stretching vibrations of C=C of TAS and Si-H respectively indicating that the functional groups of the reagents were being consumed rapidly. On the other hand, the decrease registered for the stretching vibration of C=C toluene (5.6 %) was associated to the evaporation of the solvent due to the exothermic reaction. The stretching vibration of C=C BDSB reported a slight decrease of 2.6 % in this region.

In The graph of viscosity was not plotted after 200 s as the gel formed was attached to the helical ribbon; therefore, the material was no longer sheared properly. Hence, viscosity data obtained after 200 s was disregarded. Nevertheless, the hydrosilylation reaction was successfully monitored in real time under well-defined parameters such as a constant temperature of 25 °C. Thus, the obtained result from the Rheo-Raman experiment was used as a reference to help in designing the Rheo-Raman-FTIR setup. Therefore, the hydrosilylation reaction was repeated on the Rheo-Raman-FTIR setup by keeping the same reagents concentration.

Optimisation and monitoring of the reaction kinetics by the Rheo-FTIR-Raman setup

The optimisation of the Rheo-Raman-FTIR setup was carried out since it was important to predefine the parameters and conditions that was most suited to perform the monitoring of The challenge to use the Raman spectrometer with a lens of focal distance of 100 mm lies in successfully probing the sample completely with the selected 0.6 mm gap distance.

Indeed, it was a strenuous task to probe the sample given the restriction imposed in terms of gap. The solvent toluene was used to optimise the signal since it was a cheaper option in comparison to the other reagents (TAS or BDSB). In addition, the toluene band remained unchanged during the reaction, and was present at 1607 cm -1 in the area of interest. For these reasons, and before each experiment, the signal optimisation was carried out on the stretching vibration of C=C (1607 cm -1 ) of toluene. Before carrying out the optimisation, the rheometer was initiated in terms of gap and inertia. Once the solvent toluene was placed in between the plate-plate configuration, the experiment was launched. The upper plate of the geometry was in motion while the lower plate was fixed during the experiment. The optimisation of the Raman signal was conducted with the help of the lab-made support. After some trial tests, the laser beam correctly probed the sample between the plate-plate configuration. Unfortunately, part of the laser beam was in contact with the metal part of the plate-plate geometry due to the 0.6 mm gap selected (Figure 3.14b). However, even with the gap constraint, a sharp amplitude of the stretching vibration of C=C of toluene was achieved as illustrated in Figure 3.15. After optimising the signal on the stretching vibration of C=C of toluene, the solvent was replaced by the reaction mixture (TAS, BDSB, Toluene and Pt catalyst) and the experiment was launched again. However, it is common that the acquired Raman signals displayed a low signal to noise ratio as shown in Figure 3.16. The signal to noise ratio was so low that it was difficult to differentiate the triplet bands from the background noise.

Consequently, the process of optimisation had to be repeated over again. After some attempts and by modifying the position of the lab-made Raman support, it appeared that signal to noise ratio was kept to a minimum when the 100 mm focal distance lens was position in an inclined angle with respect to the plate-plate geometry. From the region of interest (from 2300 to 1500 cm -1 ), the triplet bands representing the stretching vibration of C=C of BDSB at 1587 cm -1 , C=C of toluene at 1607 cm -1 and the C=C of TAS at 1632 cm -1 together with the stretching vibration of Si-H at a higher wavenumber (2122 cm -1 )

were distinctly illustrated in Figure 3.17. Consequently, the Raman data obtained from the coupling was exploitable and could be used to calculate the monomer conversion. Moreover, Figure 3.17 compared the Raman spectrum obtained at the start of the reaction with one, which showed no more evolutions. As expected, the stretching vibration of C=C of TAS at 1632 cm -1 as well as the stretching vibration of Si-H at 2122 cm -1 were consumed during the polymerisation reaction. Raman-FTIR setup (Figure 3.17) with the Rheo-Raman setup (Figure 3.18), it was noticed that the signal to noise ratio for the Rheo-Raman setup was lower than in the Rheo-Raman-FTIR setup. This was attributed to fact that the Rheo-Raman setup was not restricted in term of a gap distance since the laser beam could have probed any point on a 14 mL volume to obtain Raman information.

Moreover, in the case of the Rheo-Raman-FTIR setup the low signal to noise ratio was attributed to the gap distance (0.6 mm), and the interference caused from the metal material of the plate-plate geometry. However, the bands acquired in the area of interest (2300 to 1500 cm -1 ) were satisfactory when compared to the ones obtained from the Rheo-Raman setup. License CC BY-NC-ND 4.0

However, results obtained from P3 were disregarded due to the position of the diamond window which was at the limit of the geometry of the plate-plate configuration.

Indeed, some of the sample was not in contact with the geometry. Thus, only position P0, P1 and P2 were considered for this study. Figure 3.20 represented the different alkene conversion at position P0, P1 and P2 calculated from the FTIR data. The data acquisition of the FTIR for P1 and P2 was carried out at every 30 s while at P0 it was collected at every 25 s. rise in viscosity was noticed. Therefore, although the decrease in catalyst concentration did increase the reaction time of the polymerisation, the liquid-solid gel transition time was the same in all cases -independent of the catalyst concentration. Consequently, lowering the catalyst concentration would not result in increasing the sampling process window in RBF since the catalyst concentration did not influence the sudden increase of viscosity. Thus, there was no use to change the catalyst concentration that have been used until now.

Henceforth, the monitoring of the hydrosilylation reaction was carried out with a catalyst concentration of 0.415 mmol•L -1 .

Monitoring the reaction kinetics via the optimised Rheo-FTIR-Raman setup

After optimising the Rheo-Raman-FTIR setup in terms of gap, intensity of the Raman signal, impact of catalyst concentration and the homogeneity of the reaction across the geometry, an experiment was launched to monitor in real time the hydrosilylation reaction.

However, the polymerisation reaction that will be carried out in RBF will be stirred at 4.5 s -1 to ensure homogenous mixture of the reagents mixture. Since the Raman spectrometer had to link the monomer conversion occurring in RBF to that of on the rheometer, the shear rate was changed from 35 s -1 to 4. 

Conclusion

The monitoring of the hydrosilylation reaction in real time was initially performed by the Rheo-FTIR setup by starting with defined monomers. A hb-PCS was synthesised with a 94 % yield, from di and tetrafunctional monomers, using a hydrosilylation reaction, with Karstedt's catalyst. The thermal behaviour of this polymer featured classic characteristic for SiC preceramic macromolecules with a series of four stages during the pyrolysis process under argon atmosphere. The resulting pyrolysed product at 1400 °C announced a highly porous microstructure, which could have interesting properties in terms of catalysis.

Interesting results were obtained as the rheological moduli could be correlated to the alkene conversion from FTIR spectrometer. However, the possibility of a difference in the polymer growth was suspected between the diamond window of the ATR and inside the sample.

Thus, the existing Rheo-FTIR setup was equipped with a Raman spectrometer to overcome the shortcomings of the Rheo-FTIR setup. The Raman spectrometer allowed the sample to be probed with a better penetration depth. Moreover, we took the advantage of the complementarity of the two vibrational techniques to perform a structural analysis of the sample. It was the first time that a Raman spectrometer was attached to a Rheo-FTIR devise.

However, based on literature, the Rheo-Raman setup was used to monitor free radical polymerisation and succeeded in correlating the structural changes with the rheological changes. Hence, a preliminarily experiment was carried out on an existing Rheo-Raman setup. The results obtained were used as a reference as it was not obvious to optimise the License CC BY-NC-ND 4.0 intensity of the Raman signal given the restriction of the selected gap distance on the Rheo-FTIR-Raman setup. Eventually, a good spectrum was obtained from the Raman spectrometer after the optimisation the experimental conditions and parameters on the Rheo-FTIR-Raman setup.

By correlating the rheological data with the FTIR and Raman data, it was found that the viscosity was not affected during the beginning of the hydrosilylation reaction although the alkene conversion increased rapidly. It was only after a critical alkene conversion of 0.58 that the viscosity increased rapidly. Under the critical alkene conversion, the macromolecules were not developed enough to have an impact on the viscosity of the medium.

This finding was a first step in understanding the relationship between the kinetics of the polymerisation and the rheological behaviour. The development of the Rheo-FTIR-Raman setup is an innovation for monitoring real time polymerisation reaction as it provides an analysis of the molecular structure of the analysed sample and constitutes an important aspect in understanding the fundamental study of the rheology of preceramic polymers.

However, the monitoring macromolecular structures in terms of molar mass, root mean square radius (RMS radius) would provide addition information for understanding the impact of the polymer architecture on their rheology. Therefore, the polymer solution had to be characterised by the SEC-MALS to obtain addition information about the structures of the macromolecules formed during the hydrosilylation reaction.

Chapter 4.

Monitoring of the macromolecular structures and their impact on the rheological behaviour of the preceramic polymer

Introduction

The third chapter has illustrated the relationship between the kinetics of the polymerisation reaction and the rheological behaviour of the preceramic polymer. However, to fully understand the impact of the structure of the macromolecules on the viscosity, an analysis of the macromolecules in terms of average molar mass, size (Root Mean Square The polymerisation reaction that occurred in between the plate-plate geometry of the rheometer was repeated in RBF by keeping the same concentration of reagents. The reaction mixture could not be sampled from the rheometer during the polymerisation reaction while in RBF sampling could be performed via one of the necks of the round bottom flask.

The polymerisation reaction was carried out at room temperature.

As mentioned in chapter 2, the same Raman spectrometer RXN1 (Kaiser optical System) that was used on the Rheo-FTIR-Raman setup was employed on the RBF. The only difference was that an immersion probe (length of 15.3 cm and a diameter of 0.64 cm) was used instead of a lens with a focal distance of 100 mm. The tip of the immersion probe was completely plunged inside a 5 mL reaction mixture. The data acquisitions were carried out with an exposure time of 2 s and a current interval of 10 s. The magnetic stirrer was set at 4.5 Hz during the polymerisation to ensure a homogeneous mixture of the reaction reagents and to match the shear rate applied on the rheometer.

The sampling process was accomplished during the in-situ polymerisation reaction.

The sampled polymer solution was immediately quenched by inserting 100 μL polymer solution sampled in a 10 mL graduated flask containing about 9 mL of toluene. This was followed by adding more toluene until a total volume of 10 mL was reached. Sampling could be performed solely until 230 s as beyond that point a solid gel was formed. In addition, it

License CC BY-NC-ND 4.0 was verified that sampling process did not have any impact on the Raman signal during the real-time monitoring of the polymerisation reaction. One of the difficulties encountered during the sampling process in window A was that the samples collected registered a weak MALS signal, as the mass of the molecules were not significant enough. Thus, to overcome this issue, it was decided to increase the amount of polymer solution collected from 100 μl to 300 μl and to define a sampling window near the limit of sampling process. However, even with those changes, a weak MALS signal was registered for the initial samples collected from sampling window B. Consequently, the sampling window was further reduced from 120-223 s (sampling window B) to 160-226 s (sampling window C). A sufficient MALS signal was registered for all the samples collected in sampling window C as the macromolecules were already in advanced stages of the polymerisation reaction.

Table 4.1 summarises the optimal conditions for the sampling process of the polymerisation reaction. Since the sampling window was reduced from A to C, the sampling License CC BY-NC-ND 4.0 rate within the sampling window C was increased with the aim of obtaining a maximum number of points. As reported in Table 4.1, a total number of seven points have been collected for C with the last point collected at 226 s. By the time the 8 th sampling was performed, the gel was already in solid form. Thus, the seven sampling points collected from sampling window C were named Si ( from 1 to 7).

Subsequently, the samples collected from C would be characterised by the SEC-MALS coupling. This would allow for a better understanding of the evolution of the structure of the macromolecules during the polymerisation reaction especially in terms of molar mass, size, and molar-mass dispersity. 

Characterising the hyperbranched polycarbosilanes in terms of molar mass, RMS radius and molar-mass dispersity via the coupling SEC-MALS

The seven sampling points were analysed individually via the SEC-MALS coupling.

However, before starting the analysis it was primordial to determine the specific refractive index increment also known as that illustrated the change of the refractive index of a polymer with respect to the concentration of the solute [START_REF] Coto | Determination of dn/dc values for ethylenepropylene copolymers[END_REF]. The occurs in the optical constant (equation 4.2) and is required to determine the absolute concentration of polymer molecules in the MALS detectors. Hence, in our case, a value of 0.0592 mL•g -1 was determined from the polymer solution and was used to access the average molar mass, molar mass dispersity and the conformation of the sampled polymer solutions [START_REF] Podzimek | Light scattering, size exclusion chromatography and asymmetric flow field flow fractionation: powerful tools for the characterization of polymers, proteins and nanoparticles[END_REF].

As mentioned in chapter 2, the light scattering principles are embodied in the Rayleigh-Gans-Debye equation:

( ) ( )[ ( )]

Eq. (4.1)

where ( ) is the excess (i.e., from the solute alone) Rayleigh ratio. The ratio of the scattered and incident light intensity, corrected for size of scattering volume and distance from scattering volume.

( )

Eq. (4.2)

License CC BY-NC-ND 4.0 solvent refractive index, vacuum wavelength of incident light, is the solute concentration in g•mL -1 , is the scattering angle.

The data acquired from the MALS detectors were investigated with the ASTRA software (version 7.3.2) using either the Zimm fit method or the Berry fit method [START_REF] Kim | Study of chain branching in natural rubber using size-exclusion chromatography coupled with a multi-angle light scattering detector (SEC-MALS)[END_REF]. The Zimm fit was the most favoured method for the analysis of light scattering data and was normally applied for mid-sized molecules while Berry fit was employed for large molecules Moreover, S1 possessed mostly oligomers as S1 was sampled during a stage of the step-growth polymerisation reaction where the structure of the macromolecules were not

License CC BY-NC-ND 4.0 developed enough. As the polymerisation reaction progressed, the molar mass registered for S2-4 did not differ too much from each other as they were all in the range of 10 2 to 10 5 g•mol -1 . The sampling solutions S2-4 were mostly macromolecules that were still under construction. Furthermore, S5 possessed molar mass ranging from 10 3 to 10 6 g•mol -1 with the first visible peak on the chromatogram having a retention time of 5.9 min. In addition, S5 revealed the intensification of the crosslinking of the macromolecules, thus representing the progression of the polymerisation reaction towards a fully formed hyperbranched polymer.

Moreover, S6 had mostly large macromolecules with molar mass varying from 10 4 to 10 7 g•mol -1 with a retention time of 5.8 min. Finally, S7 registered the highest molar mass with a sharp and intense chromatogram signal with a retention time around 5.5 min. S7 was sampled just moments before the gel turned into a solid, thus it was expected that S7 would have a molecular structure that was hyperbranched at this stage of the polymerisation reaction. In addition, it is worth mentioning that the quenching of the polymer solution was efficient as the same dispersion observed in Figure 4.4 was reported one hour after upon a second analysis of the seven samples. The cumulative molar mass distribution of S1 had most of its weight fraction polymer within the domain of 10 3 to 10 4 g•mol -1 with the maximum being 17574 g•mol -1 and the minimum being 1614 g•mol -1 . The cumulative molar mass distribution of S1 indicated a moderate molar-mass dispersity (Ɖ M1 = 1.56), thus showing that around 163 s, oligomers were being formed. S2-S4 had most of its cumulative molar mass distribution ranging from 10 3 to 10 5 g•mol -1 . Furthermore, S2-S4 had a broader molar-mass dispersity (Ɖ M2 = 2.87, Ɖ M3 = 3.86, Ɖ M4 = 5.37) than S1 as at that moment of the polymerisation reaction, the distribution of the molar mass of the macromolecules started to be more dispersed. However, even if the macromolecules were in continuous development, they were interconnecting moderately with each other.

Meanwhile S5 represented the transition cumulative molar mass that started above a molar mass of 10 3 g•mol -1 and stretched until 10 5 g•mol -1 . S5 was sampled at 206 s and according to its molar-mass dispersity (Ɖ M5 = 7.81), macromolecules present at that moment possessed a wide range of molar mass. Moreover, S6 recorded the smallest molar-mass dispersity (Ɖ M6 = 1.35) with the smallest domain of molar mass of 10 5 to 10 6 g•mol -1 . This sudden decrease in molar-mass dispersity could be accounted by the fact that all macromolecules at this moment had approximately the same range of molar mass before starting to interlink with each other.

Finally, the last sample point S7 had the broadest domain of cumulative molar mass distribution varying from 10 6 to 10 8 g•mol -1 . In addition, it had also the largest molar-mass dispersity (Ɖ M7 = 11.48) implying that the macromolecules were being connected to their neighbours forming newer larger macromolecules. Therefore, the seven samples have been analysed in terms of their molar mass and molar-mass dispersity.

Table 4.2 summarised the SEC-MALS analysis of the seven sampling points (S1-S7) with their sampling time, average molar mass ( ), molar-mass dispersity (Ɖ M ) and fit method. The sampling time corresponded to the points sampled within the sampling window C. For S1-6 the average molar mass increased steadily from 4386 g•mol -1 to 320200 g•mol -1 before registering a rapid increase of nearly 2 orders of magnitude for the last sample (S7)

as the crosslinking was more consequent around 216 s. In parallel, the molar-mass dispersity increased from 1.56 to 11.48 as the polymerisation reaction progressed. However, S6 reported a sudden decrease in molar-mass dispersity that could be attributed to the crosslinking of macromolecules leading to polymer networks having the same molar mass.

Since the SEC-MALS coupling has characterised the samples in terms of average molar mass and molar mass dispersity, it would be interesting to obtain information about the conformation of the polymer as well.

During the SEC-MALS analysis, simultaneous measurements of RMS radius and molar mass give information about the polymer chain conformation by plotting the log of RMS radius versus log of molar mass as shown in Figure 4.6. S1-4 were not represented in Figure 4.6 since their RMS radius were less than 10 nm. Normally, when the RMS radius are less than 10 nm, it is difficult to access suitable data from their conformation plot. The slope of the conformation plot of the polydisperse samples could be classified into three categories namely: i) rod with a slope = 1, ii) random coil with slope in between 0.5 -0.6, iii) sphere 

Linking the reaction kinetics occurring across the platform

The reaction occurring on the Rheo-Raman-FTIR setup was correlated to the reaction occurring in RBF via the alkene conversion obtained from both setups. This was possible as the polymerisation reaction occurred across both setups had the same concentration of reagents and same experimental conditions. To fully understand and to better control the macromolecular growth of preceramic polymer, a mathematical model was applied to the alkene conversion curves so that the conversion data were linked in a continuous manner.

Hence, suitable functions were applied to the alkene conversion obtained from the platform (Rheo-Raman-IR setup and in RBF). Among them, the SRichards2 sigmoidal model, which is used as a growth model, was selected [START_REF] Hou | Controlling anodization time to monitor film thickness, phase composition and crystal orientation during anodic growth of TiO2 nanotubes[END_REF]. It fitted well the alkene conversion curve with a regression of 0.999 as shown in Figure 4.7.

License CC BY-NC-ND 4.0 The alkene conversion in RBF had more data points than the one obtained from the Rheo-Raman-IR setup. This was because in the Rheo-Raman-FTIR setup a compromise between a good signal and the number of data points acquired during the polymerisation reaction was made due to the small volume being probed while in RBF a good signal was obtained from start since the immersion probe was in direct contact with the reaction mixture.

Moreover, qualitatively the spectrum obtained from the Raman lens had a higher noise ratio in contrast to the immersion probe. For these reasons, the alkene conversion obtained from the immersion probe was used as a reference.

Moreover, it was noticed that the alkene conversion curves obtained from the Rheo-Raman-FTIR setup (i.e. the FTIR and Raman alkene conversion) have the same trend. Any one of the two curves could have been used to correlate the reaction kinetics occurring from the Rheo-Raman-FTIR setup to the alkene conversion obtained from RBF. However, since

Raman data obtained from the Rheo-Raman-FTIR setup were slightly more dispersed than the FTIR data, it was envisaged to use the FTIR alkene conversion.

In addition, it was observed that the alkene conversion from RBF had a similar trend as the one obtained from the Rheo-FTIR-Raman setup but with a slightly different rate of reaction. A plausible explanation might be the oscillation effect on the polymer solution was different even though the shear rate from the rheometer matched the speed of rotation of the magnetic stirrer. Despite this difference in oscillation effects, the results could still be correlated via the alkene conversion.

The curves of the alkene conversion from both setups were correlated by applying the SRichards2 sigmoidal function. Consequently, the alkene conversion from the RBF corresponded to any data point at any given time of the alkene conversion of the FTIR data, thanks to the applied function.

Relationship between molar mass, alkene conversion and viscosity of reaction medium

The last step of this chapter was to link the viscosity of the reaction medium with the average molar mass of the collected sample via the alkene conversion. Finally, at an alkene conversion of 0.65, the molar mass, the molar-mass dispersity, and the viscosity had a significant increase moments before the gel turned into a solid form.

Moreover, at this alkene conversion, the macromolecules with varying molar mass 10 6 -10 8 g•mol -1 made up the hyperbranched structures of polycarbosilanes. According to the literature, the viscosity domain obtained could correspond to shaping process such as spin coating, inkjet print and plasma spraying at a shear rate around 10 3 to 10 6 s -1 [CAR20]. This is one of the major achievements of this project, to be able to correlate the viscosity of the preceramic polymer to a shaping process. Normally polymer samples are subjected to a wide range of shear rates that can affect the quality of the shaping process and eventually the final product. Hence, it is pivotal to understand and control the rheological properties of the polymer sample during the shaping process to avoid problems of clogging, lack of fluidity, or agglomeration. Thus, the platform will adapt the viscosity of a polymer sample to a corresponding shear rate required to carry out the shaping process at optimum conditions.

Since the platform has successfully correlated the architecture of the synthesised polycarbosilane and the kinetics of the reaction with the rheology of the medium, the experimental conditions could be reviewed to find an adapted viscosity for other types of shaping process. For instance, the catalyst concentration, monomer concentration could be increased/decreased or the hydrosilylation reaction could be activated by temperature.

Moreover, the elaboration of this platform will provide the opportunity to monitor other macromolecular structure like linear polymer one wherein a contrast can be drawn between the synthesis of a hyperbranched polymer to determine the branching ratio of the hyperbranched polymer. Furthermore, other types of preceramic polymers (polysiloxanes, polysilazanes, polysilycarbodiimides, etc.) as well as other types of polymerisation reaction (ring-opening polymerisation, polycondensation) could be studied via this platform. Thus, this work will strengthen several research topics in IRCER.

Conclusion

The polymerisation reaction carried out on the Rheo-Raman-FTIR setup was repeated in RBF to facilitate sampling of polymer solutions during the real time monitoring of the reaction. Three sampling windows were considered during the reaction namely A, B and C.

Sampling window C was selected since it reported sufficient MALS signal and its sampling window was the nearest to the moment when the gel turned into a solid form. Seven samples were collected within the sampling window C ranging from 160 s to 226 s. The sampling time corresponded to an alkene conversion of 0.32 to 0.65. Moreover, the seven sampling points collected were characterised by the SEC-MALS to gather information about the evolution of the structures of the macromolecules in terms of molar mass, molar-mass dispersity and conformation of the polymer structure.

Based on the SEC-MALS results, for S1-6 the average molar mass increased steadily from 4386 g.mol -1 to 320200 g•mol -1 before registering a rapid increase of nearly 2 orders of magnitude for the last sample (S7) as the crosslinking was more consequent around 216 s.

In parallel, the molar-mass dispersity increased from 1.56 to 11.48 as the polymerisation reaction progressed. However, S6 reported a sudden decrease in molar-mass dispersity (1.35) that could be attributed to the crosslinking of macromolecules leading to polymer networks having close molar mass. Furthermore, it was noticed, based on the conformation plot of log RMS radius against log molar mass, that the structures of the macromolecules developed from a random coil to a sphere (hyperbranched structures) during the polymerisation reaction.

One of the objectives was to synchronise the reaction taking place in RBF to that on the Rheo-Raman-FTIR. This was achieved via the alkene conversion obtained from both setups i.e. the alkene conversion in RBF was synchronised to the alkene conversion obtained from the FTIR data.

By combining the data obtained from the platform, a better understanding and control of the macromolecular growth were achieved. For an alkene conversion of 0.32 to 0.65, the corresponding average molar mass was correlated to the viscosity of the medium. Thus, within this range of alkene conversion, the real-time monitoring of the structures of the macromolecules with respect to the viscosity of the medium was achieved. A viscosity window ranging from 2 to 125 mPa•s was established. Based on literature, this viscosity could correspond to shaping processes like spin coating, inkjet print and plasma spraying [START_REF] Carnicer Cervera | Microfluidic rheology: A new approach to measure viscosity of ceramic suspensions at extremely high shear rates[END_REF].

The development of this platform constitutes an important aspect in understanding fundamental study of preceramic polymer since a direct correlation in real time between viscosity and average molar mass of the developing macromolecules was put in evidence.
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This project deals with the development of a platform to monitor the in-situ synthesis of a preceramic polycarbosilane starting from two suitable monomers. The idea was to access rheological, structural and physical information, to master the synthesis of preceramic polymers. To reach this goal, a unique platform consisting in a rheometer dynamically combined with infrared and Raman spectrometers, plus a MALS detector, has been developed.

The Rheo-FTIR setup initially performed a real time monitoring of the hydrosilylation reaction by starting with di-and tetrafunctional monomers. Subsequently a hb-PCS was synthesised with a yield of 94 %. The structural changes were successfully correlated with the rheological moduli. However, the information obtained from FTIR (ATR mode) provided only a surface information which were not representative of what is happening within the volume of the sample. To overcome this key point, a Raman spectrometer associated to a lens which lead to a larger depth penetration was added to the existing Rheo-FTIR. Hence, the new platform used two complementarily vibrational techniques to perform a structural analysis of the sample. It was the first time that a Raman spectrometer was attached to a

Rheo-FTIR device. The optimisation of the new platform was carried out in terms, of gap (0.6 mm), intensity of the Raman signal, and concentration of the catalyst. Moreover, it was found out that the viscosity increased rapidly only after a critical alkene conversion of 0.58 was reached. Below this value, the conversion evolved faster but without any impacts on the viscosity. This was due to the fact that the macromolecular networks were not built enough during the hydrosilylation reaction to properly affect the viscosity of the medium. This finding was a first step in understanding the relationship between the kinetics of the polymerisation and the rheological behaviour. The development of the Rheo-FTIR-Raman setup is an innovation for monitoring real time polymerisation reaction as it provides an analysis of the molecular structure of the analyses sample that could be correlated to the rheology of the medium. To better understand the impact of the polymer architecture on the rheology of the medium, the SEC-MALS coupling would provide addition information about the structure of the macromolecules in terms of average molar mass, molar-mass dispersity and its conformation structure. Thus, the relationship between the average molar mass of the macromolecules and the structural changes were put in evidence. the gel turned into a solid form. The seven samples (S1-7) were characterised by the coupling SEC-MALS to gather information about the evolution of the structures the macromolecules in terms of molar mass, molar-mass dispertsity and conformation of the polymer structure. Based on the SEC-MALS results, for S1-6 the average molar mass increased steadily from 4386 g.mol -1 to 320200 g.mol -1 before registering a rapid increase of nearly 2 orders of magnitude for the last sample (S7) as the crosslinking was more consequent around 216 s. In parallel, the molar-mass dispersity increased from 1.56 to 11.48 as the polymerisation reaction progressed. However, S6 reported a sudden decrease in molar-mass dispersity (1.35) that could be attributed to the crosslinking of macromolecules leading to polymer networks having close molar mass. Moreover, according to the conformation plot, the polymer solution sampled developed from a random coil to a sphere (hyperbranched structures) during the reaction.

The synchronisation of the reaction taking place in RBF to that on the Rheo-Raman-FTIR was performed via the monomer conversion. In this way, for an alkene conversion of 0.32 to 0.65, the corresponding the average molar mass of the macromolecules could be correlated to the viscosity of the medium. Thus, within this range of alkene conversion, the real-time monitoring of the structures of the macromolecules with respect to the viscosity of the medium was achieved. A viscosity window ranging from 2 to 125 mPa•s was established.

Based on literature review, this viscosity would correspond to shaping processes such as inkjet print, plasma spraying and spin coating at a shear rate around 10 3 to 10 6 s -1 [CAR20]. This is one of the major achievements of this project, to be able to correlate the viscosity of the preceramic polymer to a shaping process. Therefore, the platform has enabled the monitoring of the in-situ hydrosilylation reaction.

The platform can still be optimised, as one of the difficulties experienced on the Rheo-Raman-FTIR setup was to optimise the intensity of the Raman signal on a gap of 0.6 mm. A pinhole can be used during the experiment to block some of the stray light. However, this might decrease the signal that reach the detector. Another possibility will be to increase the gap distance between the plate-plate configurations according to the wettability of the reagents. Furthermore, the domain of temperature provided by the rheometer from ambient to 400 °C can be useful to check the behaviour of the polymers in terms of stability and shaping, and to head for polymers with lower processing temperatures. In addition, the polymerisation reaction can be carried out in an argon atmosphere as the impact of atmosphere is of importance given the sensitivity of carbosilanes in air. Moreover, the ratio of monomers can be varied as well as the catalyst concentration to adapt the viscosity to a particular shaping process. The addition of fillers in the monomers composition can reduce the rate of crosslinking of the reaction, thus extending the time available to shape the preceramic polymer before the pyrolysis step. Suitable models can be applied to the viscosity curve and the to the kinetics of the polymerisation including the induction effect of the catalyst during the hydrosilylation reaction.

Since the platform has successfully linked the average molar mass to the viscosity of the medium, this will enable the monitoring of other polymerisation reactions. For instance, a linear polymer can be synthesised, wherein a contrast can be drawn between the syntheses of a hyperbranched polymer structure to determine the branching ratio of the hyperbranched polymer. Furthermore, the platform can be used to facilitate other shaping processes as by starting with defined monomers, the relationship between the average molar mass and viscosity of the medium can be established. The platform will provide a better understanding and control of the polymerisation reaction, thus enabling a better control on the ceramic material generated.

Mise en forme de céramiques non-oxydes : vers une plateforme multi-analyse intégrée pour le suivi de la synthèse in situ de polycarbosilanes

Dans le domaine des céramiques non-oxydes, la voie des céramiques dérivées de polymères a constitué une avancée majeure pour obtenir des céramiques à base de carbure de silicium (SiC) à partir de polycarbosilanes. Afin de générer des céramiques pouvant être facilement mises en forme, la connaissance de la rhéologie des précurseurs précéramiques lors de la polymérisation est cruciale. Ainsi, dans le but de maîtriser la synthèse du polymère précéramique, il était primordial de suivre les changements structuraux survenant lors de la polymérisation d'un carbosilane, tout en accédant à ses propriétés rhéologiques. Pour répondre à cette problématique, une nouvelle plateforme a été développée, qui peut être divisée en deux parties. La première comprend un rhéomètre couplé à un spectromètre infrarouge à transformée de Fourier (FTIR) et un spectrophotomètre Raman (configuration Rheo-Raman-FTIR). La configuration Rheo-Raman-FTIR a permis en termes de spectroscopies vibrationnelles et de rhéologie le suivi d'une réaction de polymérisation in-situ en temps réel sous atmosphère et température contrôlées. La deuxième partie est la chromatographie d'exclusion stérique/diffusion de lumière à multi-angles (SEC-MALS). Cette technique a permis de caractériser la masse molaire moyenne des macromolécules formées lors de la polymérisation. Le lien entre ces deux parties a été réalisé grâce au taux de conversion des monomères obtenu dans chaque cas par la spectroscopie vibrationnelle (Raman/FTIR). Pour illustrer les intérêts de cette plateforme, une réaction d'hydrosilylation sera étudiée pour synthétiser avec succès un polycarbosilane hyperbranché, précurseur du SiC.

Mots-clés : hydrosilylation, spectroscopie Raman et infrarouge, polycarbosilane, rhéologie, carbure de silicium.

Non-oxide ceramic shaping: towards an integrated multi-analysis platform to monitor in-situ polycarbosilanes syntheses

In the area of non-oxide ceramics, the polymer-derived ceramic route was a breakthrough to obtain silicon carbide (SiC)-based ceramics from polycarbosilanes. To obtain ceramics that could be easily shaped, the knowledge of the rheology of the preceramic precursors during the polymerisation is crucial. Thus, to master the synthesis of the preceramic polymer, it was pivotal to monitor the structural changes occurring during the polymerization of a carbosilane, while accessing their rheological properties. To answer this issue, a new platform was developed that could be divided into two parts. The first one included a rheometer coupled to a Fourier transform infrared spectrometer (FTIR) and a Raman spectrophotometer (Rheo-Raman-FTIR setup). The Rheo-Raman-FTIR setup allowed for the monitoring in terms of vibrational spectroscopies and rheology of an in-situ polymerization reaction in real time at controlled atmosphere and temperature. The second part is the Size-Exclusion Chromatography/Multi Angle Light Scattering detector (SEC-MALS). This technique helped to characterise the average molar mass of the macromolecules formed during the polymerisation. The link between these two parts was made by the monomer conversion obtained in each case by vibrational spectroscopy (Raman/FTIR). To illustrate the interests of this original instrumental platform, a hydrosilylation reaction will be studied to successfully synthesise a hyperbranched polycarbosilane, precursor of SiC.

Keywords: hydrosilylation, Raman and infrared spectroscopy, polycarbosilane, rheology, silicon carbide.
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  [START_REF] Riedel | Synthesis of dense silicon-based ceramics at low temperatures[END_REF] [RI98]. To answer these criteria, non-oxide ceramics are good candidates[START_REF] Colombo | Ceramic foams from preceramic polymers[END_REF] [START_REF] Riedel | Silicon-based polymer-derived ceramics: synthesis properties and applications-a review dedicated to Prof. Dr. Fritz Aldinger on the occasion of his 65th birthday[END_REF].Among them, silicon-based ceramics and composites present excellent thermomechanical properties such as high strength, hardness, and low density[START_REF] Bougoin | Synthese et proprietes thermomecaniques de ceramiques denses composites carbure de bore-carbure de silicium[END_REF]. In addition, their oxidation, and corrosion resistance make them valuable high-temperature materials [BA96] [LI09]. Several types of processing techniques such as chemical vapour deposition (CVD), arc discharging, powder technology, or even self-propagating high-temperature synthesis (SHS) have been developed to produce non-oxide ceramics [LE17] [VA06] [NA86]. However, even among these different techniques, powder technology is still considered the most popular one for the manufacturing of non-oxide ceramics. Limitations arising from these conventional techniques such as lack of control on oxygen content and the search for novel covalently bonded materials (e.g.SiBCN) have encouraged the development of alternative processing technologies. Since Yajima and co-workers reported the conversion of polycarbosilanes to silicon carbide, much attention has been focused on the structure and

Figure 1

 1 Figure 1.1. a) SiC crystal structure; b) stacking sequence of famous polytypes with Ramsdell notation [RA17].

  drawback is that the produced SiC possesses large grains and batches, normally demanding grinding, and purification processes for further usage[START_REF] Weimer | Kinetics of carbothermal reduction synthesis of beta silicon carbide[END_REF] [KO98]. Consequently, poor License CC BY-NC-ND 4.0 quality material is obtained from synthesising SiC powder by the traditional carbothermal reduction method. 1.3.2. Gas route Elaboration techniques such as chemical vapour deposition (CVD) are employed where metallic elements are converted into a gaseous metal halide. The latter will react with methane or hydrogen by the substitution reaction to produce gaseous SiC that condenses on a substrate. SiC has common precursors such as methyltrichlorosilane (CH 3 SiCI 3 ) or silanes SiH 4 [LO95] [LI89]. The synthesis by CVD generates powders with a low concentration of impurities and a fine particle size (less than one micrometre). It also has the advantage of using lower temperatures and shorter reaction times compared to the solid route. The principal uses of CVD for SiC are coating of materials to inhibit oxidation, densification of porous ceramics, and fabrication of structural parts such as turbine wheels [MI87]. However, disadvantages concerning this route are the presence of excess carbon obtained in the final product and the safety measures needed when dealing with silane gas due to its flammability, toxicity, and explosiveness [SC13] [KU04]. In addition, more time and development are needed to convert the laboratory synthesis process into an industrial scale process.

  Figure 1.2. Simplified chemical structure of silicon-containing preceramic polymers [CO10].
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 13 Figure 1.3. Schematic representation of typical preceramic polymers in the Si-C-N-O system (e.g., R 1

  Figure 1.4 [GE00].

Figure 1

 1 Figure 1.4. Scheme of molecular and microstructural transitions during ceramic manufacturing from preceramic polymers [GE00].

  R 4 being organic groups or H) have been synthesised by a variety of reaction pathways. The Kumada rearrangement of poly(dimethylsilane), Grignard polycondensation reactions of chlorosilanes, ring-opening polymerisation of 1,3-disilacyclobutanes catalysed by Pt-containing complexes, and hydrosilylation of vinylhydridosilanes are among the new routes that have been considered to synthesise polycarbosilanes [GR00] [ME15]. The most pivotal and strongly explored access to PCSs certainly is the Yajima process [YA75]. It gained much attention as it could thermally convert insoluble and not meltable poly(dimethylsilane) (PDMS) into soluble and processable poly[(methylsilylene(methylene)] as shown in Figure 1.5 [SO13] [YR78]. The essential step in the Yajima process is a rearrangement of the polymer backbone involving methyl groups, and occurring at around 400 °C. This reaction is also known as the Kumada rearrangement or Kumada reaction [CH08]. The process is radically induced when methylene migrated from one of the silicon bonded methyl groups attached to the polymer backbone, into the polymer chain. During the initiation steps, silyl radicals are formed when the Si-Si bonds are cleaved by heating, followed by the migration of the H-radical from the methyl group to the silyl radical. In the Kumada rearrangement step, the generated methylene radical is inserted into a Si-Si bond through which a new silyl radical is generated. The propagation steps are carried forward by a repeated H-radical migration to the silicon radical resulting in the methylene radical. The last step (termination step) takes place when the radical is recombined [BO92] [LO15].

Figure 1

 1 Figure 1.5. Key steps in the Kumada rearrangement of poly (dimethylsilane) [SO13].

  ) 1.5 ] z [-Si(CH 2 -) 2 ] l . An overall composition of [SiCH 4 ] was obtained by Grignard coupling of chloromethyltrichlorosilane leading to poly(dichlorosilylenemethylene). Chlorine atoms are poly(dichlorosilylenemethylene) with LiAlH 4 . Consequently, branched PCS with an idealised structure [-H 2 Si-CH 2 -] n were generated as shown in Figure 1.6 [KA16] [SO13].
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 16 Figure 1.6. Synthèse du HPCS [SO13].
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 1 Figure 1.7. a) Chemical structure of AHPCS [SR10] b) AHPCS -average‖ structure, as derived from NMR and GPC studies [IN02].

Figure 1

 1 Figure 1.8. Synthesis of PCSs by Pt-catalysed ring opening polymerisation (ROP) of 1,3 disilacyclobutane derivatives [SO13].
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 19 Figure 1.9. Chemical formula of the Kastedt's catalyst [HO17].
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 1 Figure 1.10. Chalk-Harrod mechanism and Chalk Harrod modify mechanism [HO17].

Figure 1 .

 1 Figure 1.11. Description of different classic steps in the PDCs path.

  License CC BY-NC-ND 4.0 contamination in the ceramic generated [OK06] [TA87] [HQ01]. E-beam curing is a solution to obtain oxygen-free ceramics, however the penetration depth restricts the usage of this method to obtain components such as fibres [NA99] [ID04] [ID01]. Otherwise grafting photosensitive functional groups onto the backbone of the preceramic polymer can facilitate UV-Curing, mostly for micro-component [LI02] [PH07] [SC04]. It should be mentioned that the degree of crosslinking greatly influences the rheological behaviour of preceramic polymers and has to be controlled accordingly. This crosslinking step is therefore very important for the production of flawless ceramics [BE05] [CH91] [ME15] [MU04] [WE01].

  The different preceramic polymers mentioned have all different backbone structures. The properties (mechanical behaviour, thermal resistance, corrosion resistance) of the final ceramic would depend on the starting composition of the preceramic composition. Viscosity has a direct influence on the shaping process since it depends on the macromolecular structures and on the extent of reaction during the synthesis of the polymers. By starting with tailored preceramic structures and by making use of a rheometer to control the rheological properties at various stages of the ceramic processing, ceramics with numerous shaping License CC BY-NC-ND 4.0 variants could be obtained. Moreover, external parameters such as temperature, atmosphere, catalyst or fillers (Figure1.13) can influence the rheological behaviour of the preceramic polymers. They directly influenced the polymerisation/crosslinking processes to modulate the rheological behaviour sought to improve the shaping ability. Figure 1.13 summarise fundamental studies found in the literature review of rheology of preceramic polymers. As SiC preceramic precursors are polymers of great interest, studies on polycarbosilanes were reported [GU10] [GU14] [WA20]. In addition, the following paragraphs will present two papers that deal with a linear polymer (PCS, Al-O-Si bonded with PCS and Al-Si bonded with PCS) and a hyperbranched polymer (Liquid hyperbranched polycarbosilane -LHBPCS).

Figure 1 .

 1 Figure 1.13. Summary of the essence of the fundamental study of rheology of preceramic polymer.

Figure 1 .

 1 Figure 1.14. Reaction of Al(acac) 3 and Al(OiPr) 3 with PCS [GU14].

  et al. an (Fourier transform infrared spectroscopy) an FTIR spectrometer was used to monitor the fingerprint of chemical groups present at the beginning of the reaction and the eventual changes occurred during the reaction. This allowed the authors to make the correlation between the changes in chemistry using data obtained from FTIR spectroscopy and the rheological measurements. However, the rheological and FTIR measurements were carried out in an ex-situ setup, which might bring experimental inconsistency as compared to an experiment carried out with an in-situ experimental setup.1.6.1.3. Effect of structure of the polycarbosilaneConcerning hyperbranched polymers, Wang et al. obtained SiC foams that were prepared based on a precursor conversion method. A liquid hyperbranched polycarbosilane (LHBPCS) [SiH 1.9 (CH 2 CH=CH 2 ) 0.1 CH 2 ] n was used as the preceramic polymer together with expandable microspheres (EMS) as pore foaming agents[START_REF] Wang | Preparation of highly porous SiC via ceramic precursor conversion and evaluation of its thermal insulation performance[END_REF]. The optimisation of the crosslinking reaction rate of LHBPCS was carried out by regulating the content of free radical initiator tert-butyl peroxybenzoate (TBPB) as well as temperature. The forming rate of EMS was synchronised with the thermal crosslinking behaviour of the mixture of LHBPCS with varying contents of free-radical initiator TBPB at 120 °C by using rheology tests. The rheological measurements helped in monitoring the evolution of the crosslinking process by analysing the evolution of the complex viscosity (the measure of the total resistance to flow as a function of angular frequency), storage modulus (G': the energy stored in the elastic structure of a sample) and loss modulus (G'': the viscous part or amount of energy dissipated in the sample) of the two samples namely LHBPCS with 0.2 wt. % TBPB and LHBPCS with 0.5 wt. % TBPB.At the beginning, LHBPCS with different TBPB contents demonstrated a low complex viscosity of about 0.02 Pa•s. as shown in Figure1.15a. However, the complex viscosity increased drastically with time indicating the formation of the network structure of LHBPCS during chemical cross-linking.

Figure 1 .

 1 Figure 1.15. (a) Evolution of complex viscosity of LHBPCS vs time after adding different contents of TBPB at 120 °C; (b) Evolution of storage modulus ( ) and loss modulus ( ) of LHBPCS vs time after adding different contents of TBPB at 120 °C [WA20].

  stretching deformation prevailed the shaping processes. In this way, Ouyang et al. conducted an experimental and numerical modelling of fibre spinning flows of a preceramic polymer melt[START_REF] Ouyang | Modeling of Fiber Spinning Flows of Pre-ceramic Polymer Melts[END_REF]. The authors set up a procedure, which could measure the fibre diameter in real time during the fibre spinning process. The study used a polycarbomethysilane sample (PCMS). To determine the temperature influence on the samples and the repeatability of the measurements, the sample was exposed to a frequency sweep test carried out in the linear viscoelastic regime with four distinct temperatures namely 110 °C, 115 °C, 120 °C and 125 °C. The rheological results indicated that low molecular weight PCS showed a constant License CC BY-NC-ND 4.0 viscosity along the whole frequency range. Moreover, the loss modulus was constantly higher than the storage modulus by one order of magnitude proving the liquid-like component of the material dominated the elastic part. A gel-like structure was observed at higher frequency when temperature of the samples increased. Two groups of PCS samples were spun under different spinning conditions. The first one was spun with varying temperature while keeping the take-up velocity constant, and the second experiment consisted in varying the take-up velocity with constant spinning temperature. In both cases the flow rate (Q) and piston velocity (V p ) were kept constant. The first group of PCMS with a chemical formula of (C 2 H 6 Si) n [purchased from Aldrich Co] consisted of PCS samples named S1-A, S1-B, S1-C that were spun at temperatures of 117 °C, 120 °C and 125 °C, respectively. Figure1.16 displayed the evolution of fibre diameters during the spinning process along the spinline Z of the first group of PCMS samples.

Figure 1 .

 1 Figure 1.16. Pictures of PCS in fibre spinning process and their measured dimensionless fibre diameter D(z) along spinline z [OU10].

  Several studies have been carried out to investigate the rheological properties of boron-based ceramic materials required for fibre spinning process. Thus, a series of preceramic B-(methylamino)borazine-based polymers as fibre precursors have been designed by Duperrier et al. [DU07]. The authors carried out an investigation on the synthesis and spinning processes on a batch of B-(methylamino)borazine to inquire about the influence of the architecture, thermal and rheological behaviour upon melt spinning. It was noted that architectural changes had a greater impact on the thermal behaviour as well as on the melt spinnability of the polymer than on the chemical composition itself. The authors reported that a temperature between 160 °C and 185 °C was most suited for melt spinnable poly[B-(methylamino)borazine]. Two major troubleshooting that might occur during polymer melt extrusion were: 1) a wall depletion event inside the spinneret; 2) a thickening of extensional viscosity along the spinning line. As a result, shear and extension rheology tests were carried out to counteract these effects. In this way, Duperrier et al. investigated the most appropriate conditions for melt-spinning of poly[B-(methylamino)borazine] in terms of complex viscosity, storage modulus and loss modulus [DUS07]. With increasing oscillatory angular frequency, the complex viscosity decreased showing a shear thinning behaviour of the polymer melt during extrusion as shown in Figure 1.17. In addition, the dynamic moduli rose steadily with increasing oscillatory frequency. A cross-over point was marked at = 90 s -1 , indicating the viscous component had a greater magnitude value than the elastic License CC BY-NC-ND 4.0 component within almost the whole oscillatory frequency range. Thus, this polymer exhibited an elastic-dominant characteristic for the melt spinning process.

Figure 1 .

 1 Figure 1.17. Frequency dependence of , , and for sample 6 (B 3.0 N 4.2 C 1.9 H 8.7 ) at = 195 °C [DUS07].

Figure 1 .

 1 Figure 1.18. (a) Dynamic moduli of the inks as a function of the shear stress (frequency 1 Hz); (b) Flow curve for the inks, showing the shear stress and the corresponding calculated viscosity as a function of the shear rate [ZO16].

  .18b). This behaviour further confirmed the shear thinning behaviour of the inks. In addition, after a preshear of 30 s at a shear rate of 50 s -1 , the change of viscosity as a function of time was plotted at a shear stress of 25 Pa as shown in Figure1.19.

Figure 1 .

 1 Figure 1.19. Viscosity recovery test for the inks (viscosity/time plot at a constant shear rate of 0.1 s -1 , at a 25 Pa shear stress) [ZO16].

  Figure 1.20a reports a log-log plot of loss moduli (Pa), storage moduli (Pa), and shear stress (Pa) of the inks against strain %. The curves of both the inks were alike and could be divided into 3 regions. From low to intermediate strain both and displayed a plateau region where ; the shear stress increased constantly. At higher strain, a decrease in the slope of shear stress is observed while and decreased promptly before crossing each other. The behaviour of the inks could be categorised as shear thinning in a large amplitude oscillatory shear (LAOS) system due to the chain orientation. The result of viscosity recovery test performed on the inks is displayed on Figure 1.20b. A recovery of more than two orders of magnitude is noted in ink A before a plateau value of about 50 kPa•s is reached. While ink B started from a relatively higher value than ink A approximately 125 Pa•s and demonstrated a more modest recovery. Around 60 s, both inks appeared to have the same viscosity of about 7.5 kPa•s. The fastest recovery was recorded for Ink A which can be attributed to the fast reconstruction of hydrogen bonds between silica particles. Over a prolonged time, both inks reported different viscosities.

Figure 1 .

 1 Figure 1.20. a) Storage modulus (Pa), loss modulus (Pa); b) (Pa•s) against (s) [FR18].

  Figure 1.21. P1 had both DA moieties (furan and maleimide) while P2 and P3 had only one of each (furan or maleimide). The last synthesised polymer P4 had only the lauryl group.

Figure 1 .

 1 Figure 1.21. Schematic representation of the polymer samples. Functional PLMA with furan and maleimide pendant groups (P1), functional PLMA with only furan pendant groups (P2), functional PLMA with only maleimide pendant groups (P3), and unfunctionalized PLMA (P4) [BO14].

  search for biodegradable plastics, Auriemma et al. compared poly(3hydroxybutyrate) (PHB) which is a biodegradable polymer with another PHB doped with a natural polyphenolic additive (tannic acid TA) [AU15]. The goal of this study was to investigate the thermal stability of both neat and TA-doped PHB samples by means of a rheometer and FTIR spectrometer. The deterioration of the samples was observed by following the viscoelastic moduli as a function of time. The rheological results indicated that the neat PHB underwent degradation since the decrease in elastic modulus is due to the polymer molecular weight dropping below the critical value for entanglement formation. Moreover, neat PHB could not be processed at 180 °C since the polymer was not yet in a License CC BY-NC-ND 4.0 molten state. Figure 1.23 illustrates the time dependent oscillatory rheology of PHB/TA15 (PHB with 15 % tannic acid) at 180 °C.

Figure 1 .

 1 Figure 1.23. The time evolution of the elastic modulus (empty symbols) and the loss modulus (filled symbols) of PHB/TA15 at 180 °C. The angular frequency is 10 rad/s, the stress amplitude is 50 Pa [AU15].

  the IRCER, Darsy et al. reported the monitoring under controlled atmosphere of a polycycloaddition via the coupling Rheo-FTIR. [DA15]. A click reaction was carried out in the presence of Cu (I) as catalyst between well-defined monomers namely tripropargylamine (TPA) and bis(azidomethyl)dimethysilane (BDAM) to synthesise a hyperbranched polycarbosilane as shown in Figure 1.24. The monitoring of both the structure of the growing macromolecules and their rheological behaviour during the polymerisation reaction was performed simultaneously under controlled temperature and atmosphere.

Figure 1 .

 1 Figure 1.24. Scheme of the hyperbranched polycarbosilane by reaction between BDAM and TPA (b = branching, t = terminal, l = linear, and hb = hyperbranched) [DA15].

Figure 1 .

 1 Figure 1.25b of the developing polymer. Furthermore, this value corresponded to the conversion rate of 0.71 observed at gel point for a A 2 +B 3 polymerisation type based on the theory of gelation of Flory-Stockmayer.
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 1 Figure 1.26. Scheme of the rheometer-Raman spectrometer coupled experiment [CH12].
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 1 Figure 1.27. Evolution of viscosity (at 10 s -1

  Figure 1.28. Comparison between Raman signals [BR14].

(

  Figure 1.29. Schema of the Rheo-FTIR-Raman coupled with a SEC/MALS.

Figure 1 .

 1 Figure 1.30. Risk diagram and proposed fall-back solutions in brackets.

  hyperbranched polycarbosilane is generated via a hydrosilylation reaction by reacting difunctional and tetrafunctional monomers together in the presence of a catalyst and a solvent as illustrated by Figure2.1., 1,4-bis (dimethylsilyl)benzene (BDSB) is the difunctional monomer while the tetraallysilane (TAS) is the tetrafunctional monomer. The catalyst used during the reaction is platinum-based, named as Karstedt's catalyst, which is well known for its extensive use in hydrosilylation reactions due to its selectivity and high activity. Finally, toluene, which is a common solvent in organic chemistry, is employed in the polymerisation reaction.

Figure 2

 2 Figure 2.1. Synthesis of a hyperbranched polycarbosilane (hb-PCS) by hydrosilylation [PI18].

  first one was a rotational rheometer (Model AresG2) with a Couette configuration equipped with a spectrometer Raman Kaiser optics (RXN2) from the Laboratoire Réactions et Génie des Procédés (LRGP-Nancy). The second rotational rheometer (Mars III, Thermo Scientific) with a plate-plate configuration equipped with a spectrometer Raman Kaiser optics (RXN1) from Institute of Research for CERamics in Limoges (IRCER). For sampling purposes, the polymerisation was carried out in round bottom flask (RBF) as well. The concentration of reagents (TAS, BDSB and the Pt catalyst) were kept identical even though their volume was varied according to the instruments being employed.

[

  BA89]. It is worth adding that the viscosity is significantly affected by variables such as shear rate, temperature, pressure and time of shearing. ̇ Eq. (2.1) Various rheological behaviours of polymers exist according to the different relationships between shear stress ( ) and shear strain rate ( ) (Figure 2.2).

Figure 2 . 2 .̇

 22 Figure 2.2. Shear stress vs. shear strain rate [CH18].

  time. Unlike the spring, the dashpot does not recover from the applied stress. The combination of the springs and the dashpot either in parallel or in series or a combination of both gives rise to new models such as Maxwell model or Kelvin model [PA18]. These models contribute to a better understanding of the rheological behaviour of polymeric materials.
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 23 Figure 2.3. Analogical representations and material relationships for the elastic element Hooke and the viscous element Newton [BA06].

Figure 2 . 4 .

 24 Figure 2.4. Input and output signals for a strain controlled oscillatory test (the graphs are similar for the stress controlled test) [BA06].

  rheometer is a tool designed to measure the viscosity and elasticity of Newtonian and non-Newtonian materials in a wide range of conditions. There are four types of rheometers as shown in Figure2.5[START_REF] Wang | Rheology instruments for food quality evaluation[END_REF].
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 2 Figure 2.5. Types of rheometers [WA19].
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 26 Figure 2.6. Setup with HAAKE MARS rheometer, Rheonaut module and FTIR spectrometer.

Figure

  Figure 2.7.

Figure 2

 2 Figure 2.7. Filling of a cone/plate measuring system after gap setting: a) overfilled, b) underfilled, c) correct amount [PA15].

  spectroscopies are based on the absorption of electromagnetic radiation by the polar modes of vibration of matter (gases, liquids or solids) due to the electric dipolar interaction. When subjected to infrared radiation, organic molecules may absorb infrared radiation and transform it into molecular vibrations. The molecular vibrations within a molecule are the consequence of the change in the dipole moment of the molecule implying the vibrational response is IR active [MO06]. The electromagnetic radiation comprises an oscillating magnetic field and an oscillating electrical field perpendicular to each other. When IR radiation passes through a molecule, the radiation will only be absorbed if the frequency of the radiation corresponds to the vibrational frequency of the molecule. In absorption spectroscopy, Beer-Lambert law is used to determine the License CC BY-NC-ND 4.0 relationship between the intensities of the incident and transmitted IR radiation and the analyte concentration. The Beer-Lambert law is expressed as [MA20]: and transmitted intensity respectively. The constant represents the molar absorptivity (L•mol -1 •cm -1 ). represents the concentration of the sample solution expressed in mol•L -1 and the length of the light path. As abovementioned, in IR spectroscopy, a change in dipole moment is required for the vibration to be IR active. The dipole moment is calculated by equation 2.13, where is the dipole moment and is the vibrational amplitude.

  addition, the penetration depth ( ) of the IR beam is another key parameter in ATR-FTIR spectroscopy. It determines how much of the sample is actually analysed. The depth of the infrared beam passing through the sample is established by the expression: of incidence and is wavelength[START_REF] Griffiths | Fourier transform infrared spectrometry[END_REF]. The penetration depth is influenced by the angle of incidence, refractive indices, and the wavelength.The dimensions of the crystals will determine the volume of the sample needed and guarantee that the sample is covering the whole IRE, enabling effective penetration of the incident beam on the sample [GL13][START_REF] Cameron | Vibrational spectroscopic analysis and quantification of proteins in human blood plasma and serum[END_REF]. One drawback of this technique is that the IRE License CC BY-NC-ND 4.0 has to stay clean to make sure that no cross-pollution occurs between samples. Moreover, damages such as scratches on the surface of the IRE, can impact the sample-IRE contact.As mentioned previously, at the IRCER, the ATR accessory is coupled with a rotational rheometer (Mars III, Thermo Scientific™ HAAKE™ MARS™ Rheometer). The spectrometer (FTIR) is a -Nicolet ™ IS ™ 10‖ type, supplied by ThermoFisher Scientific and it is connected to the Rheonaut compartment of the rheometer as shown in Figure 2.8. Normally, the ATR is position at the centre of the lower surface of the plate-plate configuration during the experiments.
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 28 Figure 2.8. Coupling an ATR-FTIR spectrometer with a rheometer.
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 29 Figure 2.9. Rayleigh scattering, Stokes Raman and anti-Stokes Raman scattering [CH20].

Figure 2 .

 2 Figure 2.10. Laser beam profile of a lens with a 75 mm focal distance.
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 2 Figure 2.11. Schema of the Rheo-Raman FTIR set up with a representation of the microscope objective waist, lens waist and the penetration depth of the infrared beam.

Figure 2 .

 2 Figure 2.12. Rheo-Raman-FTIR setup.
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 2 Figure 2.13. Experimental set up of immersion probe in RBF.
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 22 Figure 2.14. Raman spectra of Karstedt's catalyst, TAS, toluene and BDSB.

Figure 2 .

 2 Figure 2.18. Curve fitting on Raman spectrum.

Figure 2 .

 2 Figure 2.19. This difference between the two vibrational techniques is accounted by the symmetry of the BDSB molecules.
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 2 Figure 2.19. FTIR and Raman spectra of BDSB molecule.
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 2 Figure 2.20. BDSB molecule constructed in Gaussview software.

  Figure 2.21 shows the construction of the benzene molecule up to BDSB molecule. Xylene is close from BDSB molecule in terms of symmetry, however due to its difference in weight ([SiH(CH 3 ) 2 ] 2 ), their frequencies will be different.

Figure 2 .

 2 Figure 2.21. Different molecules computed by DFT.

  . Characterisation of the macromolecules via the SEC/MALS couplingsSince the mid-sixties, polymer chemists have used size exclusion chromatography (SEC) in polymer research. Nowadays, SEC instruments are rather easy to manipulate and greatly reliable. Nevertheless, concerns about reproducibility of results are raised, notably in the sense of long-term reproducibility inside a laboratory. The reason of the unsatisfactory reproducibility is the effect of high sensitivity of the results to various operational parameters, which is commonly disregarded by inexperienced users. One of the major shortcomings of SEC is that the method does not determine any physical quantity directly associated with molar mass. Since this method only separates polymer molecules based on their hydrodynamic volume, the SEC columns need to be calibrated in order to set up a relationship between the molar mass and elution volume. However, the calibration step presents a manifold of limitations and determining the true calibration for many natural and synthetic polymers is near to impossible. Usually, a reference calibration curve is used for processing the data of other polymers of different chemical molecular architecture or composition. Consequently, the resulting molar masses may diverge from the true ones quite considerably.To overcome the SEC limitations, the SEC was coupled with a light scattering technique namely the multi angle light scattering (MALS). The MALS uses two important principles of basic light scattering i.e.: i) the amount of light scattered is directly proportional to the product of the polymer molar mass and concentration; ii) the angular variation of the scattered light is directly related to the size of the molecule[START_REF] Podzimek | Light scattering, size exclusion chromatography and asymmetric flow field flow fractionation: powerful tools for the characterization of polymers, proteins and nanoparticles[END_REF]. Moreover, the two light scattering principles are embodied in the Rayleigh-Gans-Debye equation:( ) ( )[ ( )]Eq. (2.23)License CC BY-NC-ND 4.0 where ( ) is the excess (i.e., from the solute alone) Rayleigh ratio. The ratio of the scattered and incident light intensity, corrected for size of scattering volume and distance from scattering volume. index increment. represents the change of the refractive index of a polymer solution with respect to the concentration of the solute.Measuring the specific refractive index increment is of upmost important as it helps in the absolute characterization of the molar mass, as it is a term used in the molar mass calculation; molar mass;solute concentration (g•mL -1 ); ( ): form factor or -scattering function‖.

  hugely enhance the reproducibility and repeatability of the measurements. Therefore, SEC/MALS is a powerful technique for absolute characterisation of macromolecules in terms of molar mass, size, conformation and conjugation ratio. The size exclusion chromatography coupled with a multi-angle light scattering set up is shown in Figure 2.22.

Figure 2 .

 2 Figure 2.22. Typical SEC/MALS set-up.

  obtained hyperbranched polycarbosilane. Through this analysis technique, it was possible to obtain information on the environment of the proton ( 1 H) and carbon ( 13 C). Liquid-state 1 H NMR, 13 C NMR and 2D COSY NMR were carried out by the Faculty of Pharmacy at the University of Limoges. The spectra were recorded with a Bruker Avance III 500 MHz spectrometer (B 0 = 11.4 T). Chemical shifts ( ) are expressed in parts per million with tetramethylsilane as an internal standard ( = 0 ppm). Data were reported as follows: chemical shift, multiplicity (ssinglet; seseptet; mmultiplet; brbroad), and assignment.Moreover, Solid-state 29 Si NMR analyses were carried out at the Laboratory of Chemistry of Matter Paris Digest (LCMCP). The spectra were recorded with a Bruker Avance 300 MHz spectrometer at B 0 = 7.05 T (ν 0 ( 29 Si) = 59.66 MHz), using a CP-MAS Bruker probe with 4 mm ZrO 2 rotors spinning at 5 kHz. Chemical shifts are referenced to tetramethylsilane (δ = 0 ppm). { 1 H}-29 Si cross-polarization (CP) magic angle spinning (MAS) experiments were recorded with a contact time of 1 ms and 4000 scans. Solid-state 13 C NMR experiments were performed with a Bruker Avance III 700 MHz spectrometer at B 0 = 16.4 T (ν 0 ( 13 C) = 176.07 MHz) with a 2.5 mm double resonance Bruker MAS probe spinning at 10 kHz.13 C NMR chemical shifts are referenced to tetramethylsilane. 13 C CP-MAS experiment were conducted with a recycle delay of 3 s, a contact time of 2 ms and 1640 scans.

  Figure 3.1. Synthesis of a hyperbranched polycarbosilane (hb-PCS) by hydrosilylation.
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  Figure 3.2. 1 H NMR spectrum of hb-PCS in toluene-d 8 .
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 3 Figure 3.3. 2D COSY 1 H NMR analysis of hb-PCS.
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  Figure 3.4. a) 13 C and b) 29 Si CP-MAS NMR spectrum of hb-PCS.
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 3 Figure 3.5. TGA curve of hb-PCS under a flowing argon atmosphere with a heating rate of 10 °C min -1 .

Figure 3

 3 Figure 3.7. XRD patterns of the pyrolysis product of hb-PCS at 800, 1000, 1200 and 1400 °C.

Figure 3

 3 Figure 3.8. FTIR spectra of the reaction mixture (black curve = 0 s) and of the resulting polymer (red curve = 10000 s).

Figure 3 . 9 .

 39 Figure 3.9. Alkene conversion (obtained from FTIR data) plotted as a function of time at 25 °C.

Figure 3 .

 3 Figure 3.10. Evolution of storage ( ) and the loss ( ) moduli as a function of alkene conversion.

(

  Rheo-FTIR-Raman) enabled a better understanding of the relationship between the kinetics of the polymerisation by exploiting the complementary nature of the two vibrational techniques and the rheology of the preceramic polymer. Nevertheless, this was not the first time that a Raman spectrometer was coupled with a Rheometer. As stated in the bibliography chapter, Chevrel et al. used a laboratory-made Rheo-Raman device to monitor a free radical polymerisation of acrylic acid in an aqueous medium [CH12] [CH14]. This coupling succeeded to overcome some challenges associated to the monitoring of the polymerisation reaction like by using a couette configuration, different parameters were accessible at the same time, such as monomer conversion or viscosity of the medium. Since interesting results were obtained, the authors used the Rheo-Raman coupling to monitor other polymerisation reactions such as styrene polymerisation or to develop a high impact polystyrene process [BR13] [BR14].

Figure 3 .

 3 Figure 3.11. Schema of the rheometer-Raman spectrometer coupled experiment [CHE12].

  region 3 and 4, both the stretching vibration of C=C of toluene and BDSB remained constant. No more evaporation of toluene occurred in region 3 because the solvent was being trapped as the gel was being formed. A slower decrease of 2.40 % and 3.60 % was reported for the stretching vibration of Si-H and C=C of TAS in region 3 in comparison to region 2 since the functional groups were less accessible. In region 4, the stretching vibration of Si-H and C=C of TAS tended towards zero as the bands were almost completely consumed. By using the intensities of the stretching vibrations of the functional groups, the alkene and Si-H conversion were calculated.

Figure 3 .

 3 Figure 3.12. Evolution of fitted peak intensities of monomers during polymerisation as a function of time in a Couette configuration.

Figure 3 .

 3 Figure 3.13. Evolution of structural conversion and viscosity against time in a couette configuration.

  License CC BY-NC-ND 4.0 the hydrosilylation reaction. The schema in Figure3.14a represents the Rheo-Raman-FTIR setup. As mentioned in Chapter 2, the rotational rheometer (Mars III, Thermo Scientific™ HAAKE™ MARS™ Rheometer) has a Rheonaut module with a side port to equip a standard FTIR spectrometer. A plate-plate geometry was used with a gap of 0.6 mm. This gap was chosen since the reagents were viscous and the 0.6 mm gap provided the wettability required to hold the reaction mixture reagents between the plate-plate geometry. In addition, the 0.6 mm gap was of economic interest since only a small quantity of reagents would be loaded between the plates. Concerning the Raman spectrometer, a Raman probe with a lens of 100 mm of focal distance was used. The lens' position could be adjusted accordingly with the help of a lab-made support on which the Raman head resided.

Figure 3 .

 3 Figure 3.14. a) Schema of the rheo-FTIR-Raman in a plate-plate (PP) configuration; b) Laser beam probing the sample through the 0.6 mm gap.

Figure 3 .

 3 Figure 3.15. Signal optimisation on the stretching vibration of C=C of toluene in the Rheo-Raman-FTIR setup.

Figure 3 .

 3 Figure 3.16. Raman spectra displaying low signal to noise ratio in the Rheo-Raman-FTIR setup.

Figure 3 .Figure 3 .

 33 Figure 3.17. Raman spectra obtained after signal optimisation in the Rheo-Raman-FTIR setup.

Figure 3 .

 3 Figure 3.18. Raman spectra of the starting mixture (black line) and of the resulting polymer solution (red line) obtained from the Rheo-Raman setup.

Figure 3 .

 3 Figure 3.19. Representation of the different studied positions P0, P1, P2 and P3.

Figure 3 .Figure 3

 33 Figure 3.20. Alkene conversion obtained for P0, P1, and P2 from FTIR data.

  Figure 3.22. Coupling results of the Rheo-Raman-FTIR in the Plate-Plate configuration.

  radius) and conformation (molecular structures -rod, random coil or spheres) was necessary. This was possible via a Size Exclusion Chromatography (SEC) coupled with a Multi-angle Light Scattering (MALS). The SEC-MALS coupling made up the second part of the platform (Figure4.1) together with an immersion probe used to monitor in real time the polymerisation reaction in a round bottom flask (RBF). The goal of this chapter was to synchronise the reaction kinetics obtained from RBF to that carried on the rheometers, via the alkene conversion to facilitate the correlation of the viscosity of the medium to the average molar mass of the preceramic polymer. This would enable a better understanding and control of the macromolecular growth and future shaping processes. First, chapter 4 would deal with the optimisation of the sampling process during the polymerisation reaction in RBF. Secondly, the collected samples would be characterised via the SEC-MALS coupling and the results in terms of molar mass, cumulative molar mass distribution and conformation of the structure of the polymer will be reported. Finally, the results of the correlation of the average molar mass with the viscosity of the medium via the alkene conversion would be presented.

Figure 4 . 1 .

 41 Figure 4.1. Platform with particular emphasis on the second part of the setup.

Figure 4 . 2 .

 42 Figure 4.2. Experimental setup of polymerisation reaction in round bottom flask (RBF).

  The hydrosilylation reaction was performed three times and each time a new sampling window was defined to optimise the sampling process. The different sampling windows have been established by letters A (first experiment), B (second experiment) and C (third experiment).

  Figure 4.3 showed the alkene conversion obtained from the Raman spectroscopy as a function of time from the third experiment.

Figure 4

 4 Figure 4.3. Determining sampling window from the alkene conversion versus time graph.

[

  BE01][START_REF] Yu | SEC-MALS method for the determination of longchain branching and long-chain branching distribution in polyethylene[END_REF]. Hence, the Zimm fit method was applied for samples 1 to 6 and the Berry fit method was applied for sample 7. The results obtained for the seven sampling samples would be demonstrated in Figures 4.4, 4.5 and 4.6.

Figure 4 .

 4 Figure 4.4 displayed the elution time and the molar mass of the seven sampling solutions. The separation of the molecules was carried out by the SEC based on size (hydrodynamic radius) [SU04]. It could be observed from Figure 4.4 that S1 had the lowest molar mass ranging from 10 2 to 10 4 g•mol -1 with a retention time around 8 min while the highest molar mass was noticed in S7 ranging from 10 5 to 10 8 g•mol -1 with a retention time of 5.5 min.

Figure 4

 4 Figure 4.4. SEC elution patterns plots of the samples (S1-7) versus time. The x-axis represents the elution time of the polymer solution. The left-y axis illustrates the Rayleigh ratio which is an indication of the passage of the macromolecules while the right-y axis displays the calculated molar mass of the samples (S1-7).

Figure 4 .

 4 Figure 4.5 represented the cumulative molar mass distribution of the collected samples. The cumulative molar mass distribution enables an easy determination of weight fraction polymer in a specific molar mass domain. It was used to determine the molar mass maximum and minimum as well as the molar mass most abundant fractions [PO11]. In addition, it was an interesting way of following the kinetics evolution of the hydrosilylation reaction as the cumulative molar mass distribution intensifies the effect of molar mass of the samples in comparison to Figure 4.4.

Figure 4

 4 Figure 4.5. Cumulative molar mass distribution curve.

(

  characteristics of hyperbranched polymer) with slope in between 0.3 -0.4 [PO02] [PO19]. Random coil structures are typically an indication of linear polymers, whereas sphere like molecular structures are an evidence of hyperbranched molecules. According to Figure 4.6, S5 was classified as a random coil conformation with a plot of 0.63 while S6 and S7 were considered, as spheres (hyperbranched structures) since their conformation plot slope were 0.36 and 0.41 respectively. License CC BY-NC-ND 4.0

Figure 4

 4 Figure 4.6. Conformation plots of samples S5-S7.

Figure 4 . 7 .

 47 Figure 4.7. SRichards2 function applied to the alkene conversion in RBF.

Figure 4 . 8 .

 48 Figure 4.8. Alkene conversion obtained from the platform (Raman and FTIR spectroscopy).

  Figure4.9 illustrated the coupling results from the Rheo-Raman-FTIR setup combined with the reference alkene conversion obtained from RBF. Since the synchronisation of the reaction kinetics from both setups was achieved, each point of the alkene conversion from RBF could be correlated to a viscosity value obtained from the Rheo-FTIR-Raman setup. Thus, at any moment in time, we could deduce the viscosity value for a corresponding alkene conversion value and linked the latter to its average molar mass.

Figure 4

 4 Figure 4.9. Coupling results from the Rheo-Raman-FTIR setup combined with the reference alkene conversion obtained from RBF together with the evolution macromolecules of S1-S7 from window C.

Figure 4 .

 4 Figure 4.10. Structures of the S1-7 along with their average molar mass, molar-mass dispersity, alkene conversion and viscosity.

Figure 4 .

 4 Figure4.11 illustrated a 3D graph of alkene conversion against average molar mass and the viscosity. Each sampling points could be correlated to an alkene conversion (x-axis), viscosity of the medium (y-axis) and the average molar mass of the macromolecules (z-axis) during the polymerisation reaction as shown in Figure4.11. As expected, it was only after the critical alkene conversion (0.58) that the molar mass and the viscosity of the sample increased drastically. Based on Figure4.11, a viscosity window ranging from 2 to 125 mPa•s was established. Moreover, within this viscosity window, the polymerisation process can be stopped at any given moment by using to obtain a suitable viscosity that correspond to a particular shaping process.

Figure 4 .

 4 Figure 4.11. 3D representation of alkene conversion plotted against average molar mass and viscosity of the medium from an alkene conversion 0.32 to 0.65.

  The polymerisation reaction carried out on the Rheo-Raman-FTIR setup was repeated in RBF by keeping the same concentration of the reagents and under same experimental conditions. During the sampling process, seven samples were obtained between 163 s to 226 s during the real time monitoring of the hydrosilylation reaction. The sampling time from 163 s to 226 s corresponded to an alkene conversion of 0.32 to 0.65. Within this timeframe, a sufficient MALS signal for all samples was registered as sampling occurred near the moment License CC BY-NC-ND 4.0
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  The resulting gels or sols undergo drying and pyrolysis processes that lead to the formation of nanometric size oxides [AB11][START_REF] Raman | Synthesis of silicon carbide through the sol-gel process from different precursors[END_REF]. The oxides go through carboreductionthe small synthesised oxides size and their high reactivity mean that the carboreduction temperatures are lower than those used in conventional methods.

	SiC can be synthesised via the sol-gel process from silicon precursors such as
	tetraethoxysilane (TEOS) (C 8 H 20 O 4 Si), methyltriethoxysilane (MTES) (C 7 H 18 O 3 Si), or a
	mixture of TEOS and MTES while for carbon sources phenolic resin, methylcellulose, or
	polyacrylonitrile (PAN) can be utilised [OM15] [LI00]. The sol is maintained at 40 °C for
	gelling, aging, and drying after the hydrolysis process. Moreover, the gel is submitted to heat
	treatment so as carbothermal reduction would synthesise silicon carbide. The sol-gel route
	presents with the advantage of synthesising submicron size carbides (d < 200 nm) at low

License CC BY-NC-ND 4.0 subsequent condensation. temperatures (T < 1600 °C). Nevertheless, to reach a maximum reaction yield, hightemperature post treatments are often indispensable.

Table 2 .

 2 1. List of reagents used in this work.

	Reagents and solvent	Purity	Supplier
	1,4-bis(dimethysilyl)		
	benzene (BDSB)	97%	Merk
	C 6 H 4 [SiH(CH 3 ) 2 ] 2		
	Tetraallysilane (TAS) (C 12 H 20 Si)	97%	Merk
	Platinum(0)-1,3-divinyl-		
	1,1,3,3-tetramethydisiloxane complexe (C 8 H 18 OPtSi 2 )	98%	Merk

Table 2

 2 

	Parameters	Gap (cm)	Frequency (Hz)	Strain (-)	Shear rate (s -1)	Temperature (°C)
	Oscillation test	0.6	1 or 35	0.5	x	25
	Steady states test	0.6	x	x	4.5 or 35	25
	Moreover, the polymerisation reactions carried out in a RBF use the same Raman
	spectrometer RXN1 (Kaiser optical System) that is utilised on the Rheo-FTIR-Raman setup.

.2) are performed on the setup namely a time dependent oscillation test and a steady states test. As mentioned before, the IR spectra were recorded with a resolution of 4 cm -1 and a number of scans of 8.

Table 2 .

 2 3. Parameters used for acquisition of Raman spectra.

	Reactions taking place:	Spectrometer Wavelength	Optics	Exposure time	Interval time
	Rheo-Raman			Lens 100	10 s	15 s
	FTIR setup	RXN1	785 nm	mm	
	Round bottom			Immersion	2 s	10 s
	flask (RBF)			probe	

Table 2 .

 2 4. Assignments of BDSB bands [BE13], [MC85], [SM60], [SM53].

	IR (cm -1 )	Raman (cm -1 )	Assignments
		3031	C-H stretch
		2967	C-H stretch
		2904	C-H stretch
		2122	Si-H stretch
		1587	C=C stretch
		1431	C-H bending
			Si-C stretch
	Table 2.5. Assignments of TAS bands [DA73].
	IR (cm -1 )	Raman (cm -1 )	Assignments
		3083	Vinyl CH 2 stretch
		2998	Vinyl CH stretch
		2977	Vinyl CH 2 stretch
		2908	CH 2 stretch
		2886	CH 2 stretch
		1632	C=C stretch
		1421	Methylene scissors
		1395	Vinyl scissors
		1298	Vinyl CH rock
		1191	Methylene wag
		1040	Methylene twist
	Table 2.6. Assignments of catalyst bands [BEL13], [SM60].
	IR (cm -1 )	Raman (cm -1 )	Assignments
		2968	C-H stretch
		2906	C-H stretch
		1406	C-H deformation
		1265	Si-C stretch
			Si-O stretch
	Table 2.7. Assignments of toluene bands [LA17].
	IR (cm -1 )	Raman (cm -1 )	Assignments
	3068,3028	3057	C-H stretch
			C-H stretch
	1943,1858,1803,1735		Ring C-H wag
		1607	C=C stretch
			Ring semi stretch
			CH 3 bend
		1381	CH 3 bend

  .20. The molecule BDSB has a character table of type C 2h (Table 2.8). Based on the character table, active modes in Raman are inactive in FTIR, hence verifying the principle of mutual exclusion.

Table 2

 2 

	.8. Character table C 2h [AT70].

Table 2 .

 2 9 and Table 2.10 report the different frequencies of the vibrational modes obtained for Raman and FTIR by DFT calculation of benzene, toluene, xylene and BDSB in

Table 2 .

 2 12 reports the frequency evolution of the C=C ar in each molecule and the stretching vibration of C=C ar could be distinguished from the rest as it was marked in green colour.However, for both Raman and FTIR, the initial frequency value of C=C ar reported in benzene, was different in toluene, xylene and BDSB molecules. Therefore, to successfully follow the evolution of the C=C ar , we had to consider the vector displacements of the C=C ar to identify its frequency in each molecule. In FTIR DFT calculation of BDSB molecule showed a very weak intensity of the C=C ar frequency at 1564 cm -1 while in Raman DFT a strong intensity is reported for C=C ar at a frequency of 1626 cm -1 . The intensity of the frequency of C=C ar in FTIR DFT was of 4 order of magnitude lower in comparison to the Raman DFT, hence it was regarded as negligible. The strong intensity of Si-H band was reported in both FTIR and Raman DFT at around 2134 cm -1 . Consequently, the DFT results of the BDSB molecules is in accordance with the Raman and FTIR experimental results.

Table 2 .

 2 9. FTIR DFT calculation of benzene, toluene, xylene and BDSB molecules.FTIR calculations of vibrational modes from 1500 cm -1 to 2300 cm -1

	Benzene calculated (cm -1 )	Toluene calculated (cm -1 )	Xylene calculated (cm -1 )	BDSB calculated (cm -1 )	BDSB experimental (cm -1 )
		1503	1551	1524	
		1550	1558	1535	
					Not observed
	1539	1551	1564	1543	
					1662
					Very small
		1554			
					1918
					Very small
		1620			
					2113
					Very strong
		1636		2133	

Table 2 .

 2 10. Raman DFT calculation of benzene, toluene, xylene and BDSB molecules.

Table 3 .

 3 1. Summary of different coupling devices used.

Table 4 .

 4 1. Summary of conditions in optimising the sampling process during the reaction.

	Sampling	Volume	Sampling	Sampling	No of points
	window	sampled	window time	occurred every	collected
	A	100 μL	40-226 s	40 s	6
	B	300 μL	120-223 s	20 s	6
	C	300 μL	160-226 s	10 s	7

Table 4 .

 4 2. SEC-MALS analysis results of the sampling samples.

	Sample	Sampling	Fitting	̅̅̅̅̅	Ɖ M
	number	time (s)	method	(g•mol -1 )	(-)
	S1	163	Zimm	4386	1.56
	S2	173	Zimm	5885	2.87
	S3	183	Zimm	8984	3.86
	S4	193	Zimm	31080	5.37
	S5	206	Zimm	40230	7.81
	S6	216	Zimm	320200	1.35
	S7	226	Berry	28200000	11.48

License CC BY-NC-ND 4.0
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License CC BY-NC-ND 4.0 Table 2.11. FTIR and Raman evolution of the C=C ar via the different molecules.
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General conclusion