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I. Introduction

During the atmospheric re-entry phase, spacecraft's structures are exposed to intense aerothermodynamic heating. The materials used have to withstand severe thermo-mechanical loading with temperatures well over 2600 K [START_REF] Sabnis | Numerical Simulation of Distributed Combustion in Solid Rocket Motors with Metalized Propellant[END_REF]- [START_REF] Glass | Ceramic Matrix Composite (CMC) Thermal Protection Systems (TPS) and Hot Structures for Hypersonic Vehicles[END_REF]. The material degradation of used thermal insulations cannot be neglected. This severe environment requires the implementation of a Thermal Protection System (TPS) to guarantee safe operations, by preventing a structure failure due to the penetration of the high heat fluxes in the vehicle's structure. Among the TPS techniques, ablative materials have found a large interest in the aerospace industry to protect the structure from severe thermal conditions such as high temperature and fast-flowing combustion gas [START_REF] Bianchi | Chemical Erosion of Carbon-Phenolic Rocket Nozzles with Finite-Rate Surface Chemistry[END_REF], [START_REF] Chen | Ablation and Thermal Response Program for Spacecraft Heatshield Analysis[END_REF]. Indeed, these materials can absorb the heat flow through complex physico-chemical phenomena [START_REF] Mouritz | Review of fire structural modelling of polymer composites[END_REF], [START_REF] Duffa | Ablative thermal protection systems modeling[END_REF]. During a severe heating, their degradation includes several effects, such as in-depth material pyrolysis and surface ablation [START_REF] Lachaud | Multiscale Approach to Ablation Modeling of Phenolic Impregnated Carbon Ablators[END_REF]. In fact, their complex behaviour involving phase change, pyrolysis reactions and ablation allowing for facing up to strong thermal constraints.

Several types of ablative materials for TPS have been used over the past fifty years, such as pyrolytic graphite [START_REF] Schaefer | Kinetic Reaction Rates for Consumption of Pyrolytic Graphite by Combustion Gases[END_REF] and carbon/carbon composites [START_REF] Natali | Composite Materials: Ablative[END_REF], [START_REF] Savage | Carbon fibres[END_REF]. More recently, fibre reinforced composites have attracted increasing research interest for thermal insulation. They can be classified in two categories: [START_REF] Sabnis | Numerical Simulation of Distributed Combustion in Solid Rocket Motors with Metalized Propellant[END_REF] polymeric matrices which can be divided in two types: non-charring ablators such as polytetrafluoroethylene (PTFE), or charring ablator such as phenolic resins. The polymeric matrices are often reinforced with Carbon Fibres (CFs). [START_REF] Paglia | Carbon-phenolic ablative materials for re-entry space vehicles: plasma wind tunnel test and finite element modeling[END_REF] elastomeric matrices such as silicone elastomers, which provide additional operational flexibility, especially when the necessity in terms of thermal insulation is required [START_REF] Natali | Science and technology of polymeric ablative materials for thermal protection systems and propulsion devices: A review[END_REF]. The thermal stability of silicone elastomers has made this kind of material attractive for high temperature applications, such as ramjet combustion chambers [START_REF] Yamada | Thermal and ablative properties of silicone insulation[END_REF], where the thermal insulation, as well as performance, are a prime consideration for material selection [START_REF] Natali | Science and technology of polymeric ablative materials for thermal protection systems and propulsion devices: A review[END_REF], [START_REF] Donskoy | Silicon organic heat-shielding materials for aircraft external surfaces[END_REF]- [START_REF] Liu | Ablation and mechanical investigation of heat vulcanizing silicone rubber (HVSR) composite containing carbon fibers[END_REF].

The choice of silicone-based composite materials is motivated by the nature of the solid char residue. Indeed, when the silicone matrix is subjected to a high thermal flow, the pyrolysis process of the material produces a solid silicon carbide residue. The latter has the advantage of being a refractory material with good mechanical strength which can withstand extreme thermal conditions [START_REF] Natali | Composite Materials: Ablative[END_REF], [START_REF] Mckeon | Ablative Degradation of a Silicone Foam[END_REF]. The poly-dimethysiloxane (PDMS) end-blocked with (CH3)Siis the most widespread member of the silicone elastomers [START_REF] Lewis | Methylphenylpolysiloxanes[END_REF]- [START_REF] Thomas | Thermal analysis of polydimethylsiloxanes. I. Thermal degradation in controlled atmospheres[END_REF]. When the silicone rubber composite is heated by a heat flux of combustion gas or of external kinetic air flow (radiation and convection), the initial heat transfer occurs by conduction. The composite material is then transformed and removed by two main phenomena [START_REF] Lachaud | A generic local thermal equilibrium model for porous reactive materials submitted to high temperatures[END_REF]- [START_REF] Oyumi | Ablation characteristics of silicone insulation[END_REF]. The first one is the pyrolysis phenomenon, which refers to the thermochemical degradation of the material when a certain temperature level is reached. This phenomenon is associated with the degradation kinetics of the material and results in the production of gaseous species plus a solid char residue. As the material decomposes, the pyrolysis front progresses within the material, leaving behind a char layer. The silicone rubber composite is thus composed of two parts, a virgin material and a charred one which are separated by a pyrolysis zone. Meanwhile, the second phenomenon occurs at the surface of the material and causes the removal of the char layer. This degradation is called ablation and can be caused by chemical reactions, such as oxidation, or mechanical removal due to the shear stress of the fast-flowing combustion gas. Therefore, the char residue needs to be strong enough to withstand severe thermomechanical conditions. Furthermore, among the same material, strong heterogeneity can be found due to the inherent variability of the manufacturing process or the formulation of the material. Variety of reinforcing fillers can be added to increase the mechanical and ablative properties of the material. In the literature, CFs and Silicon Carbide Powder (SCP) have been already introduced into the silicone matrix to improve the ablative properties of the material. To this end, Soo Kim et al. [START_REF] Kim | Effect of incorporation of carbon fiber and silicon carbide powder into silicone rubber on the ablation and mechanical properties of the silicone rubber-based ablation material[END_REF] explored the ablative performance of silicone rubber composites by adding different contents of CFs and SCP to a PDMS matrix. The materials were exposed to an oxy-acetylene flame, and the ablative performance was evaluated by measuring the temperature at the back-face, as well as the time elapsed for the specimens to burn and fail off. They found that the addition of CFs and SCP to PDMS contributed to decrease the backface temperature. Moreover, the addition of CF significantly prolonged the failure time. They also examined the mechanical properties (tensile strength and elongation), as a function of the additive content using a Universal Testing Machine (UTM). They confirmed that the fillers enhanced the hardness of the char layer.

With a view to ensure efficient thermal protection, while providing high mechanical strength, all these phenomena have significant impact on the thermophysical properties of the TPS. In fact, the addition of fibres and fillers can complicate the thermal behaviour of the material.

The determination of their thermophysical properties at high temperatures can be very challenging [START_REF] Grange | Determination of thermophysical properties for carbon-reinforced polymer-based composites up to 1000°C[END_REF]. Furthermore, the creation of a complete properties database represents a large issue, especially for TPS materials in aerospace applications. The thermophysical properties can be identified by means of two distinct approaches [START_REF] Chaos | Evaluation of optimization schemes and determination of solid fuel properties for CFD fire models using bench-scale pyrolysis tests[END_REF]: direct (experimental measurements) and indirect (numerical models). For the first approach, the experimental procedure consists of using dedicated experimental apparatus to directly measure, from ambient temperature up to 1000 °C or more, each thermophysical property. In this study for example The specific heat capacity (cp) is measured by using a Differential Scanning Calorimetry (DSC), plus a Calvet calorimeter, the density variation (ρ) is calculated according to the temperature by using a dilatometer device, while, the determination of the thermal diffusivity (α) is carried out by using the laser flash method, followed by calculation of the thermal conductivity (λ). For the second, numerical models allow to evaluate material properties numerically on the basis of experimental data collected in a medium-scale tests.

These models are often coupled to an optimization routine which allows to find iteratively optimal thermophysical properties by minimizing objective functions comparing experimental data and mathematical modelling outcomes [START_REF] Molavi | Estimation of temperature-dependent thermophysical properties of noncharring ablators[END_REF], [START_REF] Molavi | Inverse identification of thermal properties of charring ablators[END_REF]. Such type of procedures are a useful tool for the evaluation of their shielding performance and generate positive impacts such as the reduction of cost and weight [START_REF] Chaos | Pyrolysis of corrugated cardboard in inert and oxidative environments[END_REF] or an increase in the lifetime of the material [START_REF] Riccio | Optimum design of ablative thermal protection systems for atmospheric entry vehicles[END_REF].

However, to accurately reproduce the thermal behaviour during a severe heating, numerical models require thermophysical properties as input parameters [START_REF] Grange | Numerical investigation of the heat transfer in an aeronautical composite material under fire stress[END_REF]. Results are highly sensitive to the accuracy of the experimental data.

The purpose here is to investigate the effect of the CFs and SCP contents on the thermophysical properties evolution, and thus the thermal behaviour of the materials as TPS.

The present work deals with two studies. The first consists in the experimental determination of the thermophysical characteristics (ρ, cp, α) of three silicone-based composites, which are prepared with various weight contents of CFs and SCP. The choice of a silicone-based matrix was motivated by the high capacity in terms of thermal insulation, and the possibility to be processed in a liquid state at room temperature [START_REF] Natali | Science and technology of polymeric ablative materials for thermal protection systems and propulsion devices: A review[END_REF]. Thereafter, in the second study, the measured properties are implemented in a numerical tool, in order to simulate the thermal behaviour of the material against severe operational conditions.

II. Materials preparation

Three samples of silicone-based composites have been prepared at laboratory scale by MBDA France. The matrix composition is based on a Room Temperature Vulcanizing silicone rubber (RTV630 Momentive Performance Materials Inc., Waterford, NY, USA). The RTV630 elastomer consists of a two-part kit. Once mixed it is easily injectable into a mould and cures at room temperature to a rubberlike state. Afterwards, the mixture is filled by the CFs and the SCP fillers. The use of CFs is interesting for its high mechanical strength, low density and chemical inertia in non-oxidizing environments. CFs are thus commonly used in TPS material. In this moulding material, the CFs have a length of about 6 mm and a diameter around 14 µm. Finally, the powder used for these samples consists of silicon carbide particles (sphere shape) with median diameter of 12-20 µm. As said before, this powder has interesting refractory properties. The difference among the three samples is in the CFs and SCP contents in each sample.

The composites have been prepared by blending first the two parts of the silicone resin, The SCP and CFs in a Z-blade mixing systems (Mixer GUITTARD®) with a mixing speed between 10 rpm and 50 rpm, to ensure that the fillers are homogeneously impregnated and distributed. The mixer is also equipped with a water-cooling system, so that the mixing temperature is maintained between 5 °C and 15 °C. In order to avoid air entrapment and bubbles in the finished mould, the mixed silicone rubbers are vacuumed during the blending (-0.7 bar relative). The Figure 1 illustrates a schematic overview of the reduced pressure mixing apparatus used for sample preparation. The material M1 is considered as the reference configuration. Thus, the material M2 is used to investigate the influence of the CF content, while the material M3 is used to explore the effect of the SCP content.

III. Experimental methodology

In this subsection, the experimental methodologies used for thermophysical properties measurements are described, i.e. density , specific heat capacity , and thermal diffusivity with the resulting thermal conductivity . The measurements are realized from ambient temperature to 1000 °C. In addition, the dimensions and states (virgin and pyrolyzed) of the samples used are given.

III.1. Density measurement

The density variation is calculated by using a TMA 402-F3 Hyperion dilatometry apparatus.

The measurement is based on the volume change of the sample during its heating [START_REF] Parker | Flash method of determining thermal diffusivity, heat capacity, and thermal conductivity[END_REF]. The sample is submitted to a heating rate of 5 K/min and tested from ambient temperature to 1000 °C under nitrogen atmosphere. During the dilatometer experiments, samples are radially constrained by a stainless-steel cylindrical container and the volume variation is obtained from the thickness variation. The coefficient of thermal expansion k is calculated using the following relation:

= 1 ( 1 
)
where V0 is the sample volume at room temperature, while V is the sample volume at the temperature T. Finally, the density variation according to the temperature T is calculated by means of the Eq. ( 2) with ms the mass of the sample estimated by thermogravimetric analysis.

To ensure the accuracy of the density measurement and the repeatability of the results, the tests were performed twice.

= 1 + (2) 

III.2. Specific heat capacity measurement

The specific heat capacity is measured by using two different apparatus to ensure a good estimation of the parameter between ambient temperature and 1000 °C. First, a Calvet calorimeter is used to measure the specific heat capacity of the silicone-based composite materials at ambient temperature and 150 °C. This initial measurement is carried out by using a Setaram C80II 3D Calvet calorimeter [START_REF] Tian | Researches on Calorimetry. Generalization of the Method of Electrical Compensation. Microcalorimetry[END_REF], [START_REF] Wunderlich | Thermal Analysis of Polymeric Materials[END_REF]. During the experiment, an initial isotherm of 5.6 hours at a temperature of 1 °C below the target value is set. Thereafter, a ramp with a heating rate of 0.05 K/min is applied to reach 1 °C above the target temperature, and finally an isotherm step of 3.9 hours is applied. The average specific heat capacity at the target temperature is defined in the Eq. 3.

= - × (3) 
where Qsample is the heat exchange into the sample, Q0 is the heat exchange obtained during the blank experiment, msample is the mass of the sample and ΔT the temperature interval (in this study ΔT is equal to 2 K). This method allows to obtain by direct measurement the specific heat capacity of the material, however for higher temperatures a DSC must be used.

To this end, DSC experiments are carried out using a Netzsch STA 449 F3 from ambient temperature to 1000 °C. Results are interpreted in terms of heat of reaction and specific heat capacity. The conventional three-step technique for the determination of the specific heat capacity is used in this study [START_REF] Höhne | Differential scanning calorimetry[END_REF]. During the DSC experiments, the output signal from the apparatus is the heat flow as a function of temperature. The specific heat capacity cp of the sample is then calculated by equalizing the heat flux absorbed by the sample with the one absorbed by a calibration material using:

= , × -! × -! (4) 
where Φsample, Φref, and Φ0 are respectively the measured DSC heat flows for the sample, the calibration material and the blank experiment, mref the mass for the sample and the calibration material. 

III.3. Thermal diffusivity measurement and conductivity determination

The thermal diffusivity is determined by using the flash diffusivity method [START_REF] Degiovanni | Une nouvelle technique d'identification de la diffusivité thermique pour la méthode «flash[END_REF]. This method consists of applying a Dirac impulse of energy on the front face of the sample, while the temperature on the back face is recorded by a pyrometer. Different techniques can be found in the literature for the estimation of the thermal diffusivity from the obtained thermogram. In this study, the partial temporal moments method is used [START_REF] Degiovanni | Une nouvelle technique d'identification de la diffusivité thermique pour la méthode «flash[END_REF]. The thermal conductivity λ is then calculated from the above measurements (i.e. density ρ, specific heat capacity cp and thermal diffusivity α) as:

= . . (5) 
As said before, the silicone-based composite is subjected to thermochemical degradation when a certain temperature level is reached. This phenomenon is called pyrolysis process and results in the production of gaseous species. During the flash diffusivity experiment, the emission of volatiles can pollute the optical system which makes it difficult to measure the 

IV. Numerical simulation

The numerical simulation is performed with SAMCEF TM finite element code, which provides structural and heat transfer analysis. In this work, the Amaryllis modulus of SAMCEF TM is specifically used to analyse the in-depth heat transfer conduction, as well as the decomposition of the silicone matrix composite and the pyrolysis gas transport. The measured thermophysical properties of the material M1, M2 and M3, are injected in the model. As only CFs and SCP ratios are varying among the three materials, this work aims to investigate the effect of each constituent on the thermal protection efficiency.

Amaryllis modulus is dedicated to resolve linear, non-linear and transient heat transfer problems by considering ablation process and pyrolysis phenomena [START_REF] Paglia | Carbon-phenolic ablative materials for re-entry space vehicles: plasma wind tunnel test and finite element modeling[END_REF], [START_REF] Pinaud | AEROFAST: development of cork TPS material and a 3d comparative thermal/ablation analysis of an apollo & a biconic sled shape for an aerocapture mission[END_REF]. Each node of the finite element mesh has three degrees of freedom: the temperature T, the pressure P and the density ρ. Analysis of a complete pyrolysis and ablation phenomena involves the solving of three governing equations (Eq. 6 to 8), as described in [START_REF] Samtech | Samcef user manual 14.1[END_REF]:
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In the above equations, the first one (Eq. ( 6)) defines the decomposition of the silicone-based composite. The pyrolysis reaction is given by an Arrhenius law, where n is the order of reaction, A is the frequency factor, Ea is the activation energy, ρv is the density of the virgin material and ρc is the density of the charred states. Thus, the density ρ for each node will vary between the virgin and charred state according to the kinetic parameters (Ea, A, n). When the decomposition of the silicone matrix composite occurs and releases gaseous species, the gas pyrolysis flows through the material. The mass balance equation related to 1 2 is then given in Eq. 7. Finally, the equation of heat balance including the pyrolysis phenomena (Eq. 8)

considers the energy conservation of both solid and gas. This equation assumes that local thermal equilibrium is verified between the pyrolysis gases and the solid material, where Hp is the heat of pyrolysis, cp refers to the specific heat capacity of the material, λ is its thermal conductivity and hg is the gas enthalpy.

The Darcy law given by Eq. 9 is used to relate the gas pressure gradient P, the mass gas flow rate 1 2 and the pressure conductivity Kp. The pressure conductivity Kp is defined as a function of temperature T and the pression P (Eq. 10).

1 2 = -8 9 #: #0 (9) 8 = ; 2 <: = 2 > (10) 
The gas constant R, the molecular mass Mg and the dynamic viscosity of pyrolysis gas µg are considered constant, while the permeability β depending on the Darcian permeability KD and the virgin porosity of the material ϕv are obtained by:

< = 8 ? @ @ & (11) 
where the porosity ϕ is defined by the following equation:

@ = @ & + 1 -@ & & - & (12) 
The Table 3 summarizes the different input parameters in SAMCEF-Amaryllis. A good characterization and assessment of these parameters are essential to get reliable simulation results. All these input parameters have been specified for each material. The thermophysical properties are obtained from the measurements realized as described above, while the gas pyrolysis parameters have been defined according to Lachaud et al., [START_REF] Lachaud | Ablation test-case series 2[END_REF]. The kinetic parameters have been determined under inert atmosphere with a constant heating rate of 40 K/min. The kinetic triplet can be determined by means of different methods : model-free (isoconversional) methods [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF], such as Friedman analysis [START_REF] Friedman | Kinetics of thermal degradation of char-forming plastics from thermogravimetry. Application to a phenolic plastic[END_REF] , Ozawa-Flynn-Wall analysis [START_REF] Ozawa | A new method of analyzing thermogravimetric data[END_REF] and so on. They can be also predicted by using linear or nonlinear model-fitting methods [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF], [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for collecting experimental thermal analysis data for kinetic computations[END_REF].

Basing in Figure 5 a and b displaying the density evolution as function of temperature, two main steps of reaction are noted. This indicates that the kinetics of the thermal degradation of the studied materials are complex and multi-step reactions, due to the heterogeneity of the studied silicon-based composites. With the complex thermal degradation associated with this material such single-step-based approaches are unsuitable. Thus, a nonlinear model-fitting method has been used in this work according to the ICTAC recommendations in [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF]. The kinetic parameters have been determined for each step of reaction on the basis of the Arrhenius law considered by SAMCEF Amaryllis kinetic model given by equation ( 6) as in Pinaud et al., [START_REF] Pinaud | HYDRA: Macroscopic modeling of hybrid ablative thermal protection system[END_REF]. The kinetic triplet associated with the Arrhenius law for each step of reaction is assumed constant. Finally, the mechanism of thermal degradation of the material is described by a sum of single reaction steps. Once a kinetic mechanism is proposed, the main kinetic parameters of this decomposition kinetic model is estimated by an optimization technique such as "pattern search".

Table 3. Input parameters of SAMCEF-Amaryllis. The simulation test case implemented with Amaryllis is a simplified 1D problem from the literature [START_REF] Lachaud | Ablation test-case series 2[END_REF], which was initially used for code-to-code comparison under severe thermal conditions and high temperatures [START_REF] Lachaud | Ablation test-case series 2[END_REF], [START_REF] Lachaud | Ablation workshop test case[END_REF], [START_REF] Van Eekelen | Ablation Test-Case Series# 3[END_REF] with a Theoretical Ablative Composite for Open Testing (TACOT) [START_REF] Lachaud | Properties of the Theoretical Ablative Composite for Open Testing (TACOT)[END_REF]. In this numerical test-case, a sample with a thickness of 50 mm is subjected to a generic convective heat flux of 450 C (J for 1 min at atmospheric pressure (front face x = 0 mm). Thus, a convective boundary condition is assigned at the front face of the computational domain, whereas, the back and side faces of the computational domain are set as adiabatic (see Figure 4). To investigate the thermal response of the siliconebased material, the temporal evolutions of the temperature profiles are monitored at five points (from T1 to T5) located at different distances from the heated surface (1, 2, 4, 8 and 16 mm respectively). 

Input thermophysical parameters

V. Results and discussion

In this subsection, both experimental and numerical results were discussed. First, the measurements realized on specific heat capacity cp, density ρ and thermal diffusivity α are analysed and compared with respect to material configuration (M1, M2 and M3). In addition, the derivative with respect to temperature is calculated for each property. Secondly, the thermophysical properties of each material are injected in the numerical procedure to investigate the back-face temperature.

V.1. Experimental data analysis a. Density measurements

The Figure 5 shows the density evolution as a function of temperature for the studied materials. The results of density measurements are presented in Figure 5.a with a global uncertainty of 5 %, while the density derivatives are given in Figure 5.b. The measurements have been compared to those of Poutiers-Martin (Figure 5.a) which studied the thermal degradation of a silicone-based material (RTV630 matrix) with mass ratios of 30 % of SCP and 10 % of CFs [START_REF] Poutiers-Martin | Contribution à l'étude de la dégradation thermique de composites à base de résine silicone[END_REF]. From this comparison, one can see that the densities measured for the studied materials have qualitatively the same behaviour (similar pyrolysis range), however, a large discrepancy is observed on the virgin state densities. The main difference with M1 material is the SCP content (30 % of SCP in Poutiers-Martin material against 9.5 % for M1 material, see Table 1) which explains the higher density obtained from the Poutiers-Martin composite.

The density curvatures of the materials M1, M2 and M3 behave in a similar way and the maximum of the derivative is obtained around 550 °C. At low temperatures (from ambient temperature to 400 °C) the densities remain almost constant with initial values ranging from 1300 A (B to 1400 A (B . Afterward, densities significantly decrease until temperatures reach about 800 °C. Densities finally converge to a stabilized minimum value, which depends on the material composition. More specifically, by comparing the three materials, one notes that material M1 has the higher density, while the material M3 has the lower one.

Furthermore, one can observe gaps among the measured densities. The gaps are almost constant as the temperature increases. However, beyond 600 °C the gaps are more significant than before. In fact, up to 400 °C the density of the studied materials remains the same since no pyrolysis process is initiated. The Figure 5.b allows observation of two peaks for each material. They correspond to the endothermic reactions occurring during materials heating.

For all materials, the first peak is more important than the second one. The decrease in density is between 400 °C and 800 °C is 24 %, 25 % and 29 % for the material M1, M2 and M3 respectively. Above 800 °C, the materials are completely pyrolyzed and virgin layer is completely consumed, which explains the weight conservation above these temperatures. It should be noted that the density loss due to the first reaction is more important for M3 material, while, M1 presents the lowest density loss. In fact, M3 and M2 material have a high mass rate in terms of silicone rubber matrix comparing to M1 (85 % of the total weight for M3 and M2, against 80.3 % for M1). On the basis of this statement, the thermal degradation seems to be mostly associated with the pyrolysis process of the silicone rubber matrix. Thus, the mass losses of the materials are not necessary depending on the amount of both CFs and SCP [START_REF] Poutiers-Martin | Contribution à l'étude de la dégradation thermique de composites à base de résine silicone[END_REF]. Under inert atmosphere, the mechanisms of the thermal degradation of silicone rubber have been extensively studied in the literature [START_REF] Camino | Polydimethylsiloxane thermal degradation Part 1. Kinetic aspects[END_REF]- [53]. It was suggested that at this temperature interval (400 °C -800 °C), the depolymerization of the silicone matrix appears and produces cyclic oligomers. The most abundant product is the trimer, with decreasing amount of tetramer, pentamer, hexamer and higher oligomers [START_REF] Grassie | The thermal degradation of polysiloxanes-I. Poly(dimethylsiloxane)[END_REF], [START_REF] Thomas | Thermal analysis of polydimethylsiloxanes. I. Thermal degradation in controlled atmospheres[END_REF]. The Figure 6 illustrates the depolymerization process of the polymer chain in the silicone rubber and the production of cyclic product. While in an oxidizing atmosphere, studies [START_REF] Camino | Polydimethylsiloxane thermal degradation Part 1. Kinetic aspects[END_REF], [START_REF] Mansouri | Formation of strong ceramified ash from silicone-based compositions[END_REF] show that volatile oligomers formed by the pyrolysis process interact with the oxygen and produce gases such as SiO2, H2O, CO2. 

b. Specific heat capacity measurements

The Figure 7 depicts the specific heat capacity evolution as a function of temperature for each material (Figure 7.a). In this study the specific heat capacity is evaluated with a global uncertainty of 7 %. At ambient temperature, the specific heat capacity is nearly the same regardless of the material configuration: 1153 D A (' 8 (' , 1147 D A (' 8 (' , 1186 D A (' 8 (' for M1, M2 and M3 respectively. Specific heat capacity values increase with temperature and follow the same trend, particularly for M1 and M2. This increase is less important for M3 material. To investigate these evolutions, derivatives with respect to temperature are plotted in Figure 7.b. Three sections are distinguished: (1) ambient temperature -400 °C; (2) 400 °C -800 °C and (3) above 800 °C. For the first section, strong variations are noticed. On the basis of the mean specific heat capacity value of all materials at ambient temperature (around 1162 D A (' 8 (' ), a significant increase of about 34 % is reached at 400 °C. For the second section, the slopes decrease gradually until they reach a constant value around 800 °C. Up to this temperature, specific heat capacity values are still increasing but only by 8 % with respect to the first section. On this temperature range, pyrolysis reactions are occurring. On the basis of these observations, one can see that the pyrolysis process, which is occurring between 400 °C and 800 °C (Figure 5.a), does not necessarily contribute to the specific heat capacity variation. This is due to the high heat amount absorbed by the materials before the pyrolysis process which appears at 400 °C.

Finally, above 600 °C, the derivatives are nearly constant and the specific heat capacity follows the same rate of increase for each material. This statement can be explained by the fact that after the pyrolysis process, the solid char residue obtained is substantially the same regardless of the composition of the material. 

c. Thermal diffusivity measurements

The measurement points obtained from the flash diffusivity experiments, and the associated uncertainties, are reported in Figure 8.a. From these results, thermal diffusivity functions have been approximated. Derivatives with respect to temperature are given in Figure 8.b. It should be noted that the measurement point of the material M3 at 800 °C was not considered in the study, as the sample used had fissures which can distort the measurement results. It appears that the thermal diffusivities follow two trends depending on the temperature range. At low temperatures, the thermal diffusivities tend to decrease and reach a minimum value at 310 °C (see Figure 8.a), which is nearly the same for all studied materials. Beyond which, the trend of curves is reversed: diffusivities increase and tend to converge at high temperatures. As it has been observed in the density measurements, the behaviour of thermal diffusivities is affected by the thermal degradation of the silicone rubber and its transition from the virgin state to the charred one. As for the density's measurements, one notes different thermal diffusivities before the beginning of the pyrolysis process. At ambient temperature, values of the thermal diffusivity are equal to 2.5 ×10 -7 J M (' , 2.2 ×10 -7 J M (' and 2.9 ×10 -7 J M (' , for the material M1, M2 and M3 respectively. The diffusivity increase is associated with the beginning of the pyrolysis process (around 400 °C) and is being maintained throughout the heating. This is due to the thermal degradation of the materials, where the thermal diffusivities tend to converge quantitatively towards similar values (5.25 ×10 -7 J M (' at 1000 °C). This behaviour can be associated with the production of the same nature of solid char residue at the end of the pyrolysis process (around 800 °C), whatever the composition of the material.

By comparing the three materials, one remarks that for the reference configuration, M1, the thermal diffusivity evolution is located between those of M2 (lowest values) and M3 (highest values). Furthermore, by observing the gaps among the thermal diffusivities, M2 presents the smallest gap from the reference configuration, contrary to the one observed between M3 and M1. This behaviour has been already observed during the dilatometry measurement and can be explained by the composition of the different materials, in particular the proportion of SCP in each material (see Table 1). Materials M1 and M2 have almost the same ratio of SCP (9.5 % and 10 % respectively), while M3 contains only 5 % of SCP. Thus, a higher amount of SCP in the composition of the materials tends to reduce the diffusivity. Contrarily, CFs, as in M3, promote the increase of the thermal diffusivity: although the CFs content in the material improves the mechanical strength, it may also reduce the thermal insulation efficiency. 

d. Thermal conductivity determination

As a result of the measurements analysed above, the thermal conductivities of the three materials are calculated and plotted in Figure 9.a, with their respective derivatives with respect to temperatures in Figure 9.b. As the thermal conductivity depends on density ρ, specific heat capacity cp and thermal diffusivity α, the calculation for the three materials displays coherent evolutions with what was previously discussed. Globally, one observes that the evolution of the thermal conductivities is nearly stable before the initiation of the pyrolysis process. Even if the materials are heated strongly at this stage, the thermal conductivities change little up to 400 °C.

Above 400 °C, as long as the pyrolysis process is occurring, fluctuating variations are noticed on conductivity curves. Beyond 800 °C, the thermal conductivities keep increasing. By looking at the thermal conductivity derivatives, plotted in Figure 9.b, one observes that the conductivity fluctuations highlighted during the pyrolysis phase are correlated to the two pyrolysis reactions discussed in the density analysis section (see Figure 5). The first peak, relative to the first pyrolysis reaction, is important for all materials. This strong reaction leads to a reduction of the dispersion between M1, M2 and M3 thermal conductivities after 600 °C. Material M3 presents the higher thermal conductivities, while M2 displays the lower ones (low CF content).

Conductivities of materials M1 and M3 converge to the same level after pyrolysis. 

V.2. Numerical results

As From the qualitative point of view, one observes that the temperature profiles have the same trends for all materials. The material is progressively heated by heat diffusion. A quasi stationary behaviour is achieved on the first layers of the material (0 -2 mm) after 60 s of heating. Temperature evolutions at the surface of M1 and M3 are confounded, while M2 temperatures are slightly higher. From the quantitative point of view, one notes a discrepancy between the compared materials. Differences are more pronounced after 2 mm of depth. In fact, due to the high heat flux applied at the surface, pyrolysis reactions quickly appear leading to a transformation of the materials. From a morphological or visual perspective, this transformation is marked by the pyrolysis front. Through the pyrolysis process the materials produce pyrolysis gas and become porous. Temperature curves obtained for M1, M2 and M3 are intersecting between 400 °C and 800 °C, for depths ranged between 1 mm and 8 mm, i.e. when pyrolysis reactions occur (see Figure 5). This observation, confirms that the CFs and SCP amounts have an effect on the thermal behaviour of the materials. The materials M3 and M1 behave quite similar.

However, the decrease of SCP content in M3 compared to M1 leads to a slight reduction of the material insulation efficiency. M2 material presents the best thermal resistance to the applied heat flux. This can be correlated to the low amount of CFs in M2 in comparison with M1 and M3. Based on these results, M2 is the best thermal barrier for the engine compartment of the ramjet, compared to M1 and M3 materials. However, this assessment should be balanced with the ability of the materials to withstand severe ablative conditions. Indeed, as shown by Soo Kim et al. [START_REF] Kim | Effect of incorporation of carbon fiber and silicon carbide powder into silicone rubber on the ablation and mechanical properties of the silicone rubber-based ablation material[END_REF], CFs may be beneficial regarding mechanical ablation.

VI. Conclusion

An experimental procedure was carried out on silicone-based composites to characterize and understand the influence of fillers components, such as Carbon Fibres (CFs) and Silicon Carbide Powder (SCP), on the thermophysical properties of the materials. For this purpose, three silicone-based composites were manufactured with various CFs and SCP contents at different weight proportion. The experimental procedure consists of different apparatus used for the determination of the material properties from ambient temperature up to 1000 °C.

Then the result of the thermophysical characteristics of the investigated materials, such as (ρ, cp, λ), was implemented in a 1D numerical model to simulate their thermal behaviours under severe heating conditions such as those of a ramjet combustion chamber. This work leads to the following conclusions:

• Whatever the material configuration, the pyrolysis process occurs between 400 °C and 800 °C. At this temperature range, two apparent reactions took place, leading to the depolymerization of the silicone matrix which produced cyclic oligomers.

The density losses recorded under inert atmosphere are 24 %, 25 % and 29 % for the material M1, M2 and M3 respectively. These results are likely to be correlated with the pyrolysis rate of the silicone matrix. The thermal degradation seems to be mainly associated with the pyrolysis process of the silicone rubber matrix.

• The evolution of specific heat capacity for each material configuration is not significantly affected by the CFs content, or by the Silicon Carbide Powder amount.

The average value is 1162 D A (' 8 (' at ambient temperature, then a strong increase is noted (+ 34 % between ambient and 400 °C). After 800 °C, the rate of increase is nearly the same for all materials. • The behaviour of thermal diffusivities is affected by the transition from the virgin state to the charred one. At ambient temperature, values of the thermal diffusivity are equal to 2.5 ×10 -7 J M (' , 2.2 ×10 -7 J M (' and 2.9 ×10 -7 J M (' , for the material M1, M2 and M3 respectively. Finally, the thermal diffusivities of the 3 generic materials tend to converge quantitatively towards similar values (5.25 ×10 -7 J M (' at 1000 °C). As said before, this behaviour can be associated with the production of the same nature of solid char residue at the end of the pyrolysis process (around 800 °C), whatever the composition of the material. CFs promote the increase of the thermal diffusivity, and although they improve the mechanical strength, the CFs content in the material could reduce the thermal protection efficiency.

• The thermal conductivity of each material is calculated from the thermophysical property (ρ, cp, α). Thermal conductivities are nearly stable before the beginning of the pyrolysis process. However, marked fluctuation are noted during the pyrolysis process, (from 400 to 800 °C). Then the thermal conductivities converge quantitatively towards similar values. This experimental procedure combined with a numerical model using Amaryllis modulus of the SAMCEF TM finite element code, enables to calculate the thermal behaviour of the material. The measured data were implemented in a 1D finite element model, in order to analyse the heat propagation into the materials. The computations obtained with the nominal configuration of the silicone-based composite (M1) were confronted at different locations from the heated surface to those of the variants M2 and M3. Simulation results confirm that
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 1 Figure 1: Schematic of the reduced pressure mixing apparatus.
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 2 Figure 2: Calorimeter and DSC samples of material M1: (a) for calorimeter, (b) for DSC.
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 3 Figure 3: Thermal diffusivity sample of the material M1: (a) virgin state, (b) pyrolyzed state.
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 4 Figure 4: Schematic of the considered ramjet engine (right) and physical domain (left).
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 5 Figure 5 : Density evolution and derivative of the density versus temperature.
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 6 Figure 6: Depolymerization process of PDMS [50].

Figure 7 :

 7 Figure 7 : Specific heat capacity curves and their derivatives.
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 8 Figure 8 : Thermal diffusivity curves and their derivatives from laser flash method.

Figure 9 :

 9 Figure 9 : Calculated thermal conductivity and their derivatives versus temperature.

  mentioned in section 4, the measured thermophysical properties are finally implemented in the numerical model to study the thermal response of the materials M1, M2 and M3. The temperature profiles as a function of time obtained at several positions from the heated surface (1, 2, 4, 8, 16 and 50 mm) are represented in Figure 10. The temperature profiles for the reference configuration, M1, are depicted in solid lines, while those of materials M2 and M3 are represented with dashed lines. The applied heating conditions lead surface temperatures of about 1200 °C.

Figure 10 :

 10 Figure 10 : Temperature profiles versus time at different locations in the silicone-based composites M1, M2 and M3.

Table 1 .

 1 

Z-bade mixing systems

Pressure Pot P Pump

Table 1 .

 1 Composition of the silicone-based composites studied.

		M1		M2		M3	
	Components	PBW	WP (%)	PBW	WP (%)	PBW	WP (%)
	RTV 630 (Part A)	100	73.5	100	77.2	100	77.2
	RTV 630 (Part B)	10	7.5	10	7.8	10	7.8
	CFs	13	9.5	6.5	5	13	10
	SCP	13	9.5	13	10	6.5	5
		PBW: Parts By Weight -WP: Weight Proportion		

  Tests have been carried out under nitrogen atmosphere from ambient to 1500 °C with a heating rate of 20 K/min. For each material, the samples for the calorimeter and DSC experiments are extracted from two different locations of the virgin plate. Masses of the different sample are reported in the Table 2. The samples used with the Calvet calorimeter are

Table 2 .

 2 Masses of the samples for the specific heat capacity experiments.

	Sample initial masses (g)

  Valuesρv, ρc Density of the material (virgin and charred state) ( A .(B ) 

	λ	Thermal conductivity ( C (' 8 (' )		Present experiments
	cp	Specific heat capacity (virgin and charred state) (D A (' 8 (' )	
	Mg	Molecular mass of pyrolysis gas (A EF (' )		13.80
	KD	Darcian permeability ( J )		1.60 × 10 (''
	@v	Initial porosity		0.10
	hg µg	Pyrolysis gas enthalpy (D A (' ) Dynamic viscosity of pyrolysis gas (:L M (' )		Lachaud et al., [39]
	Input Kinetic parameters		
		Heating rate: β = 40 K/min	1 st step of reaction	2 nd step of reaction
	Ea	Activation energy (D EF (' )	1.16 × 10 N	1.44 × 10 N
	A	Frequency factor ( PQ (' )	8.66 × 10 R	1.01 × 10 R
	n	Order of reaction (-)	1.34	0.59
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the three silicone-based composites represent a good thermal barrier for severe heat fluxes.

The silicone-based composite with a small amount of CF (M2 material) looks more efficient from a thermal point of view and from the beginning of its degradation, allows a good heat absorption. Further development of this work will include the consideration of measurement uncertainties on the thermal properties and the detailed analysis of the pyrolysis progress through the material. Mechanical tests and chemistry will be also investigated experimentally and implemented in the numerical model, which can then be applied to other generic test cases, such as longer TPS trajectories, generic ramjet combustion chamber behaviour or flame tests of thermal insulation.