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The film boiling chemical vapor process is an original and rapid synthesis method for ceramic coatings and composites. This work reports the deposition of silica coating from tetraethyl orthosilicate (TEOS) by film boiling chemical vapor process. Experiments were carried out under atmospheric pressure between 900°C and 1100°C. Several modifications of the experimental setup were made in order to allow a better thermal monitoring. Silica coatings were fast synthetized: several microns per minute. An activation energy of 209 kJ/mol ± 20 was deduced. The structure and microstructure of the oxide coating were characterized by Optical Microscopy, Scanning Electron Microscopy, Energy Dispersive Spectroscopy, Electron Probe MicroAnalyzer, Fourier-Transform InfraRed spectrometery and X-ray diffraction.

Introduction

Silicon dioxide (silica, SiO2) is a ceramic material with low density (2,65 g.cm -3 ) and high melting temperature (1713°C). Good thermal insulator and one of the best electrical insulator, this oxide has a dielectric constant lower than 4 and is resistant to thermal shock and to ablation [START_REF] Maex | Low dielectric constant materials for microelectronics[END_REF]- [START_REF] Xu | Processing and properties of unidirectional SiO2f/SiO2 composites[END_REF].

Thanks to its properties, silicon dioxide is used in many fields: microporous membranes for gas separation at high temperature [START_REF] Nomura | Preparation of a stable silica membrane by a counter diffusion chemical vapor deposition method[END_REF]- [START_REF] Yan | Hydrogen-Permselective SiO2 Membrane Formed in Pores of Alumina Support Tube by Chemical Vapor Deposition with Tetraethylorthosilicate[END_REF], optics [START_REF] Martinet | Deposition of SiO2 and TiO2 thin films by plasma enhanced chemical vapor deposition for antireflection coating[END_REF], [START_REF] Pol | Thermal decomposition of tetraethylorthosilicate (TEOS) produces silicon coated carbon spheres[END_REF], biomedical [START_REF] Erlat | Morphology and gas barrier properties of thin SiOx coatings on polycarbonate: Correlations with plasma-enhanced chemical vapor deposition conditions[END_REF], [START_REF] Prekmura | Smooth and Self-Similar SiO2-like Films on Polymers Synthesized in Roll-to-Roll Atmospheric Pressure-PECVD for Gas Diffusion Barrier Applications[END_REF] or in microelectronics [START_REF] Ray | TEOS-based PECVD of silicon dioxide for VLSI applications[END_REF], [START_REF] Crowell | The chemical vapor deposition of SiO2 from TEOS[END_REF], [START_REF] Yan | Hydrogen-Permselective SiO2 Membrane Formed in Pores of Alumina Support Tube by Chemical Vapor Deposition with Tetraethylorthosilicate[END_REF], [START_REF] Pol | Thermal decomposition of tetraethylorthosilicate (TEOS) produces silicon coated carbon spheres[END_REF], [START_REF] Coltrin | Chemical kinetics in chemical vapor deposition : growth of silicon dioxide from tetraethoxysilane (TEOS)[END_REF]- [START_REF] Desu | Decomposition chemistry of tetraethoxysilane[END_REF]. It is used as anti-reflective layers [START_REF] Martinet | Deposition of SiO2 and TiO2 thin films by plasma enhanced chemical vapor deposition for antireflection coating[END_REF], [START_REF] Philipp | Optical properties of non-crystalline Si, SiO, SiOx and SiO2[END_REF], [START_REF] Nakamura | Infrared absorption spectra and compositions of evaporated silicon oxides (SiOx)[END_REF]. Some protective coatings on metals in the field of microelectronics or some thermal protections consist of silicon dioxide coatings [START_REF] Keller | Oxide/oxide composites[END_REF].

Nowadays, silicon dioxide coatings are most of the time developed by sol-gel and CVD (Chemical Vapor Deposition) processes. The first one includes many steps of synthesis leading to a long time of synthesis [START_REF] Audebert | Procédé sol-gel de polymérisation[END_REF]- [START_REF] Mendez-Vivar | Spectroscopic study on the early stages of the polymerization of hybrid TEOS-RSi (OR')3 sols[END_REF]. For example, the final heat treatment in this process can generate shrinkage stresses and cracks. The second one is widely used to synthesize thin and homogenous silica coatings [START_REF] Ponton | Development of a kinetic model for the moderate temperature chemical vapor deposition of SiO2 films from tetraethyl orthosilicate and oxygen[END_REF], [START_REF] Yan | Hydrogen-Permselective SiO2 Membrane Formed in Pores of Alumina Support Tube by Chemical Vapor Deposition with Tetraethylorthosilicate[END_REF], [START_REF] Ha | Chemical vapor deposition of hydrogen-permselective silica films on porous glass supports from tetraethylorthosilicate[END_REF], [START_REF] Levin | The step coverage of CVD SiO2 glass films[END_REF]. Process optimization revealed dense coatings under 500°C [START_REF] Ponton | Development of a kinetic model for the moderate temperature chemical vapor deposition of SiO2 films from tetraethyl orthosilicate and oxygen[END_REF]. However, despite the optimization of the experimental conditions, the deposition rate remains slow, about a few nm/min, even at high temperatures [START_REF] Morooka | Formation of hydrogenpermselective SiO2 membrane in macropores of α-alumina support tube by thermal decomposition of TEOS[END_REF], [START_REF] Martinet | Deposition of SiO2 and TiO2 thin films by plasma enhanced chemical vapor deposition for antireflection coating[END_REF].

In these two processes, tetraethyl orthosilicate (Si(OC2H5)4, TEOS) is the most used silica precursor. Halogen-and nitrate-free, TEOS is easy to handle and cost-effective [START_REF] Chu | Relative stabilities of tetramethyl orthosilicate and tetraethyl orthosilicate in the gas phase[END_REF], [START_REF] Desu | Decomposition chemistry of tetraethoxysilane[END_REF], [START_REF] Phadungsukanan | First-Principles Thermochemistry for Silicon Species in the Decomposition of Tetraethoxysilane[END_REF]- [START_REF] Chu | Thermal Decomposition of Tetramethyl Orthosilicate in the Gas Phase: An Experimental and Theoretical Study of the Initiation Process[END_REF].

Hydrolysis and condensation of this precursor in basic or acid conditions lead to silica by sol-gel process [START_REF] Van De | Incipient polymerization of SiO2 in acid-catalyzed TMOS sol-gel systems with molar water/alkoxide ratio between 0.5 and 32[END_REF]. CVD, pyrolysis, thermal CVD or Plasma-enhanced CVD (PECVD) of TEOS are different ways to synthesize silica coatings [START_REF] Ponton | Development of a kinetic model for the moderate temperature chemical vapor deposition of SiO2 films from tetraethyl orthosilicate and oxygen[END_REF]. Inert gaz or oxidizing atmosphere (O2 or O3), under pressure or atmospheric pressure, are some experimental conditions which allow to synthesize homogenous, dense and stoichiometric silicon dioxide coatings from TEOS [START_REF] Ponton | Development of a kinetic model for the moderate temperature chemical vapor deposition of SiO2 films from tetraethyl orthosilicate and oxygen[END_REF], [START_REF] Ha | Chemical vapor deposition of hydrogen-permselective silica films on porous glass supports from tetraethylorthosilicate[END_REF], [START_REF] Levin | The step coverage of CVD SiO2 glass films[END_REF], [START_REF] Khatib | Silica membranes for hydrogen separation prepared by chemical vapor deposition (CVD)[END_REF]- [START_REF] Pai | Downstream microwave plasma-enhanced chemical vapor deposition of oxide using tetraethoxysilane[END_REF].

In order to reduce steps and time of synthesis, this work reports an original method for the development of silica films: the film boiling chemical vapor process [START_REF] Houdayer | Process for the densification of a porous structure[END_REF]. This process has already been used to synthesize various ceramic coatings and ceramic composites such as C/C, C/SiC and C/SiO2 or oxide/oxide [START_REF] David | Elaboration of ceramic composites by rapid densification[END_REF]- [START_REF] Allemand | Method for preparing composite materials with an oxide matrix and oxide reinforcements by means of a heating process[END_REF]. The technology developed for this study is composed of a carbon resistor which is the heating item. The sample is immersed into a liquid precursor and heated above the precursor decomposition temperature. At that moment, a film of vapor is created locally around the sample -from which the "film-boiling" name arises. Then, the vapor decomposes at the surface of the heated substrate, leading to the deposition of a coating. This process could be compared to a thermal gradient and pulsed flow CVD process [START_REF] Vignoles | Chemical Vapor Deposition/Infiltration Processes For Ceramic Composites[END_REF]. However, it is 50 to 100 times faster than CVD. There is no competition between mass transport and chemical reaction compared to classical CVD. The residence time of gaseous species is short to avoid secondary reactions inside the gaseous phase. The deposition is fast and confined [START_REF] Delhaes | Film Boiling Chemical Vapor Infiltration of C/C Composites : Influence of Mass and Thermal Transfers[END_REF]- [START_REF] Delhaes | Chemical vapor infiltration of C/C composites : Fast densification processes and matrix characterizations[END_REF], [START_REF] Vignoles | The film-boiling densification process for C/C composite fabrication : From local scale to overall optimization[END_REF].

Here, the aim of this work is to synthesize silica coatings by the film boiling chemical vapor process. TEOS, which is a liquid at ambient temperature, is selected as precursor. We present the chemical composition and the deposition rate of synthesized coatings.

Experimental

1. Experimental setup

The experimental device is represented in Fig. 1. It is composed of two general parts: the reactor and a cooling trap. The reactor is a boro-silicate tube 46mm in diameter. It can contain up to 200mL of liquid precursor. The heating system, a cylindrical carbon resistor (Mersen® 2020 graphite, ɸ=3 mm, L=70 mm, porosity 10%+/-1%, real density 2.05+/-0.22), is placed at the center of the reactor. Some openings have been created to connect the resistor to an electrical power supply and for the thermal monitoring. To study the coating deposition, two substrates have been selected in this work. The first one is the carbon resistor. For the development of complex systems, the second substrate is a Nextel TM 312 alumina-boria-silica preform (3M™ Nextel™ AS-40) sleeve around the resistor. This tubular oxide preform has an internal diameter of 1.6 mm and a thickness around 600 µm. It is attached on the resistor using a carbon based ciment (Fig. 2). This substrate is an electric and thermic insulator contrary to the carbon resistor. The condenser above the reactor is cooled with a 0°C ethylene glycol exchanger. It condenses vapors and thus avoids an excessive loss of precursor. The reactor is maintained under atmospheric pressure. During the process, the graphite heater is held in the liquid precursor to avoid oxidation. For safety, a nitrogen supply is inserted between the reactor and the cooling trap to minimize oxidation.

The liquid precursor is tetraethyl orthosilicate (TEOS, Si(OC2H5)4, Sigma Aldrich, reagent grade, 98%). 

Parameters and thermal monitoring

In this process, time and generator power are experimental parameters. The use of bichromatic pyrometer is not adapted in the case of an oxide deposition because the decomposition of the precursor leads an opacification of the liquid and moreover the deposition of an electrical and thermal insulator coating around the heating system distorts the temperature measured by pyrometer at the surface of the heating system. [50; 52], [START_REF] Vignoles | The film-boiling densification process for C/C composite fabrication : From local scale to overall optimization[END_REF].

To overcome this main drawback, the resistor temperature in our study was determined from the measurement of the resistor resistance. The voltage across the resistor and the intensity inside the electrical circuit were simultaneously measured during the process by a voltmeter and a Hall effect sensor. The resistance of the resistor was calculated by Ohm's law. From a predefined calibration curve, specific of the resistor, the temperature was determined according to the calculated resistance.

The value of the calculated resistance was reported in this calibration curve as shown in Fig. 3. The measurement is independent of the reaction environment and is characteristic of the resistor. The oxide coating, which is an electric insulator, does not affect the resistance value. 

3. Characterizations

Scanning Electron Microscopy (SEM, FEI 400 FEG), Field Emission Electron Probe Microanalyzer were (JEOL JXA-8530F) -5kV -and Optical Microscopy (MO, Nikon ME600L) were used to characterize the microstructure of coatings. A 7 nm thick gold deposit was made with a LEICA EM ACE600 metallizer, for using the JEOL microscopy. Observations were done on polished cross sections of coating, Coatings composition was determined by Energy Dispersive Spectroscopy (EDS EDAX, 5kV) and Electron Probe MicroAnalyzer (EPMA, CAMECA SX 100 and JXA-853F). X-ray Diffraction (XRD, Bruker D8 Advance) and Fourier-Transform InfraRed spectrometer (FTIR, Thermo Scientific Nicolet IS10) complete these techniques.

Results and Discussion

1 Kinetics

Scanning of experimental parameters, time and generator power, leads to coating deposition on carbon resistor. Deposition rate as a function of calculated resistor temperature is drawn in Fig. 4.

The experimental temperature values are from 900°C to 1100°C during 6 or 25 min. Each point on the curve corresponds to a single experiment. The deposition rate is faster, several microns per minute, even at the lower tested temperature, (900°C) Figure 4. These deposition rates are much faster than deposition rates in conventional CVD process. Commonly, the deposition rate of silica from TEOS in CVD process is about several microns per hour; even after optimization of the experimental conditions and process [START_REF] Ponton | Development of a kinetic model for the moderate temperature chemical vapor deposition of SiO2 films from tetraethyl orthosilicate and oxygen[END_REF], [START_REF] Nguyen | Reaction Mechanisms of Plasma-and Thermal-Assisted Chemical Vapor Deposition of Tetraethylorthosilicate Oxide Films[END_REF]. Contrary to conventional CVD process, the strong thermal gradient in the film boiling chemical vapor process led to a rapid deposition. The time needed for the gas mixture to reach the hot parts of the system is short, so that few or no parasitic reactions occur in addition to simple ligand loss reactions like TEOS Si(OCH2CH3)3 + OCH2CH3.

From the deposition rate and the absolute temperature determined from resistance value, it is possible to calculate the experimental activation energy of the deposition reaction from TEOS, in the film boiling chemical vapor process, through the Arrhenius equation:

ln v = ln A -.
(Eq. 1)

v: rate constant (m/s) ; A: pre-exponential factor (s -1 ) ; Ea: activation energy (J/mol) ; R: universal gas constant (J.mol -1 .K -1 ) ; T: absolute temperature (K) According to experimental rates, temperatures and the Arrhenius equation, an activation energy of 209 kJ/mol ± 20 is deduced in Fig. 5. This experimental value is close to activation energies determined in CVD process from TEOS under the same experimental parameters. For example, literature value is about 190 kJ/mol for 600°C-800°C under atmospheric pressure [START_REF] Ponton | Development of a kinetic model for the moderate temperature chemical vapor deposition of SiO2 films from tetraethyl orthosilicate and oxygen[END_REF], [START_REF] Pavelescu | Activation energies in chemical vapour deposition kinetics of SiO2 films using TEOS chemistry[END_REF]. This value deeply depends on experimental parameters such as pressure or the presence of oxidizing species.

Generally, it is between 200 and 180 kJ/mol [START_REF] Ponton | Development of a kinetic model for the moderate temperature chemical vapor deposition of SiO2 films from tetraethyl orthosilicate and oxygen[END_REF]. The activation energy calculated in this case seems that the reactional mechanisms are similar in CVD and in the film boiling chemical vapor process. These results confirm the main characteristics of the film boiling chemical vapor process described in the literature for C and SiC synthesis. The same conclusion can be drawn here: the reactional mechanism in this process is similar to those of CVD process, but the deposition rate is much faster [START_REF] Delhaes | Film Boiling Chemical Vapor Infiltration of C/C Composites : Influence of Mass and Thermal Transfers[END_REF]- [START_REF] Delhaes | Chemical vapor infiltration of C/C composites : Fast densification processes and matrix characterizations[END_REF], [START_REF] Vignoles | The film-boiling densification process for C/C composite fabrication : From local scale to overall optimization[END_REF].

2 Characterizations

On graphite substrate, whatever the experimental conditions (time and temperature), coatings are homogenous, dense and adherent to the resistor as shown in Fig. 6. Some cracks are visible, due to a difference of thermal expansion coefficient between coating (0,5-0,75 K -1 ) and resistor (4-8 K -1 ) (Fig. 6). Coatings are all composed of 63%atO ± 1 ; 33%atSi ± 2 and 4%atC ± 1 according to an EDS XRD analysis revealed the amorphous structure. The film structure is specific to amorphous silica according to FTIR analysis (see Fig. 7). 1097cm -1 and 800cm -1 absorption peaks are characteristic of stretching and bending modes of siloxanes linkages [START_REF] Babayan | Deposition of silicon dioxide films with an atmospheric-pressure plasma jet[END_REF]- [START_REF] Vallee | Inorganic to organic crossover in thin film deposited from O2/TEOS plasmas[END_REF]. Absorption peaks between 3000 -3300cm -1 , characteristic of residual species like Si-OH, are not detected. adhesion is observed between the alumina-boria-silica fibers and the silica coating. The densification of the composite is not complete. Some porosities can be observed. The chemical elements (carbon, silicon, aluminum and oxygen) were characterized on this coating by Field Emission Electron Probe Microanalyzer (JEOL JXA-8530F -5kV), see Figure 9.

The carbon content determined by the Field Emission Electron Probe Microanalyzer is 0.5%wt.

This value can be interpreted by possible pollution on the surface of the samples; or by the presence of free carbon nanodomains in the coating, due to the organic precursor used. Si and O elements contents are homogenous over the coating thickness.

A quantitative analysis of the silicon and oxygen elements has been carried out by the Field Emission Electron Probe Microanalyzer (Fig. 10). Close to the carbon resistor, ten points were randomly selected (zone A). In this area, the Si / O ratio is close to silica composition. The same analysis was carried out on the section of the sample (from the carbon resistor to the periphery of the sample). The results are similar. Some porosities lead to distort values. 
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 1 Fig. 1 : Experimental setup
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 2 Fig. 2: a) The resistor with the tubular Nextel TM preform and b) microscope image of the resistor and the preform
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 3 Fig. 3: Calibration curve of the resistor, resistance as a function of the temperature, and determination of the resistor temperature during the process from resistance value (…: resistance value during process). In this case for R =0.087Ω, 950°C <T<1000°C.
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 4 Fig. 4: Deposition rate (µm/min) as a function of calculated resistor temperature (°C) for coatings synthetized by film boiling chemical vapor process from TEOS
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 5 Fig. 5: Evolution of the logarithm of the deposition rate (m/s) of SiO2 as a function of the inverse of the surface temperature (K -1 )

Fig. 6 :

 6 Fig. 6: MO micrographs of silica coatings synthetized by film boiling chemical vapor process from TEOS at a) 920°C ± 30 for 6min and b) 980°C ± 20 for 25min
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 7 Fig. 7: Infrared spectra of oxide film synthesis by film boiling chemical vapor process from TEOS

Fig. 8 :

 8 Fig. 8: SEM micrographs of silica coating synthetized by film boiling chemical vapor process from TEOS using a Nextel preform at 950°C ± 20 °C for 40 min

Fig. 9 :

 9 Fig. 9: C, Al, Si and O elements mappings of silica coatings cross section synthetized by film boiling chemical vapor process from TEOS using a Nextel preform at 950°C ± 20°C for 40 min

Fig. 10 :

 10 Fig. 10 : Quantitative analysis of the silicon and oxygen elements a) in the Zone A and b) on the section of the sample These characterizations validate the synthesis of silica coatings by film boiling chemical vapor process from TEOS. The coating composition is the same whatever the substrate: a carbon resistor, an electric and thermal conductive substrate with simple geometry, and the Nextel TM 312 alumina-boriasilica preform, an electric and thermic insulator with fibers and porosity.
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Conclusions

We achieved for the first time the synthesis of silica coatings by film boiling chemical vapor process from TEOS. The deposition rate is much higher than those of conventional CVD process but the activation energies are close. The strong thermal gradient present in this process and its moderate processing temperature led to homogenous and dense silica coatings.

In our work, for the synthesis of oxide coatings, the measurement of resistor resistance is a good way to determine resistor temperature. This measurement is specific to the resistor and confirms reliable values. This technique permits a better thermal monitoring of the film boiling chemical vapor process. This reliable value is necessary to determine the activation energy of the reaction.