Pierre Fenetaud 
  
Sylvain Jacques 
email: jacques@lcts.u-bordeaux.fr
  
Dr P Colombo 
  
SiC/SiC ceramic matrix composites with BN interphase produced by gas phase routes: An overview

Keywords: Ceramic matrix composite Ceramic ibre BN interphase SiC, SiC composite CVD, CVI Mechanical behaviour Oxidation, corrosion

The introduction of ceramic matrix composites (CMCs) into the hot sections of aircraft engines offers signiicant weight and fuel eficiency gains. The result of decades of research and development, CMCs are based on silicon carbide. They consist of a matrix reinforced with the latest generation of continuous ibres. The non-brittle behaviour of these materials is achieved by the "interphase", a thin coating of ibres. Boron nitride is the interphase material chosen to act as a mechanical fuse and to withstand the conditions of matrix manufacture and composite application. This paper considers the inluence of the interphase on the mechanical properties of these CMCs and their behaviour in the different environments for which they are intended. Finally, the different preparation methods studied in the laboratory and the production methods used in industry are discussed, focusing on the gas phase routes.

Introduction

With the aim of reducing fuel consumption and pollutant emissions from aircraft engines [START_REF]European Union, Clean sky 2 -clean aviation[END_REF], ceramic matrix thermostructural composites are of great interest. Indeed, these materials are paving the way for new, lighter engines that offer a more complete combustion thanks to their high operating temperatures. The resulting lightweighting of parts and the reduction of combustion by-products such as nitrogen oxides, made possible by the use of ceramic matrix composites (CMCs), are in line with these objectives.

Traditionally dedicated to military or aerospace applications, CMCs are engineered materials that are complex and expensive to produce. The potential of these new materials has been hampered by various technological barriers, which have been the focus of extensive work over the last few decades to make these materials more reliable, better understood and easier to manufacture. Process development has thus led to the introduction of these CMCs in civil aviation. They can be divided into two categories: oxide-based and non-oxide [START_REF] Karadimas | Ceramic matrix composites for aero engine applications-a review[END_REF]. In the latter category, composites made of silicon carbide-based ibres and matrices (SiC/SiC) are intended for the manufacture of turbine parts for the hot sections of engines (blades, vanes, shrouds) [START_REF] Bouillon | SiCbased Ceramic Matrix Composite Behavior Enhancement for Gas Turbines Hot Sections[END_REF][START_REF] Corman | 5.13 development history of GE's prepreg melt iniltrated ceramic matrix composite material and applications[END_REF]. In order to provide an interesting mechanical behaviour and the ability to be damaged without critical cracking, SiC/SiC contain a mechanical fuse. This particular component is in the form of a thin ilm coating the ibres, called the interphase.

Historically, the interphase was made of pyrolytic carbon, but today it is more commonly made of pyrolytic boron nitride.

SiC/SiC composites

Background

Ceramics are inorganic, non-metallic materials that are generally divided into three categories: traditional ceramics (pottery, earthenware, stoneware, porcelain, etc.), glass or cement and, inally, technical ceramics (carbides, nitrides, aluminas, etc.) [START_REF] White | 1.1 Basic science of advanced ceramics[END_REF]. This last category has many industrial advantages: low density, high melting point, rigidity, mechanical resistance at high temperatures, chemical inertia and resistance to fatigue, creep and abrasion. Unlike plastically deformable materials such as metals, ceramics have the disadvantage of being brittle. This limits their use as structural materials.

A composite material is deined as a heterogeneous combination of several immiscible materials. It has a more interesting overall behaviour than its constituent materials taken separately. This concept was born out of the need to combine the advantages and/or to limit the disadvantages of certain materials. They are often used in applications where strength, lightness and reliability are required. There are many examples of natural composites, such as wood or bone, and man-made composites, such as concrete or glass ibre/epoxy composites. They consist of at least two different constituent materials, a reinforcement and a matrix. The reinforcement is usually in the form of particles or discontinuous (short) or continuous (long) ibres. It carries the mechanical load. The matrix surrounds the reinforcement. It provides cohesion and load transfer. It often has a protective function for the reinforcement (chemical attack, moisture, etc.).

In today's aircraft jet engines, the internal mechanical parts are exposed to a high-speed gas stream containing water vapour at high temperatures and pressures. This is the case, for example, with turbine blades and shrouds or combustor liners. These parts are typically made of nickel-based superalloys. These metallic materials offer a good compromise between mechanical strength, creep resistance and corrosion resistance at high temperatures, which is necessary for proper functioning in the environment in which these parts are located. However, these metallic materials are limited by maximum operating temperatures of around 1100 • C for densities of around 8. Current technological challenges are driving the aerospace industry to develop materials with excellent mechanical properties for higher operating temperatures. These new materials, known as thermostructural materials, have been the subject of research for more than half a century. Among the objectives that structure the development of these new materials, there are two main axes [START_REF] Grady | Recent progress and future directions for CMC research and development at NASA glenn[END_REF][START_REF] Misra | Durability challenges for next generation of gas turbine engine materials[END_REF][START_REF] Padture | Advanced structural ceramics in aerospace propulsion[END_REF][START_REF] Steibel | Ceramic matrix composites taking light at GE aviation[END_REF]:

-for equivalent properties, a reduction in weight induced by less dense materials, -improved fuel eficiency through higher operating temperatures.

For this purpose, the expected properties of thermostructural materials include mechanical strength and creep resistance at high temperatures, oxidation resistance in corrosive atmospheres (air + water), reduced density compared to superalloys, and reliability allowing thousands of hours of operation without the risk of critical damage [START_REF] Misra | Durability challenges for next generation of gas turbine engine materials[END_REF][START_REF] Zhu | Aerospace ceramic materials: thermal, environmental barrier coatings and SiC/SiC ceramic matrix composites for turbine engine applications[END_REF][START_REF] Wang | Advances in modiications and high-temperature applications of silicon carbide ceramic matrix composites in aerospace: a focused review[END_REF]. In this context, thermostructural composites, and more specifically CMCs, are being investigated and developed. CMCs are textured ceramic materials that combine a ceramic reinforcement, usually continuous ibres, with a ceramic matrix. Due to crack delection phenomena, caused for example by a network of microporosities or speciic interfacial layers, CMCs exhibit pseudo-ductile fracture behaviour. It is thus possible to obtain a non-brittle ceramic material [START_REF] Naslain | Fibrous ceramic-ceramic composite materials processing and properties[END_REF][START_REF] Naslain | The design of the ibre-matrix interfacial zone in ceramic matrix composites[END_REF][START_REF] Camus | Ceramic matrix composite materials with long ibers reinforcement[END_REF]. By convention, CMCs are referred to as "reinforcement material/matrix material" (e.g. C/SiC for a carbon ibre reinforced silicon carbide matrix).

CMCs are used for parts exposed to extreme conditions. C/C composites can be found in spacecraft heat shields or in rocket nozzles [START_REF] Brassell | Effects of porosity on strength of carboncarbon composites[END_REF][START_REF] Prasad | Ceramic matrix composites (CMCs) for aerospace applications[END_REF]. However, their use in oxidising atmospheres is limited because, for example, they decompose into CO and CO 2 at 450 • C when in contact with air. In order to use CMCs in the Earth's atmosphere at higher temperatures and for longer periods, composites based on oxidation-resistant materials have been investigated. It is thus possible to replace carbon with oxides (mullite, alumina), nitrides (Si 3 N 4 ) or carbides (SiC).

Oxide-based CMCs are insensitive to oxidation, but have poor mechanical properties at high temperatures and become brittle above 1000 • C, due to the sintering of the porous matrix. The application range of SiC/SiC composites is extended by better thermal conductivity and creep resistance at high temperatures. In addition, silicon carbide is a refractory material which is passivated in dry air at atmospheric pressure, forming a surface SiO 2 scale which generally protects it from oxidation. The appearance of the irst long ibres based on silicon carbide [START_REF] Yajima | Synthesis of continuous SiC ibers with high tensile strength[END_REF] and the mastery of the iniltration process of the SiC matrix from methyltrichlorosilane [START_REF] Naslain | Fibrous ceramic-ceramic composite materials processing and properties[END_REF][START_REF] Naslain | The carbon ibercarbon and silicon carbide binary matrix composites a new class of materials for high temperature applications[END_REF] have made SiC/SiC composites the materials of choice for the manufacture and use of CMCs for aeronautical applications. Fig. 1 shows the speciic strength of the different types of CMC as a function of the operating temperature and in comparison with metal alloys [START_REF] Padture | Advanced structural ceramics in aerospace propulsion[END_REF]. One of the reasons for the good ranking of these new materials is their density, which is two to three times lower than, for example, superalloys. SiC/SiC composites are now an alternative to single crystal superalloys for structural parts with operating temperatures in excess of 1300 • C and lifetimes of several thousand hours [START_REF] Levy | Ceramic matrix composites take light in LEAP jet engine[END_REF]. CMC parts are now being used in the hot section of GE Aviation's commercial aircraft engines, which have been certiied by European and US civil aviation safety authorities in 2016 and 2020 [START_REF] Steibel | Ceramic matrix composites taking light at GE aviation[END_REF][START_REF] Bradley | GE9X engine achieves FAA certiication[END_REF].

Silicon carbide

The only binary compound in the Si-C system is SiC [START_REF] Haase | The Si-C phase diagram[END_REF], historically known as carborundum. The carbon and silicon atoms are organised in three crystal systems: cubic, hexagonal or rhombohedral. One of the peculiarities of SiC is its polytypism, with more than 150 polytypes ranging from cubic SiC-3C to numerous hexagonal (4H, 6H, etc.) and rhombohedral (15R, etc.) structures [START_REF] Dubey | X-ray diffraction and transmission electron microscopy study of extremely large-period polytypes in SiC[END_REF][START_REF] Ogbuji | Origin of long-period polytypism in polycrystalline SiC[END_REF][START_REF] Fisher | Towards a uniied view of polytypism in silicon carbide[END_REF]. The carbon and silicon atoms form stacks of monoatomic layers in three possible atomic arrangements. These layers are commonly referred to as A, B and C. Thus 3C-SiC can be distinguished from 4H-SiC or 6H-SiC by their respective repeating sequences ABCABC, ABCBABCB and ABCACBABCACB (Fig. 2).

The Si-C bond is predominantly covalent (88%) based on the Pauling scale, with a distance of about 0.189 nm between the two atoms [START_REF] Schwetz | Silicon carbide based hard materials[END_REF][START_REF] Harris | Institution of electrical engineers[END_REF]. The importance of strong chemical bonds in SiC gives it properties similar to diamond. It has a high hardness of 9.5 on the Mohs scale (10 for diamond, 7 for quartz) with excellent chemical and thermal stability and high thermal conductivity. SiC remains solid up to about 2500 • C in an inert atmosphere before decomposing. It is passivated in air from 800 • C, forming a protective SiO 2 scale. SiC is resistant to chemical attack at room temperature by most known solutions (acids and bases), but it is attacked by molten salts such as KOH, NaOH or PbF 2 in the presence of oxygen [START_REF] Harris | Institution of electrical engineers[END_REF][START_REF] Jennings | The etching of silicon carbide[END_REF]. Due to its excellent mechanical, chemical and refractory properties, SiC is used as an abrasive, as a shielding material or as a high temperature furnace lining. Table 1 lists some properties of SiC for the two most common polytypes, 3C-SiC and 6H-SiC. The form commonly found in SiC/SiC composites is similar to the cubic 3C-SiC form, also called β-SiC, including a greater or lesser amount of stacking faults.

SiC ibres

The irst attempts to produce continuous SiC ibres date back to the 1960s when silicon carbide was deposited by the gas phase route on the surface of boron, tungsten or carbon ilaments as a core [START_REF] Galasso | Preparation, structure and properties of continuous silicon carbide ilaments[END_REF][START_REF] Scola | Surface aspects of new ibers, boron, silicon carbide, and graphite[END_REF]. Continuous SiC ibres synthesised on a tungsten core (Sigma from British Petroleum) or carbon core (SCS from Textron) are now commercially available with diameters greater than 100 μm. individual ilaments. Three generations of ibres can be distinguished, relecting production processes that are increasingly favourable to crystallised ibres of near-stoichiometric composition [START_REF] Bunsell | Fine diameter ceramic ibres[END_REF][START_REF] Schawaller | Ceramic ilament ibers -a review[END_REF]. The changes in ibre microstructure are shown in Fig. 3.

The main reinforcement used in SiC/SiC composites with BN interphase for aerospace applications consists of continuous SiC ibres, mainly third generation ibres [START_REF] Wang | A review of third generation SiC ibers and SiC f /SiC composites[END_REF]. These are in particular Hi-NicalonTM type S (HNS) ibres produced by NGS Advanced Fibers Co., Ltd., a joint venture corporation between Nippon Carbon (Japan), Safran (France) and GE Aviation (USA). Today, they are the only SiC-based ibres used as reinforcement in CMC parts of certiied commercial aircraft engines [START_REF] Steibel | Ceramic matrix composites taking light at GE aviation[END_REF]. The production of these ibres is characterised by electron beam curing to avoid the introduction of oxygen and thus the amorphous Si-O-C phase, followed by a pyrolysis step under H 2 before the inal pyrolysis under Ar at very high temperature to reduce the presence of free carbon [START_REF] Ichikawa | Advances in SiC ibers for high temperature applications[END_REF]. As a result, these third-generation ibres have a near-stoichiometric composition with a C/Si molar ratio of 1.05 and a residual oxygen content of 0.2 wt %. They retain their mechanical strength up to temperatures of around 1600 • C in an inert atmosphere [START_REF] Ichikawa | Recent advances in Nicalon ceramic ibres including Hi-Nicalon type S[END_REF][START_REF] Sha | Effect of heat treatment on the tensile strength and creep resistance of advanced SiC ibers[END_REF]. Above this temperature, traces of oxygen produce gaseous species that cause porosity and laws of submicron size. These Fig. 3. Differences between the three generations of commercially available SiC-based ibres [START_REF] Schawaller | Ceramic ilament ibers -a review[END_REF] (* 50-100 nm according to Ref. [START_REF] Bunsell | Fine diameter ceramic ibres[END_REF]).

reduce the macroscale mechanical strength. HNS ibres have excellent oxidation and creep resistance up to 1200 • C [START_REF] Sha | Effect of heat treatment on the tensile strength and creep resistance of advanced SiC ibers[END_REF][START_REF] Sha | Microstructure and mechanical properties of Hi-Nicalon TM Type S ibers annealed and crept in various oxygen partial pressures[END_REF][START_REF] Dicarlo | Advances in SiC/SiC composites for aero-propulsion[END_REF], exceeding that of previous generations [START_REF] Takeda | Mechanical and structural analysis of silicon carbide iber Hi-Nicalon Type S[END_REF][START_REF] Chollon | Thermal stability of a PCS-derived SiC ibre with a low oxygen content (Hi-Nicalon)[END_REF]. Their Young's modulus is also higher, but their mechanical strength at room temperature and at high temperatures remains dependent on the residual oxygen content [START_REF] Tanaka | Recent progress of hi-nicalon type S development[END_REF]. They therefore offer favourable behaviour for thermostructural applications while maintaining properties close to those of monolithic SiC [START_REF] Dicarlo | Advances in SiC/SiC composites for aero-propulsion[END_REF][START_REF] Morimoto | Potential strength of Nicalon TM , Hi Nicalon TM , and Hi Nicalon type S TM monoilaments of variable diameters[END_REF][START_REF] Sha | Thermal and mechanical stabilities of Hi-Nicalon SiC iber under annealing and creep in various oxygen partial pressures[END_REF][START_REF] Bhatt | Microstructural, strength, and creep characterization of Sylramic TM , Sylramic TM -iBN and super Sylramic TM -iBN SiC ibers[END_REF]. HNS ibres are mainly composed of β-SiC (3C) with 111 stacking faults, resulting in a low presence of the hexagonal phase in X-ray diffraction analysis [START_REF] Dong | Characterization of nearly stoichiometric SiC ceramic ibres[END_REF]. The presence of a small amount of free carbon in a turbostratic form limits the growth of silicon carbide grains during the manufacturing process. This would explain why these ibres retain good mechanical strength after exposure to high temperatures. The good purity of the HNS ibres also explains their improved creep resistance compared to competing ibres with larger grain sizes but containing unfavourable sintering aids [START_REF] Bunsell | A review of the development of three generations of small diameter silicon carbide ibres[END_REF]. They can have a carbon-rich surface layer approximately 80 nm thick [START_REF] Dong | Characterization of nearly stoichiometric SiC ceramic ibres[END_REF]. As a result, the as-received HNS ibre has a speciic resistivity of 2.9 Ω cm. This increases to 200 Ω cm when the surface layer of the ibre is removed [START_REF] Tanaka | Recent progress of hi-nicalon type S development[END_REF].

An HNS tow consists of approximately 500 individual ibres. After processing, a polyvinyl alcohol (PVA) sizing is applied to the tow to facilitate winding, handling and weaving. The properties of HNS ibres are compared to other 3rd generation SiC-based ibres in Table 2.

Fibres can be incorporated into CMCs in the form of 1D ibre reinforcements (e.g. straight tows), 2D ibre reinforcements (e.g. stacking of woven plies) or even 3D ibre structures (e.g. with interlock tows to limit delamination between the plies). For this purpose, the continuous ibres can be woven into the shape of the inal part to give a preform. Weaving techniques have evolved according to the type of mechanical loading and the complexity of the parts to control the anisotropy of the "skeleton" that makes up the 3D preform [START_REF] Kamiya | Some recent advances in the fabrication and design of three-dimensional textile preforms: a review[END_REF][START_REF] Ansar | Modeling strategies of 3D woven composites: a review[END_REF].

SiC matrix synthesis processes

The manufacture of SiC/SiC composites is a complex and costly multi-step process [START_REF] Wang | Advances in modiications and high-temperature applications of silicon carbide ceramic matrix composites in aerospace: a focused review[END_REF][START_REF] Dicarlo | Advances in SiC/SiC composites for aero-propulsion[END_REF][START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF]. The matrix processing route, also known as the CMC densiication stage, is a critical step. The different ranges of industrial SiC/SiC composites are regularly differentiated by the densiication route chosen, as it has a signiicant impact on the inal properties is signiicant. Densiication can only be achieved through sophisticated processes that require certain compromises in terms of inal quality and manufacturing cost.

Slurry cast and ceramic route

A densiication route derived from conventional ceramic routes uses slurry cast impregnation. A suspension of particles in a solvent, often aqueous and sometimes accompanied by dispersants, locculants, binders, wetting agents and/or sintering additives, is introduced into the ibre preform. Sintering can then take place, usually in a controlled atmosphere and under high pressure. Very high temperatures (>1600 • C) and high pressures are required to sinter pure silicon carbide [START_REF] Omori | Pressureless sintering of SiC[END_REF][START_REF] Dong | Preparation of SiC/SiC composites by hot pressing, using Tyranno-SA iber as reinforcement[END_REF]. This is a signiicant barrier to the use of sintering for to produce the matrix. High-pressure processes, assisted by sintering additives such as Al 2 O 3 , Y 2 O 3 or SiO 2 , allow a reduction in sintering temperature and an increase in matrix density [START_REF] Dong | Preparation of SiC/SiC composites by hot pressing, using Tyranno-SA iber as reinforcement[END_REF][START_REF] Shimoda | Effect of additive content on transient liquid phase sintering in SiC nanopowder iniltrated SiCf/SiC composites[END_REF][START_REF] Katoh | Microstructure and properties of liquid phase sintered SiC/SiC composites[END_REF]. This ceramic route is therefore limited to the production of composites reinforced with unidirectionally oriented SiC ibres; it has also been used for Si 3 N 4 matrices [START_REF] Veyret | Hi-Nicalon reinforced silicon nitride matrix composites[END_REF]. Rapid sintering methods such as spark plasma sintering are being developed to sinter SiC and limit ibre degradation [START_REF] Guillard | Densiication of SiC by SPSeffects of time, temperature and pressure[END_REF]. Mechanical stresses resulting from the pressure applied during sintering are also a barrier to the use of this technique with 3D ibre preforms. The slurry cast method is often combined with other densiication methods, such as polymer impregnation and pyrolysis [START_REF] Nakano | Fabrication and characterization of three-dimensional carbon iber reinforced silicon carbide and silicon nitride composites[END_REF][START_REF] Nannetti | Manufacturing SiC-iberreinforced SiC matrix composites by improved CVI/slurry iniltration/polymer impregnation and pyrolysis[END_REF][START_REF] Lee | Fabrication of iber-reinforced ceramic composites by the modiied slurry iniltration technique[END_REF] or melt iniltration [START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF][START_REF] Brewer | HSR/EPM combustor materials development program[END_REF][START_REF] Brennan | Interfacial characterization of a slurry-cast melt-iniltrated SiC/SiC ceramic-matrix composite[END_REF], which are described below. This combination limits the pressure and temperature required to densify the ceramic, while the powder allows the SiC content of the matrix to be increased (less free silicon or free carbon).

Polymer impregnation and pyrolysis

The polymer impregnation and pyrolysis (PIP) process can be carried out with polycarbosilanes (PCS), for example. The air-sensitive preceramic polymer is then cross-linked and pyrolysed in an inert atmosphere. The conversion to ceramic is accompanied by volume shrinkage. To increase the density of the CMC, it is necessary to perform several consecutive PIP cycles [START_REF] Takeda | Strength of a Hi-Nicalon TM /silicon-carbide-matrix composite fabricated by the multiple polymer iniltration-pyrolysis process[END_REF]. However, due to the dificulty of penetrating the polymer into the small closed pores present in the converted SiC matrix, the minimum inal porosity is typically around 5%. This low-yield process hardly results in high-purity matrices. Indeed, matrices contain impurities such as oxygen and free carbon. In addition, the matrices obtained are poorly homogeneous and often cracked due to shrinkage [START_REF] Zheng | Preparation and fracture behavior of carbon iber/SiC composites by multiple impregnation and pyrolysis of polycarbosilane[END_REF].

Melt iniltration and reactive melt iniltration

Melt iniltration (MI) densiication is now a common process for producing dense matrices. It is used as a complement to other methods that have already allowed partial densiication of the ibrous preform with carbon or silicon carbide. The porous network provides suficient capillary pressure to lead to iniltrate liquid silicon throughout the composite [START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF][START_REF] Luthra | Melt iniltrated (MI) SiC/SiC composites for gas turbine applications[END_REF][START_REF] Marchais | Method for Iniltrating a Porous Preform[END_REF]. The inal part is almost completely densiied, with very low residual porosity (less than 5%) for shorter densiication times than with the other routes. However, the presence of free silicon in the matrix is detrimental to the temperature and creep resistance of the composite [START_REF] Naslain | Design, preparation and properties of non-oxide CMCs for application in engines and nuclear reactors: an overview[END_REF]. In addition, silicon is very reactive towards the constituents of the CMC, such as ibres or possible interfacial layers. It is therefore necessary to protect these constituents prior to the MI step. For this purpose, a layer of SiC or Si 3 N 4 is usually deposited beforehand [START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF][START_REF] Cossou | Synthesis and optimization of low-pressure chemical vapor deposition-silicon nitride coatings deposited from SiHCl 3 and NH 3[END_REF]. The use of a SiB x alloy appears to be less chemically aggressive to preform constituents than pure silicon [START_REF] Singh | Composite Containing Coated Fibrous Material[END_REF][START_REF] Mainzer | How to tame the aggressiveness of liquid silicon in the LSI process[END_REF][START_REF] Berdoyes | Interactions entre le silicium liquide et le carbure de silicium, application au composite SiC/SiC[END_REF]. The addition of free carbon, in the form of iller, ibre surface layer or pre-densiication, subsequently allows the formation of SiC by reaction with liquid silicon. This is known as reactive melt iniltration (RMI). The simple

Table 2

Details of the manufacture, elemental composition and properties of the 3rd generation of SiC-based ibres [START_REF] Bunsell | Fine diameter ceramic ibres[END_REF][START_REF] Dicarlo | Advances in SiC/SiC composites for aero-propulsion[END_REF][START_REF] Bhatt | Microstructural, strength, and creep characterization of Sylramic TM , Sylramic TM -iBN and super Sylramic TM -iBN SiC ibers[END_REF][START_REF] Dong | Characterization of nearly stoichiometric SiC ceramic ibres[END_REF][START_REF] Lipowitz | Structure and properties of Sylramic TM silicon carbide iber-a polycrystalline, stoichiometric β-SiC composition[END_REF][START_REF] Spilker | HI-NICALON TM type S SiC iber[END_REF]. addition of a thin surface layer of carbon in addition to the ibre coatings improves the adhesion between the matrix and the preform [START_REF] Mainzer | Development of damage-tolerant ceramic matrix composites (SiC/SiC) using Si-BN/SiC/pyC iber coatings and LSI processing[END_REF].

The MI process is carried out at temperatures above the melting point of silicon, 1414 • C, and in an inert atmosphere or vacuum. In the case of RMI, the reaction between the components is exothermic, which further increases the temperature locally [START_REF] Einset | Analysis of reactive melt iniltration in the processing of ceramics and ceramic composites[END_REF][START_REF] Hofbauer | Finite element modeling of reactive liquid silicon iniltration[END_REF]. The ibre reinforcement must withstand these temperatures, so only second and third generation SiC ibres are used. The capillary pressure required to ill the pores is strongly dependent on, among other things, the wettability of the materials by liquid silicon. For example, SiC has an excellent wettability with a wetting angle ranging from 8 to 40 • depending on the work, in contrast to SiO 2 which has wetting angles of 85-90 • [START_REF] Whalen | Wetting of SiC, Si 3 N 4 , and carbon by Si and binary Si alloys[END_REF][START_REF] Mukai | Wettability of ceramics with molten silicon at temperatures ranging from 1693 to 1773 K[END_REF][START_REF] Yuan | Wettability and reactivity of molten silicon with various substrates[END_REF][START_REF] Liu | Survey on wetting of SiC by molten metals[END_REF]. However, the wetting angle on SiC increases with SiB x alloys. Si 3 N 4 gives wetting angles of 40 • -90 • depending on the surface condition, quality and measurement method [START_REF] Whalen | Wetting of SiC, Si 3 N 4 , and carbon by Si and binary Si alloys[END_REF][START_REF] Mukai | Wettability of ceramics with molten silicon at temperatures ranging from 1693 to 1773 K[END_REF][START_REF] Yuan | Wettability and reactivity of molten silicon with various substrates[END_REF][START_REF] Liu | Survey on wetting of SiC by molten metals[END_REF]. Its wettability by Si appears to be improved by the presence of boron and by high temperatures [START_REF] Whalen | Wetting of SiC, Si 3 N 4 , and carbon by Si and binary Si alloys[END_REF].

The gaseous route

A common route for densifying the SiC matrix in CMCs is chemical vapour iniltration (CVI), which is derived from chemical vapour deposition (CVD) [START_REF] Langlais | 5.4 chemical vapor iniltration processing of ceramic matrix composites[END_REF].

Principle of the CVD process

This section is mainly based on the literature by Besmann et al. [START_REF] Besmann | Chemical vapor deposition (CVD) and iniltration (CVI)[END_REF], Golecki [START_REF] Golecki | Rapid vapor-phase densiication of refractory composites[END_REF], Belmonte [START_REF] Belmonte | Dépôts chimiques à partir d'une phase gazeuse, Éditions techniques de l'ingénieur[END_REF], Carlsson and Martin [START_REF] Carlsson | Chemical vapor deposition[END_REF] and Frey [START_REF] Frey | Chemical vapor deposition (CVD)[END_REF].

Chemical vapour deposition (CVD) is a process for the production of thin solid ilms from gaseous precursors and an energy source. Its origins date back to 1880 with patents by Sawyer and Man on the deposition and densiication of carbon ilaments for the manufacture of lamps [START_REF] Sawyer | Improvement in carbons for electrics lights[END_REF][START_REF] Sawyer | Carbon for electric lights[END_REF]. It was developed industrially in the mid-twentieth century for the deposition of carbide and titanium nitride coatings on cutting tools [START_REF] Pollard | The growth of titanium nitride on hot ilaments[END_REF]. CVD involves chemical reactions at the surface of the substrate. There are several variants of CVD that can be distinguished by the deposition conditions, the type of precursors used or the activation source employed. In all cases, however, the process involves a series of sequential steps as shown in Fig. 4: 1 Convective transport and diffusion of the reactive species in the gas mixture, 2 Adsorption of the reactive species onto the substrate surface, 3 Surface diffusion of the reactive species, heterogeneous reaction(s) leading to formation of clusters and by-products and the germination and/or crystal growth of the deposit, 4 Desorption of gaseous reaction by-products, 5 Diffusion and convective transport of by-products in the gas phase.

The reaction(s) in step 3 require(s) an activation energy, usually obtained by heating the substrate (radiative, laser etc.) or by high energy radiation (UV, etc.). A suficiently high substrate temperature promotes surface diffusion and results in homogeneous ilm growth.

Under certain conditions, two stages, 0 and 6, may occur before the diffusion and adsorption of reactive species on the surface and after the desorption and diffusion of by-products, respectively. Chemical reactions between the initial precursors can occur in the gas phase. Species that are not stable under ordinary conditions of pressure and temperature (intermediates or effective precursors) are then likely to appear. These gas phase maturation phenomena are grouped under the term "homogeneous reactions", as opposed to heterogeneous reactions that occur at the surface of the substrate. Gas phase maturation depends on the nature of the reactive mixture, the reactor design and the deposition conditions. In particular, it is enhanced at high pressure, high temperature, low gas velocity, large reaction volume or low dilution of the reactants in the carrier gas.

The types of chemical reactions that give rise to CVD coatings typically include:

-thermal decomposition, or pyrolytic reactions, -nitridation and carburisation, -reduction reactions, mainly with H 2 , -oxidation reactions (with O 2 , CO, CO 2 , N 2 O etc.), -dismutation reactions, -exchange reactions, -coupled reactions.

Under extreme operating conditions (very high temperatures and pressures), the chemical reaction kinetics are suficiently high to lead to the formation of solid products in the gas phase, despite the absence of a solid substrate. The formation of soot or powder in the reaction zone is then observed. This phenomenon, known as homogeneous phase nucleation, is detrimental to achieving a coating and should be avoided.

Process parameters and deposition regimes

In conventional thermal CVD, the deposition conditions used, such as pressure, temperature or mass low rates, have a strong inluence on the growth rate of the coating. This is because these parameters preferentially affect certain steps of the CVD process. Depending on the limiting step(s), several deposition regimes can be distinguished. The three main regimes, described in more detail below, are shown in the Arrhenius plot in Fig. 5a.

Chemical reaction-limited regime (CRR): This corresponds to the regions of low temperature, low pressure and high dilution of the reactant(s). Heterogeneous reaction step 3 is the rate-limiting step. The Fig. 4. Principle and steps of CVD.

P. Fenetaud and S. Jacques reaction kinetics are thermally activated, with the evolution of the coating growth rate being strongly dependent on the substrate temperature. The other parameters have little inluence on the growth rate. The CRR is therefore characterised by a linear dependence of the logarithm of the growth rate on the reciprocal of the temperature, according to an Arrhenius law [START_REF] Arrhenius | Über die Reaktionsgeschwindigkeit bei der Inversion von Rohrzucker durch Säuren[END_REF][START_REF] Laidler | The development of the Arrhenius equation[END_REF]. The slope of the Arrhenius curve observed in the CRR (Fig. 5a) corresponds to the activation energy of the reaction divided by the ideal gas constant. The activation energy of a CVD coating in the CRR is generally in the range of 100-300 kJ/mol. Coating formation can also be limited by homogeneous reactions (step 0), where the growth rate depends on the temperature of the gas phase. This type of mechanism involves one or more effective intermediate precursors.

The mass transfer-limited regime (MTR): When the reaction kinetics are suficiently high, for example at high temperatures, steps 1 and 2 as well as 4 and 5 become rate-limiting. Under these conditions, the ability of the system to promote diffusion and rapid adsorption and desorption of species determines the deposition growth rate. The process parameters that control diffusion, such as pressure or low rates of gaseous species, become dominant in controlling growth rates. In contrast, the growth rate of the coating is only slightly dependent on the substrate temperature. A plateau of kinetics is observed in the Arrhenius curves, slightly increasing or decreasing depending on the type of chemical reaction involved (Fig. 5b&c).

Gas depletion: At very high temperatures, nucleation in the homogeneous phase leads to a decrease in the precursor concentration, which limits the growth rate on the substrate surface. Gas depletion is exacerbated by the reaction of the precursors on the hot reactor surfaces upstream of the zone of interest (reactor walls, sample holder, etc.). This phenomenon is detrimental to achieving a dense and homogeneous coating.

Deposition in ibre preforms: the CVI batch process

The term chemical vapour iniltration or CVI is used when a coating is formed by a CVD process in a porous substrate. The diffusion of the gas through the porous network into the core of the substrate becomes an essential additional step in the control of the CVI process. Indeed, the diffusion of the gas phase into the preform induces a depletion of the precursor proportional to the iniltration depth [START_REF] Besmann | Chemical vapor deposition (CVD) and iniltration (CVI)[END_REF][START_REF] Desenfant | Kinetic and gas-phase study of the chemical vapor deposition of silicon carbide from C 2 H 3 SiCl 3 /H 2[END_REF]. To overcome this issue and to promote uniform iniltration of the solid deposit into the pores, it is necessary to operate in CRR. Furthermore, gas iniltration is favoured at low pressure (1-100 mbar).

Densiication of the SiC matrix in ibre preforms by CVI is widely used [START_REF] Karadimas | Ceramic matrix composites for aero engine applications-a review[END_REF][START_REF] Bouillon | SiCbased Ceramic Matrix Composite Behavior Enhancement for Gas Turbines Hot Sections[END_REF][START_REF] Langlais | 5.4 chemical vapor iniltration processing of ceramic matrix composites[END_REF][START_REF] Lazzeri | CVI processing of ceramic matrix composites[END_REF]. Its main advantages are very high purity, control of the crystallinity of the synthesised materials and the ability to iniltrate complex shapes without degrading the preforms. However, this process is time consuming, expensive and results in an imperfectly densiied material. Indeed, an external sealing coating inevitably forms on the surface of the preform, eventually preventing the passage of precursor gases. The resulting residual porosity of around 15-20% is detrimental to the inal properties of the CMC by limiting the thermal conductivity and mechanical strength of the matrix. In addition, the gases used and the reaction by-products are very often aggressive and/or toxic (halogenated gases).

Among the different technologies, two main operating principles can be distinguished, depending on the heating method used.

In hot wall reactors under isothermal-isobaric CVI (I-CVI) conditions, the entire reactor chamber is heated. The precursor gases therefore react with the substrates as well as the walls, forming a solid deposit on all hot surfaces. The homogeneous temperature of the gas mixture facilitates control of the deposition process and gas low, but results in higher precursor consumption. This type of reactor is widely used in industrial mass production of CMCs [START_REF] Christin | Plant for the Chemical Iniltration in Vapor Phase of a Refractory Material Other than Carbon[END_REF]. They provide signiicant gas maturation and are often necessary to achieve the desired SiC matrix quality. Deposition temperatures must be limited, typically around 1000 • C, to ensure CCR and iniltration quality. This has a negative effect on growth rates and requires long densiication cycles of up to several hundred hours. Because of the deposition times and the high cost of the equipment (vacuum chambers, pumps, gas lines, etc.), industrial reactors are designed to process many parts simultaneously in systems of several metres in size (batch processing CVI). An example of a CVI facility is shown in Fig. 6.

In cold wall reactors, only the substrates are heated, limiting homogeneous reactions and reactant consumption. Such reactors also allow higher deposition temperatures without homogeneous phase nucleation. Deposition kinetics are therefore potentially higher. This reactor design requires direct heating of the preform, depending on the material, or a local heating source. For substrates containing carbon, inductive or resistive heating can be used. Microwave absorption also allows the heating of the substrate via direct, indirect or hybrid (susceptor + substrate) coupling [START_REF]Microwave Enhanced Chemical Vapour Iniltration of Silicon Carbide Fibre Preforms[END_REF][START_REF] D'ambrosio | Design of a pilot-scale microwave heated chemical vapor iniltration plant: an innovative approach[END_REF]. Alternatively, guided heat sources such as mirrors and/or focusing devices (halogen lamps, arc-imaging furnace etc.) or laser sources can be used. These technologies allow the heating of a wide range of materials, but create large temperature gradients in both the substrate and the reactor. In the reactor, these thermal gradients are mainly caused by radiative exchange between the cold walls and the hot substrate, as well as convective losses. They cause convection currents that disturb the gas low. The result can be non-uniform thickness, composition and morphology of the coating [START_REF] Besmann | Chemical vapor deposition (CVD) and iniltration (CVI)[END_REF]. Within the substrates themselves, such as ibrous preforms, these gradients can be exploited in so-called thermal-gradient CVI processes to limit the seal coating and promote iniltration [START_REF] Golecki | Rapid vapor-phase densiication of refractory composites[END_REF][START_REF] Lazzeri | CVI processing of ceramic matrix composites[END_REF].

Industrially manufactured SiC/SiC composites

Various types of SiC/SiC composites have been developed, such as CMCs with a fully I-CVI-synthesised, self-healing matrix [START_REF] Bouillon | Mechanical and thermal properties of a self-sealing matrix composite and determination of the life time duration[END_REF]. Currently, industrially developed SiC/SiC composites for aircraft engine hot sections are made with CVI-MI matrices. They therefore have a lower [START_REF] Golecki | Rapid vapor-phase densiication of refractory composites[END_REF]. Transition between CRR and MTR for endothermic (b) and exothermic (c) processes [START_REF] Carlsson | Chemical vapor deposition[END_REF]. porosity than full CVI matrix composites. State-of-the-art CMCs are most commonly produced in the following steps, with some variations depending on the manufacturer and the exact type of part that is required [START_REF] Bouillon | SiCbased Ceramic Matrix Composite Behavior Enhancement for Gas Turbines Hot Sections[END_REF][START_REF] Grady | Recent progress and future directions for CMC research and development at NASA glenn[END_REF][START_REF] Dicarlo | Advances in SiC/SiC composites for aero-propulsion[END_REF][START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF]:

-preform weaving (2D or 3D) of SiC tows and ibre desizing, -deposition of one or more interfacial functionalisation and protective layers by CVD/CVI on all the ibres of the preform, -introduction of SiC powders into the residual porosity e.g. by slurry cast method, -densiication by liquid silicon iniltration (MI), -deposition of a silicon-based layer acting as a bond coat, -deposition of an environmental barrier coating (EBC) as a top-coat.

The role of EBCs is to protect CMCs in service conditions from water corrosion and attack by calcium-magnesium alumino-silicate (CMAS) melts from dust, sand or ash. EBCs are most commonly deposited by air plasma spraying [START_REF] Lee | Environmental barrier coatings for SiC f /SiC[END_REF].

In a variant of CMC manufacture called "prepreg MI", the ibre protective layers and the matrix slurry are applied in a continuous process onto a moving ibre tow prior to forming the preform [START_REF] Luthra | Melt iniltrated (MI) SiC/SiC composites for gas turbine applications[END_REF][START_REF] Corman | General electric company: selected applications of ceramics and composite materials[END_REF].

Interphase in SiC/SiC composites

Role of the interphase

Like any ceramic material, each component of a SiC/SiC composite is stiff and brittle. However, by controlling the behaviour of the ibre/ matrix interfaces, a tolerance to mechanical damage can be achieved [START_REF] Evans | The role of interfaces in iber-reinforced brittle matrix composites[END_REF][START_REF] Chawla | Interface mechanics and toughness[END_REF]. During loading, cracks propagating in mode I in the matrix are delected in mode II along the ibres at the ibre/matrix interface instead of causing ibre failure. The composite thus exhibits a pseudo-ductile mechanical behaviour, allowing it to withstand impact or deformation without critical failure.

This toughness is achieved by introducing a preferential damage zone in the form of a thin layer or interface coating (less than 1 μm thick), referred to as the "interphase", between the ibres and the matrix [START_REF] Naslain | The design of the ibre-matrix interfacial zone in ceramic matrix composites[END_REF][START_REF] Evans | The physics and mechanics of ibre-reinforced brittle matrix composites[END_REF][START_REF] Naslain | Single-and multilayered interphases in SiC/SiC composites exposed to severe environmental conditions: an overview: layered interphases in SiC/SiC composites[END_REF]. The interphase must therefore be mechanically weaker than the matrix to act as a "mechanical fuse", i.e. to delect matrix microcracks and protect the ibres from early failure. This avoids the brittle behaviour observed when the bond between the ibre and the matrix is too strong (Fig. 7a). Conversely, if the bond between the ibre and the matrix is too weak, the load levels carried by the CMC are reduced (Fig. 7b). In practice, the interphase allows the CMC to have an intermediate behaviour between the two extreme cases. The ideal case is the interphase that maintains a "rather strong" ibre-matrix bonding (Fig. 7c), resulting in a pseudo-ductile behaviour with a higher mechanical strength than the case of a "rather weak" ibre-matrix bonding (Fig. 7d) [START_REF] Lamon | Interfaces and interfacial mechanics : inluence on the mechanical behavior of ceramic matrix composites (CMC)[END_REF]. The strength of this bond can be directly measured locally using micromechanical single-ibre push-out tests, which provide the interfacial shear stress (ISS) [START_REF] Rebillat | Interfacial bond strength in SiC/C/SiC composite materials, as studied by singleiber push-out tests[END_REF][START_REF] Zilong | Microstructure and mechanical performance of SiC f /BN/SiC mini-composites oxidized at elevated temperature from ambient temperature to 1500 • C in air[END_REF][START_REF] Lv | Tunable strength of SiC f /β-Yb 2 Si 2 O 7 interface for different requirements in SiC f / SiC CMC: inspiration from model composite investigation[END_REF]. Finally, the interphase must be compatible with the constituent materials of the CMC, adhesive and able to withstand high operating temperatures. CMCs with an interphase are tough and can have a higher maximum strain and stress than the brittle matrix alone.

The mechanical behaviour of a SiC/SiC composite is determined by the ibre-interphase-matrix system, which in turn depends on the failure mechanisms at the interfaces. Several types of materials have been studied to form the interphase:

-porous ilms, -lamellar and anisotropic graphite-like materials.

Multilayer coatings are also interesting solutions, by forming an interfacial system combining a crack-delecting material with a lamellar or layered crystal structure and layers of more oxidation-resistant, and glass-forming material, such as SiC or B 13 C 2 for example [START_REF] Naslain | Single-and multilayered interphases in SiC/SiC composites exposed to severe environmental conditions: an overview: layered interphases in SiC/SiC composites[END_REF][START_REF] Bertrand | SiC/SiC minicomposites with nanoscale multilayered ibre coatings[END_REF][START_REF] Naslain | Synthesis of highly tailored ceramic matrix composites by pressure-pulsed CVI[END_REF][START_REF] Rapaud | SiC/SiC minicomposites with (PyC/TiC) n interphases processed by pressure-pulsed reactive CVI[END_REF].

Interphase materials 4.2.1. Porous materials

The use of a porous matrix is common in oxide composites (alumina, mullite, etc.) to accommodate stresses and allow crack delection according to the "weak matrix" approach [START_REF] Zok | Developments in oxide iber composites[END_REF][START_REF] Ben Ramdane | Microstructure and mechanical behaviour of a Nextel TM 610/alumina weak matrix composite subjected to tensile and compressive loadings[END_REF]. The introduction of porous interphases is also mentioned, although not very common [START_REF] Marshall | Interface materials for damage-tolerant oxide composites[END_REF]. There are few reports of such interphases in SiC/SiC composites. The work of Verdenelli et al. showed the possibility of depositing a porous layer consisting of a mixture of Al 2 O 3 and SiO 2 on SiC ibres by sol-gel dip-coating. The authors demonstrated that the coated ibres retain their properties after treatment in air at 1200 • C [START_REF] Verdenelli | Sol-gel preparation and thermo-mechanical properties of porous xAl 2 O 3 -ySiO 2 coatings on SiC Hi-Nicalon ibres[END_REF]. However, model composites with these interphases exhibit brittle behaviour [START_REF] Jacques | Which alternative to the pyrocarbon interphase in ceramic matrix composites?[END_REF]. The potential of porous interphases for SiC/SiC composites remains limited to date. This is partly due to the risk of sintering when used at high temperatures, which can lead to catastrophic degradation of their crack delection capability. Furthermore, porous TiC layers [START_REF] Jouanny | Synthesis of TiC from porous carbon coating on Si-C-O (Nicalon) ibres by reactive chemical vapour deposition in pressure-pulsed mode or at atmospheric pressure[END_REF] and multilayer coatings of porous TiC and SiC [START_REF] Jacques | Nanoscale multilayered and porous carbide interphases prepared by pressure-pulsed reactive chemical vapor deposition for ceramic matrix composites[END_REF] do not appear to provide suficient delection to avoid brittle fracture.

Lamellar materials

The materials with a lamellar structure used in CMC interphases consist of a stack of atomic planes, similar to graphene, characterised by a more or less pronounced structural anisotropy. The presence of weak inter-plane bonds (van der Waals interactions) favours crack deviation. Pyrolytic carbon, or PyC, and pyrolytic boron nitride, or pBN, are the main representatives.

Applications envisaged for CMCs include high temperatures in oxidising and corrosive atmospheres. Under service conditions, microcracks formed within SiC/SiC provide pathways for the external atmosphere, including O 2 and H 2 O. PyC oxidises from 450 • C in the presence of an oxygen-containing atmosphere to form gaseous CO 2 and CO. During oxidation, pBN forms liquid B 2 O 3 which slows down the oxidation process. BN interphases can resist active oxidation up to temperatures of about 900 • C, depending on the degree of crystallisation and orientation of the basal planes [START_REF] Cofer | Oxidative and hydrolytic stability of boron nitridea new approach to improving the oxidation resistance of carbonaceous structures[END_REF][START_REF] Kostoglou | Thermal and chemical stability of hexagonal boron nitride (h-BN) nanoplatelets[END_REF][START_REF] Jacques | Oxidation/corrosion of BN-based coatings as prospective interphases for SiC/SiC composites[END_REF]. Nevertheless, B 2 O 3 evaporates in the presence of water in the form of H x B y O z species. Furthermore, pBN is not very stable in the presence of water at room temperature and hydrolyses to form hydrated ammonium borates [START_REF] Cholet | Characterization of boron nitride ilms deposited from BCl 3 -NH 3 -H 2 mixtures in chemical vapour iniltration conditions[END_REF][START_REF] Carminati | Low pressure chemical vapour deposition of BN: relationship between gas phase chemistry and coating microstructure[END_REF]. Compared to the matrix and the SiC ibres, the interphase is the weak component of the CMC from both a mechanical (beneicial) and chemical (detrimental) point of view. During the MI step, the interphase may come into contact with liquid silicon. PyC is then rapidly consumed to form SiC. Conversely, BN is poorly wetted by Si (wetting angle ≈ 145 • ) and has a higher resistance to its chemical attack [START_REF] Mukai | Wettability of ceramics with molten silicon at temperatures ranging from 1693 to 1773 K[END_REF][START_REF] Yuan | Wettability and reactivity of molten silicon with various substrates[END_REF]. Boron nitride has therefore become the interphase material of choice for SiC/SiC composites for the next generation of aircraft engines. It offers a very good compromise between crack delection in these composites and oxidation/corrosion resistance. The recent paper by Chen et al. provides a comprehensive and complementary review of BN interphases for SiC/SiC composites [START_REF] Chen | Boron nitride (BN) and BN based multiplelayer interphase for SiC f /SiC composites: a review[END_REF].

Boron nitride

BN is the only solid binary compound in the B-N system [START_REF] Seifert | Phase equilibria in the Si-B-C-N system[END_REF][START_REF] Haubner | Boron nitridesproperties, synthesis and applications[END_REF].

Depending on the conditions under which it is produced, boron nitride exists in several crystalline structures, as shown in Fig. 8. A distinction should be made between sp 2 -hybridised BN forms (sp 2 -BN) with a hexagonal or rhombohedral structure (h-BN and r-BN), and sp 3 -hybridised BN forms (sp 3 -BN) with a cubic or wurtzite structure (c-BN and w-BN). The sp 3 -hybridised forms, referred to as "hard phases", are industrially synthesised mainly under high-pressure and high-temperature conditions [START_REF] Haubner | Boron nitridesproperties, synthesis and applications[END_REF][START_REF] Schimpf | Effect of the microstructure of graphitic boron nitride on the kinetics of the formation of boron nitride high-pressure phases[END_REF]. These hard phases are not suitable for this application and will not be discussed in detail here.

The sp 2 -BN have an "ordered" structure of parallel atomic planes. These basal planes consist of B 3 N 3 hexagons. A distinction is made between hexagonal BN, h-BN, with an ABAB... type stacking sequence, and rhombohedral BN, r-BN, with an ABCABC... type stacking sequence [START_REF] Chubarov | Polytype pure sp 2 -BN thin ilms as dictated by the substrate crystal structure[END_REF]131]. Some works also mention other polytypes such as 12R-BN or 24R-BN [START_REF] Xu | New phases of sp 2 -bonded boron nitride: the 12R and 24R polytypes[END_REF]. These sp 2 -BN structures result in a pronounced structural corresponding to the presence of strong intra-plane covalent bonds and weak inter-plane bonding forces as in graphite. The semi-opaque, white appearance of h-BN has earned it the name "white graphite". It is used as a lubricant, electrical insulator and thermal conductor. It is also used as a crucible or protective material because it is chemically inert and is not wetted by most liquid metals and non-metals. It can withstand temperatures of 1400 • C in a vacuum and over 2800 • C in an inert atmosphere [START_REF] Haubner | Boron nitridesproperties, synthesis and applications[END_REF].

Similar to PyC, a turbostratic structure of sp 2 -BN, termed t-BN, is Fig. 8. Crystal structures of BN -adapted from [START_REF] Haubner | Boron nitridesproperties, synthesis and applications[END_REF][START_REF] Petrescu | Structure and properties modiications in boron nitride. Part I: direct polymorphic transformations mechanisms[END_REF].

found in pBN, which is less ordered than h-BN or r-BN. It is characterised by local stacking defects such as rotations, translations and curvatures of the atomic layers, which include interplanar covalent bonds. These defects increase the strength of the interplanar bonds compared to a perfectly ordered lamellar structure such as h-BN. A t-BN interphase can therefore allow a rather strong ibre-matrix interfacial bonding, which is favourable for the mechanical behaviour of CMCs, provided that a cohesive failure is achieved in the BN coating. t-BN is usually synthesised by CVD at lower temperatures and/or higher pressures than h-BN and r-BN [START_REF] Matsuda | Synthesis and structure of chemically vapour-deposited boron nitride[END_REF].

It is common to observe an amorphous and isotropic structure for BN obtained at low temperature, generally referred to as a-BN. Many papers mention the synthesis of very weakly crystallised isotropic BN [START_REF] Takahashi | Structure and properties of CVD-BN thick ilm prepared on carbon steel substrate[END_REF][START_REF] Nakamura | Preparation and properties of amorphous boron nitride ilms by molecular low chemical vapor deposition[END_REF][START_REF] Gómez-Aleixandre | Inluence of diborane low rate on the structure and stability of CVD boron nitride ilms[END_REF][START_REF] Glavin | Amorphous boron nitride: a universal, ultrathin dielectric for 2D nanoelectronics[END_REF]. The optical and dielectric properties of these materials are exploited for microelectronic applications. In gaseous route processes, the degree of crystallisation of BN as well as its structural anisotropy increases with the deposition temperature [START_REF] Carminati | Low pressure chemical vapour deposition of BN: relationship between gas phase chemistry and coating microstructure[END_REF][START_REF] Matsuda | Synthesis and structure of chemically vapour-deposited boron nitride[END_REF][START_REF] Takahashi | Structure and properties of CVD-BN thick ilm prepared on carbon steel substrate[END_REF][START_REF] Dai | Effect of temperature on the growth of boron nitride interfacial coatings on SiC ibers by chemical vapor iniltration[END_REF]. The synthesis of BN interphases by CVI in ibrous preforms is generally limited to temperatures below 1000 • C and is carried out at low pressures (100-1333 Pa) [START_REF] Cholet | Chemical vapor iniltration of boron nitride interphase in ceramic iber preforms: discussion of some aspects of the fundamentals of the isothermal chemical vapor iniltration process[END_REF][START_REF] Leparoux | Inluence of isothermal chemical vapor deposition and chemical vapor iniltration conditions on the deposition kinetics and structure of boron nitride[END_REF][START_REF] Udayakumar | Effect of intermediate heat treatment on mechanical properties of SiC f /SiC composites with BN interphase prepared by ICVI[END_REF]. It results in t-BN or even a-BN, with the occasional appearance of r-BN coherence domains if the interphase deposition temperature could be increased [START_REF] Plaisantin | TEM characterization of turbostratic and rhombohedral BN interphases synthesized by chemical vapour iniltration in SiC/SiC-Si composites[END_REF]. The properties of the main allotropes are given in Table 3.

Fibre-matrix bonding and mechanical behaviour of SiC/BN/SiC composites

Works on the effect of the thickness and microstructural organisation of BN interphases on the ibre-matrix bonds and the mechanical properties of CMCs have been carried out with the irst generations of SiC ibres, namely Nicalon [START_REF] Prouhet | Mechanical characterization of Si-C(O) iber/SiC (CVI) matrix composites with a BNinterphase[END_REF] and Hi-Nicalon [START_REF] Gallet | Inluence of a multilayered matrix on the lifetime of SiC/BN/SiC minicomposites[END_REF][START_REF] Gavalda-Diaz | Mode I and Mode II interfacial fracture energy of SiC/BN/SiC CMCs[END_REF]. While signiicant effects have been highlighted, the thermal instability of the ibres, sizing residues or unexpected phenomena during thermochemical treatments leading to the formation of voids/pores and/or undesired phases (free carbon and silica) at the interfaces tend to weaken the interfacial bonds. In the case of the latest generation of ibres, Morscher et al. observe debonding either at the ibre-BN interface (adhesive debonding or "inside debonding") or at the BN-matrix interface ("outside debonding") as a consequence of the local presence of carbon depending on the processing conditions [START_REF] Morscher | Effect of a boron nitride interphase that debonds between the interphase and the matrix in SiC/SiC composites[END_REF]. ISS values measured by ibre push-out tests remain below 100 MPa. Rebillat et al. have shown that the bond between Nicalon ibres and BN interphases can be strengthened (resulting in ISS values in excess of 100 MPa) if the ibres have previously undergone a speciic surface treatment [START_REF] Rebillat | The concept of a strong interface applied to SiC/ SiC composites with a BN interphase[END_REF]. In this case, crack delection was only observed only in the BN interphase when it consisted of two sub-layers with a suficiently weak interface between them. To achieve this, the second sublayer was synthesised under aggressive conditions and was highly crystallised. Similar observations were reported by Jacques et al. using Hi-Nicalon ibres and simpliied 1D model composites [START_REF] Jacques | SiC/SiC minicomposites with structure-graded BN interphases[END_REF]. Interesting results were also obtained by Jacques et al. using a non-aggressive precursor not commonly used in the industrial production of BN interphases and a deposition temperature of 1100 • C [START_REF] Jacques | BN interphase processed by LP-CVD from tris(dimethylamino)borane and characterized using SiC/SiC minicomposites[END_REF]. It has been shown that in some cases, BN interphases classically synthesised by CVI at relatively low temperatures (<1000 • C) and therefore poorly crystallised, were poor mechanical fuses and resulted in too strong ibre-matrix bonding. However, it is dificult to attribute this behaviour to the poor crystallisation degree of BN, or rather to its high sensitivity to air moisture if not stabilised by a post-iniltration heat treatment at well above 1000 • C [START_REF] Udayakumar | Effect of intermediate heat treatment on mechanical properties of SiC f /SiC composites with BN interphase prepared by ICVI[END_REF]. These various dificulties, i.e. interference at the interfaces and the instability of BN with respect to ambient moisture in composites prepared under near-industrial conditions, have often prevented a clear conclusion on the inluence of the BN interphase itself on the mechanical properties of the CMC, or even on the ability of the BN material itself to act as a mechanical fuse.

De Meyere et al. have shown that the thickness of the BN interphase inluences the interfacial properties measured by push-out tests performed on third generation ibres in composites supplied by an industrial company [START_REF] De Meyere | Optimizing the iber push-out method to evaluate interfacial failure in SiC/BN/SiC ceramic matrix composites[END_REF]. However, the ISS values obtained with HNS ibres remain relatively low (~10-30 MPa depending on the interphase thickness and the position of the HNS ibre in the composite). Delpouve et al. were able to relate micro-and macro-mechanical properties to the thickness and crystallisation degree of BN interphases using single-ply model SiC/BN/SiC-Si composites reinforced with surface-treated HNS ibres (Fig. 9a&b) [START_REF] Delpouve | Relationship between both thickness and degree of crystallisation of BN interphases and the mechanical behaviour of SiC/SiC composites[END_REF]. These composites are very representative of industrial composites designed for aero-engines and produced by CVI with conventional precursors and by MI. The interphase failure is cohesive, with matrix crack delections occurring in BN, more or less close to the interface with the ibre. This study demonstrates that the BN material is deinitely capable of acting as a mechanical fuse by itself (Fig. 9c). The low degree of crystallisation and anisotropy of a BN interphase synthesised by CVI at 900 • C results in a stronger ibre-matrix bond (ISS >100 MPa) and better CMC tensile and lexural mechanical properties than a high degree of crystallisation and anisotropy of an interphase synthesised at 1200 • C (ISS <50 MPa). For an interphase synthesised at 900 • C, a thickness of ~500 nm ("9/T") is preferable to a thickness of ~200 nm ("9/t").

SiC or Si 3 N 4 as a protective layer for the interphase

The BN interphase coating, especially if synthesised by CVI at low temperature, must be protected from contact with air prior to matrix densiication. Furthermore, liquid silicon is very corrosive with respect to the interphase and the ibres [START_REF] Naslain | Design, preparation and properties of non-oxide CMCs for application in engines and nuclear reactors: an overview[END_REF][START_REF] Mainzer | How to tame the aggressiveness of liquid silicon in the LSI process[END_REF]. For example, it reacts with free carbon in the ibres, in addition to modifying the microstructure through catalysed recrystallization. Although liquid silicon hardly wets BN, it is still capable of degrading the interphase layer by forming, among others, Si 3 N 4 [START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF][START_REF] Singh | Composite Containing Coated Fibrous Material[END_REF][START_REF] Mukai | Wettability of ceramics with molten silicon at temperatures ranging from 1693 to 1773 K[END_REF][START_REF] Yuan | Wettability and reactivity of molten silicon with various substrates[END_REF].

For these reasons, thin protective layer is deposited by CVD/CVI immediately after the deposition of the BN interphase. Several materials are relevant for this application. SiC is of obvious interest as it is identical to the matrix and close to the properties of HNS ibres. If its microstructure and purity are properly controlled, which is possible with gaseous route synthesis, SiC is capable of forming an effective diffusion barrier to liquid silicon [START_REF] Berdoyes | Interactions entre le silicium liquide et le carbure de silicium, application au composite SiC/SiC[END_REF][START_REF] Mainzer | Development of damage-tolerant ceramic matrix composites (SiC/SiC) using Si-BN/SiC/pyC iber coatings and LSI processing[END_REF].

Silicon nitride is another relevant ceramic material [START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF][START_REF] Cossou | Synthesis and optimization of low-pressure chemical vapor deposition-silicon nitride coatings deposited from SiHCl 3 and NH 3[END_REF][START_REF] Roder | Development of a SiN x -based barrier coating for SiC ibres[END_REF][START_REF] Mainzer | Development of wound SiC BNx/SiNx / SiC with near stoichiometric SiC matrix via LSI process[END_REF][START_REF] Bhatt | Thermal stability of CVI and MI SiC/SiC composites with Hi-Nicalon TM -S ibers[END_REF]. Its excellent properties, such as high hardness, low density, refractoriness and chemical inertness are used in many applications. These properties are mainly related to the strong Si-N bonds, with ~70% covalent character [START_REF] Wang | Silicon nitride crystal structure and observations of lattice defects[END_REF]. Silicon nitride provides an effective diffusion barrier and is compatible with SiC ibres and BN interphase for thermostructural applications. There are four allotropic forms of silicon nitride [START_REF] Leslie | Diffraction patterns and crystal structure of Si 3 N 4 and Ge 3 N 4[END_REF][START_REF] Hardie | Crystal structures of silicon nitride[END_REF][START_REF] Vassiliou | A hexagonal form of silicon nitride[END_REF][START_REF] Zerr | Synthesis of cubic silicon nitride[END_REF]:

-the hexagonal form α-Si 3 N 4 , consisting of a repetitive sequence of stacked atomic layers ABCD belonging to space group P31 c (a = 0.7753 nm, c = 0.5618 nm) (ICDD PDF number: 04-005-5074),

Table 3

Properties of a-BN, h-BN and c-BN at room temperature [START_REF] Haubner | Boron nitridesproperties, synthesis and applications[END_REF][START_REF] Pease | Crystal structure of boron nitride[END_REF][START_REF] Pierson | Boron nitride composites by chemical vapor deposition[END_REF][START_REF] Karim | Vapour deposited boron nitride thin ilms[END_REF][START_REF] Mirkarimi | Review of advances in cubic boron nitride ilm synthesis[END_REF][START_REF] Becton | Grain-size dependence of mechanical properties in polycrystalline boron-nitride: a computational study[END_REF][START_REF] Cassabois | Hexagonal boron nitride is an indirect bandgap semiconductor[END_REF]. -the hexagonal form β-Si 3 N 4 , consisting of a repetitive sequence of stacked atomic layers AB belonging to space group SP6 C /m (a = 0.7607 nm, c = 0.2911 nm) (ICDD PDF number: 01-076-0453), -the cubic spinel structure c-Si 3 N 4 resulting from extreme pressure and temperature conditions (P > 15 GPa, T > 2000 K), -the amorphous form a-SiN x , generally richer in silicon.

Hexagonal forms are particularly suitable for protection against oxidation and attack of silicon [START_REF] Duffy | Development and evaluation of refractory CVD coatings as contact materials for molten silicon[END_REF]. Thermal treatment allows a transition from the amorphous form to the α form and then to the β form. The α-β transition is slow and only occurs at 1400 • C in the presence of a liquid phase, otherwise at 1600 • C [START_REF] Wang | Silicon nitride crystal structure and observations of lattice defects[END_REF][START_REF] Vassiliou | A hexagonal form of silicon nitride[END_REF]. Si 3 N 4 decomposes into Si and N 2 at low N 2 partial pressure and/or high temperature [START_REF] Duffy | Development and evaluation of refractory CVD coatings as contact materials for molten silicon[END_REF][START_REF] Rocabois | Thermodynamics of the Si-O-N system: I, high-temperature study of the vaporization behavior of silicon nitride by mass spectrometry[END_REF][START_REF] Batha | Kinetics and mechanism of the thermal decomposition of Si 3 N 4[END_REF][START_REF] Heuer | Volatility diagrams for silica, silicon nitride, and silicon carbide and their application to high-temperature decomposition and oxidation[END_REF]. However, the vapour pressure of N 2 in ambient air at room temperature is suficient to maintain a metastable state. The use of high N 2 pressures during heat treatment delays or prevents its decomposition [START_REF] Duffy | Development and evaluation of refractory CVD coatings as contact materials for molten silicon[END_REF].

The use of SiC or Si 3 N 4 as a protective layer depends in particular on the synthesis variant chosen. The CVI process in a ibrous preform is used when the interphase itself has been synthesised by this process, in order to simplify the sequence of steps in the manufacture of the composite. Unlike SiC, the synthesis of Si 3 N 4 by CVI has been little studied. SiC is therefore the natural choice. If the BN interphase has been synthesised by CVD on single ibre tows, the same process is likely to be used. The choice between SiC and Si 3 N 4 then remains open.

Oxidation/corrosion behaviour of the ibre-matrix interfacial zone

Behaviour under dry air

The oxidation kinetics of boron nitride depends on its microstructure, structural anisotropy and the oxidising environment [START_REF] Cofer | Oxidative and hydrolytic stability of boron nitridea new approach to improving the oxidation resistance of carbonaceous structures[END_REF][START_REF] Jacques | Oxidation/corrosion of BN-based coatings as prospective interphases for SiC/SiC composites[END_REF][START_REF] Gallet | Inluence of a multilayered matrix on the lifetime of SiC/BN/SiC minicomposites[END_REF][START_REF] Jacobson | High-temperature oxidation of boron nitride: I, monolithic boron nitride[END_REF]. Several mechanisms are reported in the literature, depending on the by-products. In the presence of oxygen and above about 800 • C, it is generally accepted that sp 2 -BN oxidises. Oxidation resistance up to 950 • C is observed for h-BN, while t-BN oxidises at lower temperatures [START_REF] Podobeda | Oxidation of boron nitride under nonisothermal conditions[END_REF][START_REF] Lei | Boron nitride by pyrolysis of the melt-processable poly [tris(methylamino)borane]: structure, composition and oxidation resistance[END_REF][START_REF] Willemin | Identiication of complex oxidation/corrosion behaviours of boron nitride under high temperature[END_REF]. Thus, a mass gain corresponding to the formation of B 2 O 3 , liquid from 410 to 450 • C, is observed according to Eq. 1:

4 BN (s) + 3 O 2(g) → 2 B 2 O 3(l) + 2 N 2(g)
Eq. 1

The mass gain is linear with time as long as the oxide layer remains thin. It then follows a parabolic law as B 2 O 3 forms a diffusion barrier to O 2 and slows down the process. This corresponds to case (a) in Fig. 10.

For SiC and Si 3 N 4 , a distinction is made between a passive and an active oxidation regime in the presence of O 2 . In the general case, a solid passivating SiO 2 scale forms on the surface and limits and then stops the oxidation phenomenon (case (a) in Fig. 10). Oxidation is passive. However, at high temperature and very low oxygen pressure, volatile non-passivating SiO is formed at the expense of SiO 2 (Fig. 11) [START_REF] Heuer | Volatility diagrams for silica, silicon nitride, and silicon carbide and their application to high-temperature decomposition and oxidation[END_REF][START_REF] Narushima | Hightemperature active oxidation and active-to-passive transition of chemically vapordeposited silicon nitride in N 2 -O 2 and Ar-O 2 atmospheres[END_REF][START_REF] Narushima | High-temperature oxidation of silicon carbide and silicon nitride[END_REF][START_REF] Vaughn | Active-to-Passive transition in the oxidation of silicon carbide and silicon nitride in air[END_REF]. As the inward lux of O 2 diffusing to the SiC or Si 3 N 4 surface becomes less than the outward lux of SiO diffusing to the bulk gas, oxygen is removed and a stable protective layer of SiO 2 cannot be formed. Oxidation therefore becomes active. Silicon nitride has up to 3 times slower oxidation kinetics than SiC. It is possible to describe the oxidation of silicon carbide and nitride according to the main oxidation mechanisms with Eqs. ( 2)- [START_REF] White | 1.1 Basic science of advanced ceramics[END_REF]. Fig. 10 shows the 3 classical oxidation behaviours observed according to the balance between active and passive oxidation, depending on the conditions (temperature (T), partial pressure of O 2 (P O2 ), etc.) [START_REF] Willemin | Identiication of complex oxidation/corrosion behaviours of boron nitride under high temperature[END_REF][START_REF] Rebillat | Advances in self-healing ceramic matrix composites[END_REF]. 

Behaviour under wet air

Depending on the conditions used for gaseous route synthesis, poor stability of BN to moisture may occur [START_REF] Matsuda | Stability to moisture for chemically vapour-deposited boron nitride[END_REF]. This can be related to the hydration of B 2 O 3 , even at low temperatures, to form H x B y O z . This instability is particularly signiicant when the deposition temperature of BN is limited, as required for I-CVI, and therefore the degree of crystallisation of BN is low. At 65 • C and after exposure times equal to or greater than 250 h, H x B y O z by-products can affect the BN/ibre interface and weaken the push-out behaviour of the composites [START_REF] De Meyere | Micromechanical properties of vapour-exposed SiC f /BN/SiC ceramic-matrix composites[END_REF]. In the case of thick BN coatings alone exposed to 800 • C and once saturated with hydrated species, volatilisation leading to active oxidation of the BN layer is observed according to a linear law (Fig. 10c) [START_REF] Jacques | Oxidation/corrosion of BN-based coatings as prospective interphases for SiC/SiC composites[END_REF][START_REF] Willemin | Identiication of complex oxidation/corrosion behaviours of boron nitride under high temperature[END_REF]. A similar effect can be observed for SiC with the formation of gaseous Si (OH) 4 at temperatures above 1200 • C. In the case of SiC/BN/SiC composites exposed to oxygen and moisture at temperatures above 500 • C, the active oxidation of BN results in a recession phenomenon with the removal of the interphase, which degrades the properties of the composite [START_REF] Collier | Recession of BN coatings in SiC/SiC composites through reaction with water vapor[END_REF]. However, BN ex-I-CVI can be made less sensitive to moisture by a high temperature stabilisation treatment [START_REF] Udayakumar | Effect of intermediate heat treatment on mechanical properties of SiC f /SiC composites with BN interphase prepared by ICVI[END_REF]. Furthermore, one of the advantages of using BN as a thin coating conined in a SiC or Si 3 N 4 environment is the ability of B 2 O 3 to dissolve SiO 2 . A more stable borosilicate glass is then formed in a viscous/liquid state at high temperature in both dry and humid air. It provides crack healing in SiC/BN/SiC-SiB x composites. The glass lows into the cracks and forms a high silica content seal that extends into the crack. It forms a barrier to the diffusion of oxidising species whose ability to limit the recession of the BN interphase depends on the partial pressure of water vapour and the temperature [START_REF] Jacques | Oxidation/corrosion of BN-based coatings as prospective interphases for SiC/SiC composites[END_REF][START_REF] Collier | Recession of BN coatings in SiC/SiC composites through reaction with water vapor[END_REF].

Interphase synthesis

Deposition by the gaseous route is generally used to uniformly coat ibres with a non-oxide interphase layer. This is because CVD/CVI processes allow the production of dense, high purity coatings over a suitable thickness range.

I-CVI batch process

The I-CVI batch process offers the possibility of producing the interphase in the same hot wall reactors as for the matrix or protective layers, thus avoiding its exposure to air, limiting the number of CMC production steps and allowing several parts to be treated simultaneously. Nevertheless, especially for BN, the processing conditions are limited by iniltration issues, with the need to use very low pressures (<10 mbar) and moderate temperatures (<1000 • C) to limit the iniltration gradients in the ibre preform and the risk of homogeneous phase nucleation [START_REF] Cholet | Chemical vapor iniltration of boron nitride interphase in ceramic iber preforms: discussion of some aspects of the fundamentals of the isothermal chemical vapor iniltration process[END_REF][START_REF] Leparoux | Inluence of isothermal chemical vapor deposition and chemical vapor iniltration conditions on the deposition kinetics and structure of boron nitride[END_REF]. However, signiicant thickness gradients remain, with thicker interphases at the surface than in the centre of the preform. In addition, BN coatings exhibit very low degrees of crystallisation at limited growth rates, of the order of only 0.1 μm/h. The iniltration conditions, often followed by a heat treatment (>1000 • C) [START_REF] Udayakumar | Effect of intermediate heat treatment on mechanical properties of SiC f /SiC composites with BN interphase prepared by ICVI[END_REF][START_REF] Ma | Effect of heat treatment on the mechanical properties of SiC f /BN/SiC fabricated by CVI[END_REF], are the result of a compromise between (i) an acceptable deposition rate, (ii) a suficient degree of crystallisation to ensure BN stability with respect to the ambient air, and (iii) a correct iniltration quality (low thickness gradient).

Continuous ibre tow coating

An alternative approach to the traditional I-CVI batch process is to deposit the interphase on the ibres prior to weaving. This is used, for example, in the "prepreg MI" variant of CMC production mentioned in section 3.5. In this type of continuous process, the multiilament tow is passed from spool to spool through a device to deposit the interphase. Nöth et al. have recently applied this principle to the wet chemical deposition of interphases [START_REF] Nöth | Wet chemical deposition of BN, SiC and Si 3 N 4 interphases on SiC ibers[END_REF]. However, the wet process is not as mature as the gaseous process, for which there are several earlier works on the continuous deposition of BN in hot wall CVD reactors [START_REF] Hinke | Characterization of BN-ilms deposited onto carbon ibres by a continuous CVD-process[END_REF][START_REF] Jacques | Multilayered BN coatings processed by a continuous LPCVD treatment onto Hi-Nicalon ibers[END_REF][START_REF] Suzuki | Uniformization of boron nitride coating thickness by continuous chemical vapor deposition process for interphase of SiC/SiC composites[END_REF]. The principle is illustrated in Fig. 12. Other coatings have also been deposited in this way, such as SiBN layers by Stöckel et al. [START_REF] Stöckel | Coating of ceramic SiC, SiBNC, and Al 2 O 3 ibers with SiBN using a continuous CVD processinluence of stoichiometry on stability against oxidation and hydrolysis[END_REF] or SiBNC by Ye et al. [START_REF] Ye | Hexagonal boron nitride from a borazine precursor for coating of SiBNC ibers using a continuous atmospheric pressure CVD process[END_REF]. The report by Corman and Luthra describes a Fig. 10. Schematic behaviour curves for active or passive oxidation/corrosion kinetics [START_REF] Willemin | Identiication of complex oxidation/corrosion behaviours of boron nitride under high temperature[END_REF]. P. Fenetaud and S. Jacques continuous process for the deposition of BN, SiBN and Si 3 N 4 thin ilms on Hi-Nicalon ibre tow, also by hot wall CVD [START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF].

Working directly on a tow overcomes the temperature and pressure limitations of CVI batch processes required for iniltration. Coating thickness gradients are also signiicantly reduced at equivalent temperatures, as precursor depletion and diffusion in the inter-ibre porosity extends only through the cross-section of a single tow, rather than through the thickness of an entire preform. When the conditions are well tuned, including limited ibre tow tension, the coatings obtained from this type of process have a more uniform thickness with low gradients between the core and the surface of the tow [START_REF] Suzuki | Uniformization of boron nitride coating thickness by continuous chemical vapor deposition process for interphase of SiC/SiC composites[END_REF][START_REF] Carminati | Composites SiC/SiC à interphase de type BN de compositions variables et réactivité optimisée[END_REF]. In addition, the higher synthesis temperatures achievable result in better crystallised coatings. The desired interphase thickness is achieved by adjusting the ibre tow feed speed. The tow speed is a crucial competitive criterion, the choice of which depends on the growth kinetics and the hot zone length. As with PyC [START_REF] Park | High speed formation of pyro-carbon coat on silicon carbide iber by continuous chemical vapor deposition furnace[END_REF], the continuous CVD process must achieve a higher local interphase growth rate than the I-CVI batch process in order to compete with the latter in terms of the volume of ibres processed, in a shorter time and in a smaller facility. An additional way to increase the throughput and reduce the production cost of the continuous process is to treat multiple tows passing through the same reactor simultaneously.

Today, one of the obstacles to further improvement of the continuous CVD process is the limited growth kinetics allowed by hot wall reactors. Indeed, even with improved ilm homogeneity compared to the I-CVI batch process, the problem of homogeneous phase nucleation remains critical at very high temperatures. It would therefore be interesting to develop a continuous CVD process on a SiC tow in a cold wall reactor. By limiting gas maturation, this reactor technology would achieve even higher growth rates and therefore higher tow feed speeds due to the higher processing temperatures allowed. By limiting the deposition on the reactor walls, a better yield can also be expected. This system has been implemented for carbon ibres [START_REF] Lorrette | Deposition and characterization of hex-BN coating on carbon ibres using tris (dimethylamino)borane precursor[END_REF] or SCS-6 (SiC ibre with a carbon core) [START_REF] Brisebourg | A new experimental apparatus for insitu characterization of silica growth during passive corrosion of sic at very high temperatures[END_REF], which can be heated directly by the Joule effect. However, due to the properties of SiC, inductive and resistive heating do not seem feasible for HNS ibres.

Precursors for CVD/CVI synthesis

BN precursors

Table 4 lists precursors that are or have been used to coat CMC reinforcing ibres by CVD/CVI, all in hot wall reactors. Other precursors used for CVD in general or even PECVD of BN could also be considered for interphase application in CMCs, such as hexachloroborazine [START_REF] Constant | Preparation and characterization of thin protective ilms in silica tubes by thermal decomposition of hexachloroborazine[END_REF] or those of the borane family [START_REF] Levy | Low pressure chemical vapor deposition of B-N-C-H ilms from triethylamine borane complex[END_REF][START_REF] Rohr | The growth of hexagonal boron nitride thin ilms on silicon using single source precursor[END_REF][START_REF] Boo | MOCVD of BN and GaN thin ilms on silicon: new attempt of GaN growth with BN buffer layer[END_REF][START_REF] Tay | Trimethylamine borane: a new single-source precursor for monolayer h-BN single crystals and h-BCN thin ilms[END_REF][START_REF] Nakamura | Preparation and properties of boron nitride ilms by metal organic chemical vapor deposition[END_REF][START_REF] Yang | Growth of hexagonal boron nitride on sapphire substrate by pulsed-mode metalorganic vapor phase epitaxy[END_REF]. Costs are based on prices obtained from laboratory suppliers for comparable quantities of about 100 g (where available). Obviously, precursors in industrial quantities, if available, are much cheaper. The cost of NH 3 is marginal compared to that of the boron precursors. The chemical elements present in these molecules other than boron and nitrogen have also been identiied as potential sources of coating contamination (hydrogen, carbon, chlorine or luorine).

Due to its relatively low cost, boron trichloride (BCl 3 ) combined with ammonia (NH 3 ) is the most commonly used precursor mixture for the industrial production of BN interphases. Depending on the conditions, BN is deposited following one or two reaction paths involving aminodichloroborane (Cl 2 BNH 2 ) and dichloroborane (BHCl 2 ) as effective and intermediate precursors produced in situ in the CVD reactor [START_REF] Carminati | Low pressure chemical vapour deposition of BN: relationship between gas phase chemistry and coating microstructure[END_REF]. These species inluence the structural organisation of the deposited BN layers. The corrosive nature of the gaseous mixture and reaction by-products such as solid ammonium chloride (NH 4 Cl), are responsible for additional facility costs (intensive maintenance, stainless materials, efluent treatment, etc.) [START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF]. Furthermore, when BCl 3 and NH 3 are mixed at room temperature, they readily form a stable complex (Cl 3 B:NH 3 ) in the form of a powder [START_REF] Carminati | Low pressure chemical vapour deposition of BN: relationship between gas phase chemistry and coating microstructure[END_REF][START_REF] Allendorf | A model of the gas-phase chemistry of boron nitride CVD from BCl 3 and NH 3[END_REF]. These solids (Cl 3 B:NH 3 and NH 4 Cl) are detrimental to the operation of the system as they can block the cold gas inlets and outlets [START_REF] Corman | Melt iniltrated ceramic composites (Hipercomp) for gas turbine engine applications[END_REF][START_REF] Carminati | Low pressure chemical vapour deposition of BN: relationship between gas phase chemistry and coating microstructure[END_REF]. This gas mixture is therefore complex to implement.

The addition of ammonia to the boron precursor is common, even when the boron precursor itself is a nitrogen source. Indeed, NH 3 favours stoichiometric BN deposition by providing a high N/B ratio in the gas phase, compensating for any nitrogen deiciency in the coating. In addition, its high nitriding capacity allows the formation of HCN (g) in the presence of carbon, which signiicantly reduces carbon contamination in coatings deposited from carbonaceous precursors [START_REF] Jacques | BN interphase processed by LP-CVD from tris(dimethylamino)borane and characterized using SiC/SiC minicomposites[END_REF][START_REF] Lorrette | Deposition and characterization of hex-BN coating on carbon ibres using tris (dimethylamino)borane precursor[END_REF]. Although corrosive, NH 3 is much less aggressive than halide precursors. Materials used in CVD/CVI equipment must have good chemical resistance to this gas (elastomeric seals, etc.).

SiC and Si 3 N 4 precursors

The precursors used or studied for the synthesis of SiC and Si 3 N 4 by CVD/CVI in CMCs are mainly chlorosilanes. They are listed in Table 5. Their corrosive nature entails additional costs for the deposition equipment (maintenance, efluent treatment, etc.). On the other hand, they are cheap, which is even more crucial in the case of matrix production, since the matrix represents a larger part of the composite than the interphase. Additional interest has been shown in MTS, a precursor widely used for SiC in the CMC industry, but generalisable to other chlorosilanes. The derived HCl by-product can help to suppress free Si deposition during the growth of SiC ilms or crystals [START_REF] Lazzeri | CVI processing of ceramic matrix composites[END_REF]. Hydrogen is also used as a carrier gas as it promotes the reduction of Si-Cl bonds on the growing SiC surface. The reaction paths leading to the deposition of SiC typically involve several complex gas phase maturation sub-reactions [START_REF] Yang | Chemical vapor deposition of SiC at different molar ratios of hydrogen to methyltrichlorosilane[END_REF][START_REF] Laduye | CVD du carbure de silicium à partir du système SiH x C 4-x /C y H z /H 2 : étude expérimentale et modélisation[END_REF]. For Si 3 N 4 , the nitrogen source added to the chlorosilane is almost always NH 3 due to its high reactivity even at low temperatures. The formation of the solid by-product NH 4 Cl at low temperatures is also critical to the process.

Summary and outlook

SiC/SiC CMCs reinforced with the latest generation of continuous ibres are technical materials that are complex to process but are suitable for thermostructural applications, particularly in aircraft engines. The various steps in their manufacture require heavy and expensive processes which have had to be adapted to industrial mass production and which have a strong inluence on the properties of the inal parts. Today, MI/RMI processes complement the CVI synthesis of the SiC matrix to make it denser and increase the stiffness of the composite. The disadvantage is the presence of residual free silicon. To further increase the operating temperature of CMCs, it will be necessary to obtain both a dense and pure SiC matrix. The current production dificulties are offset by the reduction in energy consumption achieved by the use of these continuous ibre reinforced composites due to their refractoriness and lightness. Recent advances such as the development of new ibres, the simpliication of matrix synthesis and the development of EBCs are promising for the future. The interphase, which is a key component in the damage tolerance of CMCs, and its proper control contribute to their success.

The sp 2 -BN interphases provide a mechanical fuse function with better resistance to ambient oxidation and liquid silicon attack than PyC interphases. One of the advantages of BN interphases is the occurrence of a healing mechanism during oxidation/corrosion of a SiC/SiC CMC at high temperatures. However, they must be covered with a protective coating, ideally SiC or Si 3 N 4 , before the matrix is produced by the MI process.

The interphase and its protective coating can be produced either by the I-CVI batch process or by continuous CVD coating of the ibre tow in hot wall reactors. The former is confronted with iniltration gradients that must be limited by the use of moderate temperatures. To be competitive, i.e. to be able to treat large quantities of ibres in reasonably sized facilities, the latter must be able to achieve high coating growth rates by using high temperatures. These conditions have the added beneit of producing a boron nitride with a high degree of crystallinity, giving it a higher intrinsic stability to moist air, even at low temperatures.

One way to further improve the continuous CVD process would be to use of a cold wall reactor to limit homogeneous phase nucleation. However, conventional heaters are not suitable for SiC ibres. In this case, where the ibre tows move continuously in the reactor and in the gas phase, the use of non-contact heating would be ideal, but remains to be identiied and tested. In addition, alternative precursors to the usual chlorosilanes will have to be used, as otherwise the problems associated with the production of solid chlorinated by-products in the cold wall reactor will be exacerbated. 
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 1 Fig.1. Speciic strength as a function of the temperature for various metals and CMCs -adapted from[START_REF] Padture | Advanced structural ceramics in aerospace propulsion[END_REF].
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 2 Fig. 2. Schematic structures of (a) 3C-SiC, (b) 4H-SiC, and (c) 6H-SiC [25].
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 5 Fig. 5. Schematic Arrhenius plots showing the temperature dependence of the deposition rate and the different regimes in CVD (a)[START_REF] Golecki | Rapid vapor-phase densiication of refractory composites[END_REF]. Transition between CRR and MTR for endothermic (b) and exothermic (c) processes[START_REF] Carlsson | Chemical vapor deposition[END_REF].
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 67 Fig. 6. Schematic representation and photograph of the top of industrial facilities for batch processing CVI [96,97].
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 9 Fig. 9. (a) single-ibre push-out curves and (b) stress/strain curves obtained from tensile tests for single-ply composites with different BN interphases with low degree of crystallisation, thin (9/t) and thick (9/T), and with high degree of crystallisation, thin (12/t) and thick (12/T). (c) Focused ion beam -scanning electron microscope image of a crack (yellow arrows) delected in a BN interphase 9/T [158]. (For interpretation of the references to colour in this igure legend, the reader is referred to the Web version of this article.)
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 11 Fig. 11. Active-to-passive oxidation transition for SiC (a) and Si 3 N 4 (b) [177].
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 12 Fig. 12. Schematic illustration of continuous CVD ibre tow coating equipment [185].

  

Table 1

 1 Properties of 3C-SiC and 6H-SiC at room temperature[START_REF] Kimoto | Physical properties of silicon carbide[END_REF][START_REF] Harris | Institution of electrical engineers[END_REF].

	Properties	
	Density (g⋅cm -3 ) Lattice constants (nm) Young's modulus (GPa) Poisson's ratio Thermal conductivity (W⋅cm -1 ⋅K -1 ) Emissivity vis-IR (300K-1400K) Refractive index in the visible range	3.21 a = 0.436 (3C) a = 0.308/c = 1.512 (6H) 450 0.2 3.2 (3C)/3.6 (6H) >0.90 2.6 -2.8

Table 4

 4 Precursors for the synthesis of BN ibre coatings by CVD/CVI; sate at room temperature (RT); pressurised gas (Press.), inert atmosphere (IA), dry atmosphere (DA), cool place (CP) storage.

	Precursor	Potential contamination	State at RT	Price (€/g)	Price BN) (€/mol	Storage
	Borazine [188,201, 202] Ammonia borane [203] Diborane + ammonia [160] Tris (dimethylamino) borane + ammonia [156, 191] Trichloroborazine [204,205] Boron triluoride + ammonia [155, 206-208] Boron trichloride + 208,209] 125,139,142,158, ammonia [68,	H H H H, C H, Cl H, F H, Cl	Liquid Solid Gas Liquide Solid Gas Gas	50 22 12 2860 3.7 0.3	1300 679 1770 175000 247 32	<5 • C -IA CP -IA Press. IA CP -DA Press. Press.

Table 5

 5 Chloride precursors for the synthesis of SiC and Si 3 N 4 by CVD/CVI (inert atmosphere (IA), cool place (CP)).

	Precursor	State at RT	Price (€/g)	Price (€/molSiC)	Storage
	for SiC				
	Methyltrichlorosilane [82, 94,212-215] Vinyltrichlorosilane [93] Dichloromethylsilane [216] Dichlorodimethylsilane [217,218] Silicon tetrachloride + methane [219,220]	Liquid Liquid Liquid (<41 • C) Liquid Liquid	0.5 0.3 0.4 0.4 0.4	70 43 42 49 75	CP -IA 2-8 • C -IA 2-8 • C -IA 2-8 • C -IA IA
	for Si 3 N 4			(€/molSi 3 N 4 )	
	Dichlorosilane + ammonia [221,222] Trichlorosilane + ammonia [54,71] Silicon tetrachloride + ammonia [223-225] Hexachlorodisilane + ammonia [226,227]	Liquid Liquid Liquid Liquid	1.4 0.4 0.4 27	420 180 230 11000	IA 2-8 • C -IA IA CP -IA
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