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Synthesis of Ti3SiC2 coatings onto SiC monoliths from molten salts
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Coatings with composition close to Ti3SiC2 were obtained on SiC substrates from Ti and Si powders with the molten NaCl method. In this work, the growth of coatings by reaction in the salt between monolithic SiC substrates and titanium powder is obtained between 1000 and 1200°C. At 1000°C, a coating of 8 µm thickness is formed in 10 hours whereas a thin coating of 0.5 µm has been grown in 2 hours. A lack in silicon was first found in the coatings prepared at 1100 and 1200°C. For these temperatures, the addition of silicon powder in the melt had a favorable effect on the final composition, which is found very close to the composition of Ti3SiC2. The reaction mechanism implies the formation of TiCx layers in direct contact with the SiC substrate and the presence of more or less important quantities of Ti3SiC2 and Ti5Si3Cx in the upper layers.

Introduction

MAX phase are ternary layered compounds with the general formula Mn+1AXn formed from at least one transition metal (M), one metalloid element (A) and a non-metal (X) which can be either carbon or nitrogen [START_REF] Barsoum | Mn+1AXn phases: a new class of solids; thermodynamically stable nanolaminates[END_REF][START_REF] Barsoum | The MAX phases: unique new carbide and nitride materials: tertiary ceramics are soft and machinable, yet heat-tolerant, strong and lighweight[END_REF]. n is an integer value which ranges between 1 and 3 so that only three MAX phase formulae exist according to the nomenclature 211, 312 and 413 [START_REF] Barsoum | MAX Phases: Properties of Machinable Ternary Carbides and Nitrides[END_REF]. MAX phases are extensively researched because of their unique combination of ceramic and metallic-like properties identified in the 1990s: low density, machinability, excellent thermal and electrical conductivity, thermal-shock resistance, high-temperature oxidation resistance, corrosion resistance, damage tolerance, mechanical strength, and the ability to self-heal [START_REF] Barsoum | MAX Phases: Properties of Machinable Ternary Carbides and Nitrides[END_REF][START_REF] Sun | Progress in research and development on MAX phases: a family of layered ternary compounds[END_REF][START_REF] Barsoum | Elastic and mechanical properties of the MAX phases[END_REF][START_REF] Barsoum | Thermal properties of Ti3SiC2[END_REF][START_REF] Zhen | Effects of temperature, strain rate and grain size on the compressive properties of Ti3SiC2[END_REF][START_REF] Radovic | MAX phases: bridging the gap between metals and ceramics[END_REF]. Thanks to their damage tolerance and their high temperature properties, MAX phases are serious candidates for high temperature load bearing applications such as jet engines, heating elements and gas burner nozzles [START_REF] Barsoum | Mn+1AXn phases: a new class of solids; thermodynamically stable nanolaminates[END_REF][START_REF] Barsoum | MAX Phases: Properties of Machinable Ternary Carbides and Nitrides[END_REF][START_REF] Radovic | Tensile creep of coarse grained Ti3SiC2 in the 1000-1200°C temperature range[END_REF][START_REF] Radovic | Tensile creep of fine grained (3-5 μm) Ti3SiC2 in the 1000-1200°C temperature range[END_REF][START_REF] Sundberg | Alumina forming high temperature silicides and carbides[END_REF]. Molten salt method is a quite simple and cost-effective method for synthesis crystalline powders in a low-melting point flux [START_REF] Wang | Synthesis of CaWO4 nanoparticles by a molten salt method[END_REF]. This process involves the addition of a large amount of molten salt flux to the precursor materials. The molten salt aids synthesis by dissolving reactants and increasing diffusion, [START_REF] Kimura | Molten Salt Synthesis of Ceramic Powders[END_REF]. The rapid diffusion rates in molten salts reduce advantageously the synthesis temperature. The use of molten salt also promotes the production of more fine and uniform particles which improve the sinterability [START_REF] Tian | Cr2AlC powders prepared by molten salt method[END_REF]. The molten salt method is an efficient technique to use in order to synthesize ceramic powders but it has not been used much for the synthesis of MAX phases [START_REF] Kimura | Molten Salt Synthesis of Ceramic Powders[END_REF]. Indeed, some studies reported the production of Cr2AlC, Ti2AlC, Ti3AlC2 and Ti3SiC2 powders in molten salts [START_REF] Tian | Cr2AlC powders prepared by molten salt method[END_REF][START_REF] Abdelkader | Molten salts electrochemical synthesis of Cr2AlC[END_REF][START_REF] Galvin | Molten salt synthesis of MAX phases in the Ti-Al-C system[END_REF][START_REF] Yang | A simple method for the synthesis of nanosized Ti3AlC2 powder in NaCl-KCl molten salt[END_REF][START_REF] Guo | Preparation of Ti3SiC2 powders by the molten salt method[END_REF][START_REF] Dash | Synthesis of Ti3SiC2 MAX phase powder by a molten salt shielded synthesis (MS3) method in air[END_REF]. In 2008, W.B. Tian et al. reported on the creation of Cr2AlC powders from elemental powders using NaCl-KCl eutectic molten salt heated at temperature between 900 and 1200°C for 1h [START_REF] Tian | Cr2AlC powders prepared by molten salt method[END_REF]. Recently, A.M. Abdelkader obtained Cr2AlC powders from a mixture of Cr2O3, Al2O3 and graphite powders in NaCl-CaCl2 eutectic mixture at 1200°C for 24h [START_REF] Abdelkader | Molten salts electrochemical synthesis of Cr2AlC[END_REF]. In 2018, T. Galvin et al. synthesized successfully Ti2AlC and Ti3AlC2 powders from pure elements between 900 and 1300°C in molten NaCl and/or KCl [START_REF] Galvin | Molten salt synthesis of MAX phases in the Ti-Al-C system[END_REF]. Quite similarly, L.X. Yang et al. succeeded in synthesizing pure nanosized Ti3AlC2 powders from pure elements in the NaCl-KCl eutectic molten salt at 950°C (5h) or 1000°C (2h) [START_REF] Yang | A simple method for the synthesis of nanosized Ti3AlC2 powder in NaCl-KCl molten salt[END_REF]. X. Guo et al. formed Ti3SiC2 from elemental powders in molten NaCl for a synthesis temperature between 1000 and 1300°C hold for 2h [START_REF] Guo | Preparation of Ti3SiC2 powders by the molten salt method[END_REF]. In this study, silicon was added with an atomic excess of 20% to compensate its volatilization due to the high temperature. The authors investigated the influences of flux/powders weight ratio and reaction temperature on the formed phases and the morphology of the powders. A practically pure Ti3SiC2 powder with a grain size of about 1-2 µm was obtained at 1200°C with 50 wt% NaCl which melts at only 801°C [START_REF] Lide | Physical constants of inorganic compounds[END_REF]. Not long ago, A.

Dash et al. developed a new technic based on molten

KBr to synthesis pure micronic Ti3SiC2 powder from Ti, Si, Al and C powders by heating between 700 and 1300°C for 1h in the open air [START_REF] Dash | Synthesis of Ti3SiC2 MAX phase powder by a molten salt shielded synthesis (MS3) method in air[END_REF]. Aluminum was added next to increase the purity of the Ti3SiC2 powder. Some studies demonstrated the feasibility of using the low-temperature molten salt synthesis technique in the preparation of metallic carbides coatings on graphite flakes, carbon black particles or carbon fibres [START_REF] Liu | Low-temperature preparation of titanium carbide coatings on graphite flakes from molten salts[END_REF][START_REF] Liu | Molten salt synthesis and characterization of titanium carbide-coated graphite flakes for refractory castable applications[END_REF][START_REF] Ye | Microstructure and rheological properties of titanium carbide-coated carbon black particles synthesised from molten salt[END_REF][START_REF] Constantin | Spontaneous formation of multilayer refractory carbide coatings in a molten salt media[END_REF]. These studies used metallic titanium powders in alkali chloride salts at temperatures below 1000°C for a few hours. TiC coatings on graphite flakes were obtained this way with high quality: crack free, homogeneous, and comprising nanosized TiC particles [START_REF] Liu | Low-temperature preparation of titanium carbide coatings on graphite flakes from molten salts[END_REF][START_REF] Liu | Molten salt synthesis and characterization of titanium carbide-coated graphite flakes for refractory castable applications[END_REF]. Homogeneous TiC coatings were also prepared on carbon black particles with thickness that could be readily tailored by adjusting the Ti/C ratio of the starting mixture [START_REF] Ye | Microstructure and rheological properties of titanium carbide-coated carbon black particles synthesised from molten salt[END_REF]. The reaction of titanium and carbon fibres in molten salts yields also high-quality TiC coatings [START_REF] Constantin | Spontaneous formation of multilayer refractory carbide coatings in a molten salt media[END_REF]. Due to its high temperature stability, the Ti3SiC2 phase could be an interesting interphase of the SiCf/SiC composites [START_REF] Filbert-Demut | Polymer derived ceramics reinforced with Ti3SiC2 coated SiC fibers: A feasibility study[END_REF][START_REF] Lee | Formation of Ti3SiC2 interphase of SiC fiber by electrophoretic deposition method[END_REF][START_REF] Li | Ti3SiC2 interphase coating in SiCf/SiC composites: Effect of the coating fabrication atmosphere and temperature[END_REF] and for assembling SiC-based materials [START_REF] Tatarko | Joining of CVD-SiC coated and uncoated fibre reinforced ceramic matrix composites with pre-sintered Ti3SiC2 MAX phase using Spark Plasma Sintering[END_REF][START_REF] Septiadi | Low pressure joining of SiCf/SiC composites using Ti3AlC2 or Ti3SiC2 MAX phase tape[END_REF][START_REF] Zhou | Residual thermal stress of SiC/Ti3SiC2/SiC joints calculation and relaxed by postannealing[END_REF][START_REF] Liu | Recent advances in joining of SiC-based materials (monolithic SiC and SiCf/SiC composites): Joining processes, joint strength, and interfacial behavior[END_REF]. In both cases, it is necessary to obtain a controlled coating on SiC materials. Several technics were employed successfully to form Ti3SiC2 coatings. Chemical vapor deposition has been the most popular route taken to make Ti3SiC2 films using SiCl4, TiCl4, CCl4, and H2 as precursor species at temperatures above 1300°C [START_REF] Goto | Chemically vapor deposited Ti3SiC2[END_REF].

Furthermore, good quality Ti3SiC2 thin films have been grown at 900°C on a TiC substrate by magnetron sputtering method [START_REF] Palmquist | Magnetron sputtered epitaxial single-phase Ti3SiC2 thin films[END_REF]. Pulsed laser deposition has been used to produce Ti3SiC2 coatings at a maximum temperature of 300°C [START_REF] Hu | Pulsed laser deposition and properties of Mn+1AXn phase formulated Ti3SiC2 thin films[END_REF]. Ti3SiC2 phase was also obtained on SiC fibres via the electrophoretic deposition method with coating thickness ranging from 400 nm to 400 µm [START_REF] Filbert-Demut | Polymer derived ceramics reinforced with Ti3SiC2 coated SiC fibers: A feasibility study[END_REF][START_REF] Lee | Formation of Ti3SiC2 interphase of SiC fiber by electrophoretic deposition method[END_REF]. Despite these previous works, it would be particularly interesting to have a simple, robust and inexpensive technique for producing Ti3SiC2 coatings on SiC substrates. As mentioned above, molten salts were already used for preparing ceramic coatings on ceramic substrates. Growing Ti3SiC2 coatings on SiC substrates using a molten salt bath seems to be a promising solution which is discussed in this article.

Experimental

Background on the reaction of titanium with SiC from molten NaCl

Very few articles in the literature deal with the mechanism of ceramics growth by reaction of metallic titanium in a molten salt. Two possible reaction mechanisms were reported during molten salt synthesis: 1) dissolution-precipitation occurs when multiple reactants dissolved in the salt react together and the solid products precipitate out of the salt; 2) the other mechanism involves one or more reactants dissolving in the salt which form the solid products on the surface of the substrate [START_REF] Hand | Rapid low temperature synthesis of a titanate pyrochlore by molten salt mediated reaction[END_REF]. We could not isolate any source of data relating to the thermodynamics of titanium halides in molten salts. The main source of information is from the article of M.E. Straumanis et al. [START_REF] Straumanis | The mechanism of deposition of titanium coatings from fused salt baths[END_REF]. This study focused on the titanizing of metallic alloys and ceramic materials in molten NaCl or KCl salts. The authors bring the conclusions that titanium can be transported and react at the metallic state or in the form of TiCl2 and TiCl3 by releasing gaseous sodium (Equations 1 and 2).

𝑻𝒊 (𝑺) + 𝟐 𝑵𝒂𝑪𝒍 (𝑳)  𝑻𝒊𝑪𝒍 𝟐(𝑳) + 𝟐 𝑵𝒂 (𝑮)
Equation 1

𝑻𝒊 (𝑺) + 𝟑 𝑵𝒂𝑪𝒍 (𝑳)  𝑻𝒊𝑪𝒍 𝟑(𝑳) + 𝟑 𝑵𝒂 (𝑮) Equation 2
The calculated Ti-Si-C phase diagrams at 1000°C, 1100°C and 1200°C are shown in Figure 1. The relevant thermodynamic description of this ternary system reported by Y. Du et al. was used for these calculations with the help of Thermo-Calc software [START_REF] Du | Experimental investigation and thermodynamic calculation of the titanium-silicon-carbon system[END_REF]38]. These diagrams highlight the equilibrium between Ti3SiC2 and SiC at these temperatures. The normalized driving forces of precipitation for the phases along the SiC-Ti composition line is shown in Figure 2. On the stability composition range of SiC, these calculations show that the normalized driving forces of TiSi2 and Ti3SiC2 are quite close, The possibility of obtaining and controlling the growth of a Ti3SiC2 layer at the surface of SiC materials by reaction with titanium in the presence of molten NaCl is therefor examined here. That way, the possibility to limit the dissolution of silicon from SiC by adding silicon directly in the molten salt is examined as well.

Materials and experimental procedures

Commercial titanium powder (44µm, 99% purity, Strem Chemicals, Inc., Germany), silicon powder (44 µm, 99.99% purity, Strem Chemicals, Inc., Germany); and sodium chloride powder (99% purity, Alfa

Aesar GmbH & Co KG, Germany) were used. Commercial sintered SiC (1.5% closed porosity, Mersen-Boostec, France) was used as substrate of about 5×5×5 mm 3 . The powders mixtures were composed of 1g of titanium with 0, 0.5 or 1g of silicon; and a sufficient amount of NaCl to cover the SiC substrate.

An alumina crucible was used (50×20×20 mm 3 , 99.7% purity, Sceram Ceramics, France), and the amount of NaCl added was 6.27g. The mixtures used in this study are detailed in Table 1. The heat treatments were performed in a horizontal alumina-tube furnace at normal pressure under a continuous flow (5 mL.min -1 ) of high purity argon (Alphagaz2, AirLiquide, France) in the presence of compacted titanium powder as an oxygen getter. The thermal cycle involved heating and cooling rates of 2°C.min - 1 and a dwell at 500°C during 1h to eliminate volatile impurities from the salt. The melting and boiling temperature of NaCl being respectively 801°C and 1465°C [START_REF] Lide | Physical constants of inorganic compounds[END_REF], the reactions were realized at 1000, 1100 or 1200°C during 2 or 10 hours. After the thermal cycle, the crucible was put in water at a temperature between 75 and 90°C to dissolve the salt and to extract the SiC substrate. Several washings were performed to remove salt still present and a filtration was processed to isolate the remaining powder. Coated SiC substrate and remaining powder were dried at 100°C during 2h. The XRD analyses on the coated substrates were performed in the Bragg-Brentano geometry with a Bruker D8 Advance diffractometer using a Cu Kα radiation fitted with a one-dimensional position sensitive silicon strip detector (Bruker, Linxeye). The XRD patterns were recorded using a 2θ step size and range of respectively 0.01° and 10-100° and a counting time of 0.3 second per step. The coated substrates were cross-cut and polished drown to a 1 µm diamond finish. The microstructures were examined with a FEI Quanta 400FEG scanning electron microscopy (SEM) operated at 10 kV. Backscattered electron diffraction (EBSD) data were obtained at 15 kV with a FEG SEM (JEOL JSM 7100F) equipped with an CMOS Symmetry S2 EBSD detector (Oxford Instruments). For these analyses, the samples were mounted and then polished with a VibroMet™ 2 (Buehler). The atomic compositions of each coating were obtained from an electron probe microanalyzer (EPMA, Cameca SXFive) with wavelengthdispersive spectrometers (WDS). Chemical quantifications of the resulting powders were done by ICP-AES (ICAP 6500, Thermofisher Scientific, USA) for the metallic elements (Ti, Si) and by elementary analyzer (ISA-CNRS, France) for the non-metals (C, O). RF Glow Discharge Optical Emission Spectroscopy (GDOES) (GD-Profiler2, Horiba) has been used to perform depth profiles on the coated samples. Operating conditions were: Ar plasma gas, anode diameter 4 mm, argon pressure 900 Pa, applied RF power 50 W, 300s sputtering duration. Main chemical elements Ti, Si, C were tracked as well as O, Na, Cl. A MAHR mechanical profilometer was used to monitor the crater depth in order to convert time into microns. The optical intensity was converted into atomic percentage with a calibration performed on SiC and Ti matrix standards.

Results and discussion

Effect of the temperature on formation of a coating

The metallographic sections of the SiC substrates heat-treated at 1000, 1100 or 1200°C for 2h in molten SiC/TiCx/Ti3SiC2+(Ti5Si3Cx, TiSi, TiSi2). Each layer is found in thermodynamic equilibrium with the neighboring layers. These first results evidenced that the reaction between SiC and titanium in molten NaCl promotes the growth of TiCx phases because of a lack of silicon particularly at 1100 and 1200°C.

It is then deduced that silicon is dissolved in the liquid salt during the reaction. This behaviour is not evidenced when SiC is heat-treated in pure NaCl at 1200°C (SC sample), as shown in Figure 6. The chemical composition at the surface of the SiC substrate was found unchanged. This confirms that the growth of TiCx is not induced by a salt corrosion of the SiC substrate with dissolution of silicon. The predominant formation of TiCx and Ti5Si3Cx phases from compacted Ti, Si and C powders as starting materials was already reported during reactive pressureless sintering of Ti3SiC2 [START_REF] Xu | Synthesis of singlephase Ti3SiC2 from coarse elemental powders and the effects of excess Al[END_REF]. Very low quantities of the MAX phase were obtained, excepted when sufficient Al contents were added because it accelerates the reaction between the TiC and Ti5Si3 phases. 𝑺𝒊𝑪 (𝑺) + 𝑻𝒊 (𝑺)  𝑻𝒊𝑪 (𝑺) + 𝑺𝒊 (𝑺) Equation 5𝟑 𝑺𝒊𝑪 (𝑺) + 𝟓 𝑻𝒊 (𝑺)  𝑻𝒊 𝟓 𝑺𝒊 𝟑 (𝑺) + 𝟑 𝑪 (𝑺) Equation 6

Larger amounts of silicon than expected are probably dissolved in the molten salt, which justifies the lack of silicon in the final coatings. It must be possible to limit these losses by adding silicon to the melt.

The formation of the Ti5Si3 occurs also according to Equation 7 with ΔG1200°C = -71.9 kJ for 1 mole of atoms.

𝟑 𝑺𝒊 (𝑺) + 𝟓 𝑻𝒊 (𝑺)  𝑻𝒊 𝟓 𝑺𝒊 𝟑 (𝑺) Equation 7

The formation of the TiSi2 occurs also according to Equation 8 with ΔG1200°C = -55.8 kJ for 1 mole of atoms.

𝟐 𝑺𝒊 (𝑺) + 𝑻𝒊 (𝑺)  𝑻𝒊𝑺𝒊 𝟐 (𝑺) Equation 8

The Gibbs energy of formation of Ti3SiC2 from TiC, Ti5Si3 and C (Equation 9) is ΔG1200°C = -22.2 kJ for 1 mole of atoms.

𝟒 𝑻𝒊𝑪 (𝑺) + 𝑻𝒊 𝟓 𝑺𝒊 𝟑(𝑺) + 𝟐 𝑪 (𝑺)  𝟑 𝑻𝒊 𝟑 𝑺𝒊𝑪 𝟐 (𝑺) Equation 9

The Gibbs energy of formation of Ti3SiC2 from TiC and TiSi2 (Equation 10) is ΔG1200°C = -40.9 kJ for 1 mole of atoms.

𝟐 𝑻𝒊𝑪 (𝑺) + 𝑻𝒊𝑺𝒊 𝟐(𝑺)  𝑻𝒊 𝟑 𝑺𝒊𝑪 𝟐 (𝑺) + 𝑺𝒊 (𝑺) Equation 10

The calculated Gibbs energies at 1200°C confirm that the formation reactions of TiC and Ti5Si3 or TiSi2 (Equations 5, 7 and 8) have higher reactivities than the final reaction between them to form the MAX compound (Equations 9 and 10). All the coatings contain more of less quantities of TiCx whose growth could be limited by adding silicon to the salt. For this, the most promising condition is obtained at 1200°C as it promotes the growth of the thickest coating despite a silicon defect. The coating formed at 1000°C seems less interesting for this approach as its quantity of TiCx is the lowest, its average composition is slightly in excess of silicon; and its thickness is the lowest.

Effect of the composition at 1200°C on formation of Ti3SiC2 phase

The metallographic sections of the SiC substrates heated at 1200°C for 2h in molten NaCl containing Ti and Si powders are shown in Figures 7. The average thicknesses of the samples prepared with 0.5g of Si (TSC5) or with 1g of Si (TSC6) in the salt are equal to 7.0±0.5 µm and 5.0±0.5 µm, respectively.

These thicknesses are smaller compared to the coating's thickness of the sample heated at 1200°C with only addition of Ti powder (i.e. 20±1 µm) (TSC4). SEM micrographs and EDS mappings of these samples are shown in Figures 8. These coatings are adherent on the substrates and they seem more homogeneous than the coating without silicon in the melt. The coatings with Si addition are composed of two layers. From XRD (Figure 5), the compositions of the coatings are greatly affected by Si addition in the salt. Indeed, for 0.5g of Si (TSC5) in the melt, the main peaks correspond to Ti5Si3 and some small peaks correspond to Ti3SiC2. For 1g of Si in the melt (TSC6), the peaks of TiCx and Ti5Si3 are very low, and the most intense peaks correspond to the SiC substrate. The formation of Ti3SiC2 is not evidenced for this sample probably because of the weakness of its diffraction peaks. High magnifications images (x10000) and the EDS quantifications in Figures 7-b,d) show that the coatings of the samples are composed of similar layers with different thicknesses. These coatings are composed of a thin TiCx layer in contact with the SiC substrate; a layer of Ti3SiC2 with a higher thickness for the sample with 0.5g of Si in the melt and an upper Ti5Si3Cx layer with traces of TiCx for the sample with 1g of Si in the melt.

The EBSD mapping of the samples prepared from melts with 0.5g and 1g of Si are shown in Figures 9.

The Kikuchi patterns presented in insets of Figures 9-a) and 9-b) are attributed to the hexagonal structure of Ti3SiC2, which confirm the presence of Ti3SiC2 phase between the TiCx and the Ti5Si3Cx layers. These analyses confirm the layered structures for 0.5g and 1g of Si in the melt observed in Figures 7. These and TSC6 are given in Table 2. For both samples, a noticeable quantity of oxygen was measured which is probably induced by reactions with water. The unidentified masses are obviously attributable to the remaining sodium and chlorine. In the case of the sample TSC4, a noticeable of silicon is present in the residual powder whereas no silicon was initially added in the powder mixture. This confirms that a part of the silicon of the SiC substrate is dissolved in the melt which induces the lack of silicon in the coating. The composition of the residual powder from the TSC6 sample shows that the atomic Si/Ti ratio is equal to 1.4. This ratio is lower than the starting value which was 1.7. This indicates that a noticeable part of the silicon was eliminated during the aqueous dissolution of the salt. This entails also that silicon forms compounds with Na and/or Cl which are hydrolysed and eliminate. It is highly probable that the same mechanism also occurs with titanium but to a lesser extent. The X-ray patterns of both powders reveal also the presence of TiSi2, TiSi and Ti5Si3 with many others phases that were not clearly identified. These patterns are not given here because of their complexity, several peaks could not be indexed. The formations of Ti5Si3, TiSi or TiSi2 powders in the flux is thermodynamically possible as the corresponding reactions induce strong decreases of the Gibbs energy. Indeed, the Gibbs energy variation of TiSi2 formation (Equation 8) is ΔG1200°C = -55.8 kJ for 1 mole of atoms. The Gibbs energy variation for TiSi formation is calculated to ΔG1200°C = -71.4 kJ for 1 mole of atoms (Equation 11). One found the value ΔG1200°C = -74.8 kJ for 1 mole of atoms forming Ti5Si4 (Equation 12). The Gibbs energy variation for Ti5Si3 (Equation 7) is given herein.

𝑻𝒊 (𝑺) + 𝑺𝒊 (𝑺)  𝑻𝒊𝑺𝒊 (𝑺) Equation 11𝟓 𝑻𝒊 (𝑺) + 𝟒 𝑺𝒊 (𝑺)  𝑻𝒊 𝟓 𝑺𝒊 𝟒(𝑺) Equation 12The formation of these titanium silicides in the salt is thermodynamically favourable and it implies a decrease of the titanium activity. At this time, the calculation of its value in not possible because it is equal to the activity of titanium dissolved in molten NaCl according to Equations 1 and 2. No thermodynamic data about titanium species formed in liquid NaCl were found in the literature. The decrease of Ti activity explains the decrease of reactivity towards SiC. The addition of silicon in the melt promotes obviously the growth of Ti3SiC2 coatings. Addition of silicon probably limits both the losses by dissolution and the reactivity of titanium. The limitation of Ti reactivity is correlated to the lower thicknesses obtained and the presence of titanium silicides in the salt. Finally, the growth of Ti3SiC2 coatings assisted molten salts is evidenced on SiC materials. The mechanism induced by the use of molten NaCl is partly understood and will require further investigation.

Conclusion

Coatings on substrates were successfully synthesized between 1000°C and 1200°C by reaction of SiC with titanium and silicon powder in molten baths of NaCl. The thickness and the composition of the produced coatings depends on the temperature and the amount of silicon in the melt. Without silicon in the starting melt, the coating is mainly composed of TiCx and Ti5Si3Cx phases with small amounts of 

  NaCl in presence of Ti powder are presented in Figures 3. The average thickness of the coating heated at 1000°C for 2 hours is equal to 0.5±0.1 µm, this sample is called TSC1. For a heating at 1000°C for 10 hours, the average thickness of the coating is 8±1 µm (TSC2). At 1100°C (TSC3) and 1200°C (TSC4), coatings are obtained with average thicknesses equal to 9±1 and 20±1 µm, respectively. These coatings appear quite homogeneous with some small porosities. Despite some cracks and pores, they are well adherent on the SiC substrate and they are composed of submicronic grains. SEM micrographs and atomic concentration mappings of these samples are shown in Figures 4. They show that all the coatings are polyphase. The homogeneous presence of titanium in all the coatings is evidenced. It is to note the presence of a layer in direct contact with the substrate containing a very small amount of silicon, the thickness of which increases with temperature. The corresponding XRD patterns are shown in Figure5. Depending on the thickness of the coating, the SiC substrate is detected. For the sample heated at 1000°C, the coating contains TiCx and Ti5Si3 phases. The presence of Ti3SiC2 is not clearly evidenced but this could be explained by the low intensity of its diffraction peaks, the smallness of its grains and a poor crystallization at these relatively low temperatures. The coatings at 1100°C and 1200°C contain a large quantity of TiCx with smaller amounts of Ti5Si3 and probably Ti3SiC2. The intensities of the peaks were too low to determine the ratios of these phases. The average atomic ratios from EDS analyses realized on a wide surface of the coatings were found to be Ti:Si:C = 48:22:30 for TSC2 ; Ti:Si:C = 52:11:37 for TSC3 and; Ti:Si:C = 53:11:36 for TSC4, respectively. The accuracy of the measurement being of ±1%. The chemical compositions of the layers are quite close to the expected atomic ratio Ti:Si:C = 50.0:16.7:33.3. It should be noted that the percentage of oxygen within the coatings was measured between 3 and 6 at.% for all the samples of this study. This pollution could come from the oxides at the surface of the starting materials or to an oxidation at the contact with the air. The positions of the measured compositions along the width of each coating are reported by orange points in the phase diagrams in Figures 1. The average compositions obtained on a wide section of each coating are also reported on Figures 1, they are indicated by blue five-pointed stars. The dispersion of the points confirms that the coatings are mainly composed of the phases in the TiCx-Ti5Si3Cx-Ti3SiC2 triangle. At 1000°C, the presence of TiSi2 and TiSi seems to be possible but it was not clearly identified by X-ray diffraction maybe because of too low quantities. These results confirm that the SiC substrate reacts with titanium in presence of molten NaCl. The thickness of the coatings increases with the temperature. The composition of the coatings at 1100°C and 1200°C are quite similar with important quantities of TiCx because of a lack of silicon in these coatings compared to the composition of Ti3SiC2. Conversely, the coating at 1000°C contains a little excess in silicon but its composition is very close to the composition of Ti3SiC2. The chemical composition gradients through each coating reveal that the growth mechanism of the coatings includes a first layer of TiCx formed directly in contact with the substrate. This layer is visible on the BSE images in Figures3 and Figures4. Closer to the surface of the coatings, the composition gets very close to Ti3SiC2. It can be deduced that the general composition gradient is

  The reaction route proposed by the authors implies 3 stages: first, Ti reacts with C to form TiC; secondly, Ti reacts with Si to form Ti5Si3; finally, TiC and Ti5Si3 react together to produce Ti3SiC2. TiC and Ti5Si3 are considered as intermediate phases on the way to form the MAX phase. It is therefore not surprising that the same phases are formed in the coatings of the present study. In the study by T. Galvin et al., small amounts of TiCx were also present beside Ti2AlC and Ti3AlC2 synthesized with NaCl or KCl flux from elemental powders[START_REF] Galvin | Molten salt synthesis of MAX phases in the Ti-Al-C system[END_REF]. The authors identified that the growth of Ti2AlC begins with TiCx growth on graphite flakes. According to these previous studies, the mechanism of Ti3SiC2 growth from the reaction between SiC and Ti in molten NaCl probably has as a first step the formation of the TiCx and Ti5Si3 phases. The corresponding reactions are given in Equations 5 and 6 with, respectively, ΔG1200°C = -45.1 kJ and ΔG1200°C = -42.6 kJ for 1 mole of atoms. From these values, the formation of TiC appears to be a little more favourable. This is confirmed by the normalized driving forces shown in Figure2-c); TiCx has slightly higher values than Ti5Si3Cx. It should be noticed that TiCx has the highest driving force when pure metallic titanium is present. This is in accordance with the preferentially formation of TiCx phase at the beginning of the reaction.

  layered structures are SiC/TiCx/Ti3SiC2/Ti5Si3Cx for 0.5g of Si in the melt; and SiC/TiCx/Ti3SiC2/Ti5Si3Cx+TiCx for 1g of Si in the melt. The lower thicknesses of the coatings formed from the melts containing Si addition could be explained by a lower diffusion of the titanium atoms in the main phases i.e. Ti5Si3Cx and Ti3SiC2. Without silicon in the starting melt at 1200°C, the main phase in the coating is TiCx. The diffusion of titanium atoms is higher in this phase. The smallness of the Ti3SiC2 layer with addition of 1g of Si can justify the fact that this phase was not detected by X-ray diffraction. The atomic compositions of each coating obtained from the EDS and WDS quantifications along the width of each coating are respectively reported by orange and green points in Figures 10. The

  atomic compositions of the Ti and Si starting mixtures in molten salts are Ti:Si = 54:46 and Ti:Si = 37:63 for an addition of 0.5 and 1g of Si, respectively. The corresponding composition lines between these mixtures and SiC are drawn in blue dotted lines in Figures 10. The

  average atomic compositions obtained by EDS realized on a wide surface of the coatings were found to be Ti:Si:C = 53:11:36 for TSC4; Ti:Si:C = 49:20:31 for TSC5 and; Ti:Si:C = 50:16:34 for TSC6. These values correspond to the blue five-pointed stars in Figures 10. The average atomic compositions obtained by WDS realized along lines crossing the coatings were found to be Ti:Si:C = 58:15:27 for TSC4; Ti:Si:C = 52:24:24 for TSC5 and; Ti:Si:C = 50:18:32 for TSC6. These values are localized by blue saint Andrew's crosses in Figures 10. The effect of silicon addition is clearly shown in Figures 10 with an increase of the silicon fraction in the coatings. It is to note that the average compositions of the coating obtained with addition of 1g of silicon is very close to the Ti3SiC2 stoichiometry although this coating is mainly composed of Ti5Si3Cxand TiCx with a small amount of Ti3SiC2. This fact can be explained by: i) the composition of TiCx in the first layer which is C-rich (x≈1) because it is in equilibrium with the SiC substrate and ii) the Ti5Si3Cx layer is also C-rich (x≈1) because it is in equilibrium with Ti3SiC2. The GDOES profiles of the three samples heated at 1200°C are shown in Figures11-a,b,c). In these figures, the positions of the layers are indicated by vertical dotted lines with an accuracy of ±1µm. The corresponding atomic compositions obtained from GDOES analyses in the thickness of each coating are indicated by orange points and the average compositions of the coatings are indicated by blue five-pointed stars in Figures11-d,e,f). The average atomic compositions obtained from GDOES for an analysed surface of 4mm 2 were found to be Ti:Si:C = 58:18:24 for TSC4; Ti:Si:C = 51:24:25 for TSC5 and; Ti:Si:C = 49:17:34 for TSC6. These analyses confirm the compositions identified for each sample. It appears clearly that the addition of silicon in the salt promotes an average composition closer to the expected composition of Ti3SiC2. The ICP quantification of the remaining powders obtained after dissolution of the salt for the samples TSC4
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 124 Figures 4. Backscattered electron micrograph and EDS mapping for Ti, Si and C of the samples heated at: a) 1000°C for 10h, b) 1100°C for 2h, and c) 1200°C for 2h.
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 5 Figure 5. XRD patterns of the coatings and remaining powders from molten salts synthesis at 1000°C, 1100°C, and 1200°C.
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 689 Figure 6. BSE image of the sample heated during 2h at 1200°C in the only presence of NaCl (SC).

Table 1 :

 1 Samples considered in this study.

	Samples	Heat treatment	Mixture composition (g) Ti Si NaCl	Coating thickness (µm)
	TSC1	1000°C / 2h	1	-	6.27	0.5±0.1
	TSC2	1000°C / 10h	1	-	6.27	8±1
	TSC3	1100°C / 2h	1	-	6.27	9±1
	TSC4	1200°C / 2h	1	-	6.27	20±1
	TSC5	1200°C / 2h	1	0.5	6.27	7.0±0.5
	TSC6	1200°C / 2h	1	1	6.27	5.0±0.5
	SC	1200°C / 2h	-	-	6.27	0

Table 2 :

 2 ICP quantifications of the residual powder after dissolution in water.

	Sample		Ti	Si	C	O	Others
	TSC4	Mass%	63.7	13.2	0.5	5.2	17.4
	(1200°C/2h/0g Si)	At.%	61.3	21.7	1.9	15.0	-
	TSC6	Mass %	45.2	38.1	0.6	8.2	7.9
	(1200°C/2h/1g Si)	At.%	32.9	47.5	1.7	17.9	-
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