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Introduction

Ceramic-metal composites (cermets) have found wide application due to unique combination of the ceramic and metal alloy properties. Among these, carbide-based materials, often named cemented carbides, are widely used as wear-resistant materials, cutting tools, high-temperature structural materials, etc. [START_REF] Rajabi | Development and application of tool wear: A review of the characterization of TiC-based cermets with different binders[END_REF][START_REF] Rajabi | Chemical composition, microstructure and sintering temperature modifications on mechanical properties of TiC-based cermet -A review[END_REF][START_REF] Peng | Development of TiCN-based cermets: Mechanical properties and wear mechanism[END_REF]. Cemented carbides consist of hard carbide grains and a ductile metal binder such as WC-Co, TiC-Ni(Mo), TiCN-Ni. Currently, conventional WC-Co cemented carbides are gradually substituted by TiC-based [START_REF] Rajabi | Chemical composition, microstructure and sintering temperature modifications on mechanical properties of TiC-based cermet -A review[END_REF] and TiCN-based [START_REF] Peng | Development of TiCN-based cermets: Mechanical properties and wear mechanism[END_REF] cermets with much better oxidation resistance and high-temperature strength. However, TiC-based materials are more brittle at low temperature, as compared to WC-based cermets, which inspires search for new compositions of ceramic grains and metal binders. A promising research direction is the use of recently developed high-entropy alloys (HEA), multicomponent metallic compositions that form single-phase fcc or bcc solid solutions [START_REF] Yeh | Nanostructured high-entropy alloys with multiple principal elements: Novel design concepts and outcomes[END_REF][START_REF] Cantor | Multicomponent and high entropy alloys[END_REF][START_REF] Yeh | Physical metallurgy of high-entropy alloys[END_REF]. For example, the CoCrFeMnNi alloy [START_REF] Cantor | Microstructural development in equiatomic multicomponent alloys[END_REF] showed excellent fracture resistance even at cryogenic temperatures [START_REF] Gludovatz | A fracture-resistant high-entropy alloy for cryogenic applications[END_REF][START_REF] Zhang | Nanoscale origins of the damage tolerance of the high-entropy alloy CrMnFeCoNi[END_REF]. Using HEA binders, several cermet materials have been obtained, including WC-CoCrFeNiMn [START_REF] Velo | Fabrication and characterization of WC-HEA cemented carbide based on the CoCrFeNiMn high entropy alloy[END_REF], Ti(C,N)-CoCrFeNiAl [START_REF] Zhu | Fabrication and properties of Ti(C,N)-based cermets with multicomponent AlCoCrFeNi high-entropy alloys binder[END_REF][START_REF] Zhu | Early high-temperature oxidation behavior of Ti(C,N)-based cermets with multi-component AlCoCrFeNi high-entropy alloy binder[END_REF], TiB2-CoCrFeNiTiAl [START_REF] Ji | Fabrication and properties of TiB2-based cermets by spark plasma sintering with CoCrFeNiTiAl high-entropy alloy as sintering aid[END_REF][START_REF] Fu | Ultrafine TiB2-TiNiFeCrCoAl high-entropy alloy composite with enhanced mechanical properties[END_REF], TiB2-CoCrFeNiAl [START_REF] Zhang | Preparation and characterization of TiB2-(Supra-Nano-Dual-Phase) high-entropy alloy cermet by spark plasma sintering[END_REF], and TiB2-TiC-CoCrFeNiTiAl [START_REF] Zhang | Preparation and characterization of TiB2-(Supra-Nano-Dual-Phase) high-entropy alloy cermet by spark plasma sintering[END_REF]. It was suggested that such materials gave birth to a new family of cermets [START_REF] De La Obra | A new family of cermets: Chemically complex but microstructurally simple[END_REF].

Production of the above ceramic-HEA composites usually involves three stages: (a) mechanical alloying of elemental metal powders leading to formation of single-phase HEA powder, (b) mixing of this powder with ceramic powder, and (c) consolidation of the material (mostly by spark plasma sintering). Combustion synthesis (CS), also known as self-propagating high-temperature synthesis (SHS), is a facile method for production of TiC-based cermets [START_REF] Merzhanov | Self-propagating high-temperature synthesis: Twenty years of research and findings[END_REF][START_REF] Borovinskaya | STIM alloys[END_REF][START_REF] Levashov | Self-propagating hightemperature synthesis of advanced materials and coatings[END_REF]. The material can be synthesized in an SHS mode due to extremely high thermal effect of the reaction: Ti + C = TiC + 310 kJ/mol. The heat released during the reaction rises the temperature up to 3290 K, which afford for the addition of up to 50-60 wt.% of inert metal binder such as Ni: Ti + C + Ni = TiC + Ni [START_REF] Rogachev | Combustion for Material Synthesis[END_REF]. The binder does not react and therefore decreases the product temperature.

However, reaction occurs in a self-sustained mode until the temperature drops below the melting point of Ti (1940 K). Recently, we have shown that the cermet consisting of 70 wt.% TiC and 30 wt.% CoCrFeNiMn HEA binder can be produced by combining SHS with hot pressing [START_REF] Rogachev | Mechanical activation for synthesis of ceramics and high entropy alloys[END_REF][START_REF] Rogachev | High-entropy-alloy binder for TiC-based cemented carbide by SHS method[END_REF].

In the present work, we investigated the possibility of combustion synthesis of the TiC-HEA cermet with different contents of three binders: CoCrFeNiMn, CoCrFeNiTi, and CoCrFeNiAl.

Experimental

Commercially available powders (all Russian grades, "POLEMA" Joint Stock Company) of Ti (PTM grade, purity > 99%, particle size d < 100 m), Co (PK-1 grade, >99.35%, , d < 71 m), Cr (PCh-1M grade, >98.5%, d < 125 m), Fe (R-10 grade, >97%, size range 1.5-3.5 m), Ni (PNE-1 grade, >99.5%, d ~3 m), Mn (>99.7%, d < 400 m), Al (ASD-4 grade, >99%), and carbon black (P-803, <2 m) were mixed in a mortar according to the following stoichiometry:

x(Ti + C) + (1 -x)(Co + Cr + Fe + Ni + Me) = xTiC + (1 -x)CoCrFeNiMe
where Me = Mn, Ti or Al, and x gradually decreased from 1.0 down to the combustibility limit. Taking into account the atomic weights of the elements, mass fraction of CoCrFeNiMe binder (mb) was calculated as

𝑚 b = (225.47+𝐴 𝑀𝑒 )(1-𝑥) 225.47+𝐴 𝑀𝑒 -(165.47+𝐴 𝑀𝑒 )𝑥 • 100%,
where AMe is the atomic weight of Me. The powder mixtures were cold-pressed into cylindrical pellets for use in combustion and consolidation experiments. Two types of the experiments were carried out. Possibility of self-sustained synthesis and velocity of the combustion wave propagation were studied using the samples 10 mm in diameter, 15 mm high, and 40 % porosity. The samples were placed vertically in a closed reaction chamber in an Ar atmosphere (0.12 MPa), and the reaction was initiated with an electrically heated tungsten wire from the top. The reaction front propagated downward and the process was video recorded through a refractory glass window. The wave propagation velocity was derived from saved video files. For the consolidation of materials a quasi-static SHS pressing method was applied [START_REF] Merzhanov | Self-propagating high-temperature synthesis: Twenty years of research and findings[END_REF][START_REF] Rogachev | Combustion for Material Synthesis[END_REF]. The sample with diameter 30 mm, height 10 mm and porosity 40% was placed in a steel mold filled with bank sand to protect the mold walls from direct contact with hot reaction products and to transfer pressure from the die punch to the sample. The reaction was initiated by hot W wire under a pressure of 10 MPa held for 2 s, after which the pressure was raised to 100 MPa and kept on for 3-5 s. The combustion wave propagated horizontally across the disk-shaped sample, while the pressure was applied vertically.

The X-ray diffraction analysis was performed with a DRON-3M diffractometer (Russia). The SEM and EDS studies were made using a Zeiss Ultra Plus field-emission scanning electron microscope (Carl Zeiss, Germany) equipped with an energy dispersive spectrometer INCA Energy 350 XT (Oxford Instruments, UK).

Microhardness was measured with a PMT3 tester (Russia) under 100 g load.

Thermodynamic calculations were performed using THERMO and THERMO-CALC software with TCHEA3 database.

Results

Self-sustained mode of combustion synthesis was found to be possible for the HEA binder content from zero up to 45-60 wt.% (Fig. 1). Both adiabatic temperature and burning velocity decreased with increasing mb. Such dependences are expectable because only the reaction Ti + C has strong exothermic effect, i.e., generates heat, while alloying of the HEA binder from elements does not produce notable heat release. When the adiabatic temperature decreases below the melting point of Ti, self-propagating synthesis becomes impossible. This limit occurs at mb = 55 wt.% for the CoCrFeNiMn binder, at 60 wt.% for CoCrFeNiTi, and at 45 wt.% for CoCrFeNiAl. The combustion becomes unsteady, oscillating or spinning, in the vicinity of the combustibility limits (dashed lines in Fig. 1). The XRD results demonstrate that TiC is the main product phase for all compositions and binder contents (Fig. 2). Analysis of the XRD patterns showed (Table 1) that the lattice parameter of B1 major cubic phase (NaCl-type) weakly depends on binder content, and correlates with the lattice parameters of TiCx (x = 0.68-0.98) that are in the range of 4.3198-4.3258 Å [START_REF] Lipatnikov | Disorder-order phase transformations and electrical resistivity of nonstoichiometric titanium carbide[END_REF]. Diffraction peaks of two metallic alloy phases, with bcc and fcc crystal structures, were detected along with the peaks of TiC.

The lattice parameters for these phases were evaluated roughly, because of broadening and relatively low peak intensities. The bcc phase has the major diffraction peak (110) at 44.5, while the major peak (111) of the fcc phase can be observed in the range of 43.4 -43.8. In order to estimate the relative amounts of bcc and fcc phases, the following parameter was used:

𝑘 = 𝐼 𝑓𝑐𝑐 𝐼 𝑏𝑐𝑐 +𝐼 𝑓𝑐𝑐 ,
where Ifcc is intensity of the (111) peak of the fcc phase, and Ibcc is intensity of the (110) peak of the bcc phase. As shown in Table 1, this parameter depends on binder content. Thus, in the TiC-CoCrFeNiMn cermet the amount of the fcc phase reaches its maximum when the material contains 30 wt.% of the binder.

An unidentified peak was observed at 26.7° in the samples TiC -CoCrFeNiTi containing 30 wt.% and more HEA binder. A d-spacing corresponding to this peak (3.34 Å) correlates with the line (002) of graphite. Therefore, we can guess that some carbon remained unreacted in the samples with high binder content and low combustion temperature, however, one XRD peak is not enough to identify the phase. This peak was not observed in the samples with other HEA composition or in the samples containing less than 30 wt.% of the CoCrFeNiTi. TiC grains and a metal binder (Fig. 3). Grain size decreased with increasing binder content. The material with a CoCrFeNiTi binder exhibited larger grain size than those containing similar amount of CoCrFeNiMn or CoCrFeNiAl binders. The elemental distributions are presented in Fig. 4.

Based on the results of combustion experiments and structural analysis, a composition of 70 wt.% TiC + 30 wt.% HEA was selected to produce compact materials. After combustion synthesis and quasi-isostatic hot pressing, the samples were cut with diamond saw, polished, and used in hardness measurements. The Vickers microhardness values of pore-free materials are presented in Table 2.

Table 2. Microhardness of the consolidated materials. 

Discussion

Since the starting mixtures contained 6 or 7 elemental powders, we could expect the formation of several intermetallic phases such as NiAl, TiAl, TiNi, TiMn, etc., as well as a variety of carbides such as TiC, Cr3C2, Mn7C3, Fe3C, and ternary phases. However, our thermodynamic calculations and experimental results clearly show that TiC appears as a major phase in all of synthesized materials along with two simple solid solutions (fcc and bcc phases). Evidently, this is due to very strong chemical bonding between Ti and C, high enthalpy of formation from elements, and high temperature of the TiC crystallization. In a mode of combustion synthesis, adiabatic combustion temperature exceeds the melting points of all metallic components (Fig. 1). Hence the mechanism of material synthesis must involves three stages, as illustrated in Fig. 5. First, all metallic components melt when the temperature in the combustion wave exceeds their melting As it was shown earlier for the TiC-Ni and TiC-Ni-Cr cermets [START_REF] Rogachev | Combustion for Material Synthesis[END_REF], the primary TiC grains precipitated from the melt are very small (< 1m) but they grow behind the combustion front due to collective recrystallization: smaller grains dissolve into the melt and precipitate on the surface of larger grains (Ostwald ripening). Thus, the final grain size depends on the temperature and the melt composition. Since temperature decreases with increasing binder content (Fig. 1), the materials containing 40 wt.% of the binder have finer grains than the materials with 20 wt.% (Fig. 3, Fig. 4, and supplementary file S1). We also can see that the TiC grains size slightly larger in the TiC-CoCrFeNiTi cermet, as compared to TiC-CoCrFeNiMn or TiC-CoCrFeNiAl, with the same binder content (Fig. 3). Probably, this is because increased concentration of Ti in the multicomponent melt promotes carbon dissolution and mass transfer in the molten phase.

Crystallization of TiC happens around 3500 K, i.e. much above the melting points of all metallic components (most refractory of them Cr melts at 2150 K), intermetallics (NiAl at 1910 K, TiNi at 1583 K, etc.), other carbides (e.g., Cr3C2 at 2168 K, Fe3C at 1923 K) and present HEA. For example, the experimentally determined melting point of CoCrFeNiMn alloy was reported as 1607 K [START_REF] Tsai | Sluggish siffusion in Co-Cr-Fe-Mn-Ni high-entropy alloys[END_REF][START_REF] Vaidya | Ni tracer diffusion in CoCrFeNi and CoCrFeMnNi high entropy alloys[END_REF], 1523 K [START_REF] Prusa | Properties of high-strength ultrafine-grained CoCrFeNiMn high-entropy alloy prepared by short-term mechanical alloying and spark plasma sintering[END_REF] or 1543 K [START_REF] Owen | An assessment of the lattice strain in the CrMnFeCoNi high-entropy alloy[END_REF], while the atomistic model calculations gave 1679 K [START_REF] Gutierrez | Melting temperature of CoCrFeNiMn high-entropy alloys[END_REF]. Therefore, the immediate product of combustion synthesis that exists behind the combustion front in the range between Tad = 3290-2250 K, depending on binder content (Fig. 1) and 1500-1600 K when the HEA binder crystallizes, is TiC+melt, because during this period, only one crystalline phase, TiC, can exist. The solubilities of Ni, Fe, Co, or Mn in solid TiC are negligibly low, only Cr can form solid solutions and binary carbide (Ti,Cr)C, and Al can form ternary MAX-phases Ti3AlC2 and Ti2AlC. However, the results of EDS analysis have shown that the concentration of Cr in the TiC grains is commonly below 1 at.%. We also did not detect ternary phases such as Ti3AlC2. Thus, after precipitation of solid TiC grains, chemical composition of the melt should be close to the composition of respective HEA. When the melt temperature decreases, due to heat losses, down to the melting point, crystalline HEA phase appears. This process is similar to a widely used method for production HEAs from the melts, although we don't observe any dendrites that are very common in HEAs elaborated by cooling from a melt [START_REF] Zhang | Microstructures and properties of high-entropy alloys[END_REF][START_REF] Miracle | A critical review of high entropy alloys and related concepts[END_REF]. A difference is that in our case the melt appears in exothermic chemical reaction. The results of our thermodynamic calculations for the Co-Cr-Fe-Ni-Mn system show that a sole solid phase that appears as a result of the melt crystallization at 1600 K is the disordered fcc (L12) HEA solid solution. The formation of other phases, including ordered and disordered bcc solid solutions and intermetallics (sigma-phases) becomes thermodynamically possible at temperatures below 1100 K (in the Ti-C-Co-Cr-Fe-Ni-Mn system, small amount of Cr0.6Mn0.1C0.3 can also precipitate together with the fcc HEA phase). Similar calculations for the Co-Cr-Fe-Ni-Al system have shown that disordered fcc and ordered bcc phases precipitate from the melt simultaneously. These results are in reasonable agreement with experimental data (Fig. 2, Table 1) showing that a maximum concentration of the fcc-phase is observed for the TiC-CoCrFeNiMn material, while the bcc binder prevails in the TiC-CoCrFeNiAl cermet. It is known that the bcc phases have higher strength but lower ductility as compared to the fcc ones [START_REF] Miracle | A critical review of high entropy alloys and related concepts[END_REF].

Therefore, an increase of cermet hardness from TiC-CoCrFeNiMn through TiC-CoCrFeNiTi to TiC-CoCrFeNiAl (Table 2) can be attributed to a growth in relative amount of bcc phase in the cermet binders.

The nonoccurence of MAX-phases Ti3AlC2 and Ti2AlC in the TiC-CoCrFeNiAl cermets can be attributed to the very strong chemical bond between Ti and C, which is much stronger that the bond between Ti and Al. Thus, combustion synthesis in the powder mixtures (Ti+C)+xAl, where x = 10 wt.% -60 wt.%, resulted in formation of TiC as the only product compound, while Al remained as a metal binder in the final product [START_REF] Lee | Ignition Phenomena and Reaction Mechanisms of the Self-Propagating High-Temperature Synthesis Reaction in the Titanium-Carbon-Aluminum System[END_REF]. When the powders were mixed by atomic ratios Ti:C:Al = 2:1:1, a multiphase product composed of Ti2AlC, Ti3AlC2, and TiC was obtained after combustion synthesis [START_REF] Zhou | Preparation of Ti3AlC2 and Ti2AlC by self-propagating high-temperature synthesis[END_REF]. The process involved three stages: (1) Ti + C =TiC; (2) 2TiC + Al + Ti = Ti3AlC2; and (3) TiC + Al + Ti = Ti2AlC. Therefore, addition of Al to the Ti+C mixture (Ti:C = 1:1) is not enough to form MAX-phases, because excess of Ti is also required. A time-resolved synchrotron diffraction study of combustion synthesis mechanism in the Ti-Al-C system revealed that grains of TiC precipitated first from the melt, and the Ti3AlC2 phase (binder) crystallized later, when temperature decreased below 1633 K [START_REF] Rogachev | Phase evolution in the Ti-Al-B and Ti-Al-C systems during combustion synthesis: Time resolved study by synchrotron radiation diffraction analysis[END_REF]. Similarly, we can assert that after solid TiC grains precipitated from the melt as the primary product (Fig. 5) in the TiC-CoCrFeNiAl system, no excessed Ti remained in the melt to react with TiC and form MAX-phases. However, formation of MAX phases may become possible if we add some excess of Ti to this system.

Conclusions

Ceramic-metal composites consisting of TiC-high entropy alloy (HEA) were produced, for the first time, by combustion synthesis (self-propagating high-temperature synthesis). Self-sustained synthesis occurs due to the heat released from the exothermic reaction Ti + C = TiC and propagates across the samples in the form of solid combustion wave. Simultaneously, five elemental metal powders undergo melting in the combustion wave and yield multicomponent liquid solution CoCrFeNiMe (Me = Mn, Ti or Al) that crystallizes into HEA as a binder phase behind the wave. A binder content can be varied from zero up to 40 -50 wt.%. The combustion velocity and temperature gradually decrease with increasing amount of binder.

XRD and SEM results show that all synthesized materials consist of TiC grains and two-phase (fcc and bcc) metallic binder. The Vickers microhardness (100 g) of the compacted cermet materials with 30 wt.% of binder is in the range 10 GPa -17 GPa, increasing with an increase in a bcc to fcc ratio.

modern techniques of the samples preparation and testing. We thank Mrs. Aleftina Belikova for microhardness measurements.
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 1 Fig. 1. Calculated adiabatic combustion temperatures (1-3) and measured burning
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 2 Fig. 2. X-ray diffraction patterns of the samples with 20 wt.% (a) and 30 wt.% (b) of HEA
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 33 Fig. 3. BSE SEM images of synthesized TiC-CoCrFeNiMn (a, d), TiC-CoCrFeNiTi (b,

Fig. 4 .

 4 Fig. 4. EDS analyses of synthesized materials. More data are presented in

  points and form the Ti-Co-Cr-Fe-Ni-Me multicomponent melt surrounded by solid carbon particles. During the second stage, carbon dissolves in the melt and crystalline TiC grains precipitate and grow in the molten matrix. Finally, crystallization of the HEA binder occurs, when the sample temperature decreases below the melting point of the HEA.

Fig. 5 .

 5 Fig. 5. Temperature-time scheme of cermet formation during combustion synthesis.

Table 1 .

 1 Results of XRD analysis: crystal lattice parameters (d) and ratio k of the fcc to bcc phase as a function of binder composition and mass fraction.

	Composition Parameter			HEA binder (wt. %)
			0	10	20	30	40	50	60
	TiC +	dTiC (Å)	4.324 4.321 4.320 4.322 4.322 4.319	-
	CoCrFeNiMn	dfcc (Å)	-	3.608 3.593 3.607 3.608 3.591	-
		dbcc (Å)	-	2.893 2.886 2.887 2.887 2.875	-
		k	-	0.175 0.287 0.713 0.321 0.478	-
	TiC +	dTiC (Å)	4.324 4.320 4.320 4.320 4.323 4.319 4.316
	CoCrFeNiTi	dfcc (Å)	-	3.613 3.582 3.596 3.590 3.579 3.621
		dbcc (Å)	-	2.881 2.880 2.878 2.877 2.872 2.936
		K	-	0.195 0.214 0.383 0.438 0.525 0.455
	TiC +	dTiC (Å)	4.324 4.321 4.318 4.316 4.316	-	-
	CoCrFeNiAl	dfcc (Å)	-	3.582 3.574 3.576 3.574	-	-
		dbcc (Å)	-	2.875 2.881 2.878 2.881	-	-
		k	-	0.224 0.375 0.173 0.213	-	-
	SEM observations have confirmed that the synthesized materials consist of rounded
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