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Introduction

High entropy alloys (HEAs) are defined as those composed of five or more principal elements with the elemental content typically ranging between 5 and 35 at. %. Several alloy systems have been developed with simple crystal structures and remarkable properties [START_REF] Wu | Effects of single and double pulses on microstructure and mechanical properties of weld joints during high-power double-wire GMAW[END_REF] and HEAs are becoming recognized for being composed of a variety of microstructures: single-phase FCC, BCC, or HCP [START_REF] Bernd | A fracture-resistant high-entropy alloy for cryogenic applications[END_REF][START_REF] Takeuchi | High-Entropy Alloys with a Hexagonal Close-Packed Structure Designed by Equi-Atomic Alloy Strategy and Binary Phase Diagrams[END_REF][START_REF] Tracy | High pressure synthesis of a hexagonal close-packed phase of the high-entropy alloy CrMnFeCoNi[END_REF], or even more complex multi-phase microstructures [START_REF] Liang | Highcontent ductile coherent nanoprecipitates achieve ultrastrong highentropy alloys[END_REF].

Consequently, these alloys have attracted significant research interest owing to their promising properties observed over wide temperature ranges and chemical environments. For instance, the quinary equimolar CrMnFeCoNi Cantor HEA possesses an exceptional fracture toughness of more than 200 MPa*m 1/2 at cryogenic temperatures, rendering the alloy an ideal material for low-temperature applications. The standard methods to process HEAs include powder metallurgy [START_REF] Ji | Short communication[END_REF], conventional casting [START_REF] Bernd | A fracture-resistant high-entropy alloy for cryogenic applications[END_REF][START_REF] Tang | Fatigue behavior of a wrought Al0.5CoCrCuFeNi two-phase highentropy alloy[END_REF], and additive manufacture (AM) [START_REF] Wang | Additively manufactured CoCrFeNiMn high-entropy alloy via prealloyed powder[END_REF][START_REF] Li | Selective laser melting of an equiatomic CoCrFeMnNi high-entropy alloy: non-equilibrium microstructure and mechanical property[END_REF][START_REF] Ostovari Moghaddam | Additive manufacturing of high entropy alloys: A practical review[END_REF][START_REF] Fujieda | First demonstration of promising selective electron beam melting method for utilizing high-entropy alloys as engineering materials[END_REF][START_REF] Kuwabara | Mechanical and corrosion properties of AlCoCrFeNi high-entropy alloy fabricated with selective electron beam melting[END_REF]. Currently, there are a number of HEA utilized by various AM processes with different processing parameters, including CrMnFeCoNi [START_REF] An | Hierarchical microstructure and strengthening mechanisms of a CoCrFeNiMn high entropy alloy additively manufactured by selective laser melting[END_REF][START_REF] Piglione | Printability and microstructure of the CoCrFeMnNi high-entropy alloy fabricated by laser powder bed fusion[END_REF], C-containing CrCoNiFe [START_REF] Wu | Nanosized precipitates and dislocation networks reinforced C-containing CoCrFeNi high-entropy alloy fabricated by selective laser melting[END_REF], YGdTbDyLu and AlCoxCr1-xFeNi [START_REF] Takeuchi | High-Entropy Alloys with a Hexagonal Close-Packed Structure Designed by Equi-Atomic Alloy Strategy and Binary Phase Diagrams[END_REF][START_REF] Borkar | A Combinatorial Approach for Assessing the Magnetic Properties of High Entropy Alloys: Role of Cr in AlCoxCr1-xFeNi[END_REF][START_REF] Brif | The use of high-entropy alloys in additive manufacturing[END_REF][START_REF] Zhou | Precipitation behavior of selective laser melted FeCoCrNiC 0.05 high entropy alloy[END_REF][START_REF] Fujieda | CoCrFeNiTi-based high-entropy alloy with superior tensile strength and corrosion resistance achieved by a combination of additive manufacturing using selective electron beam melting and solution treatment[END_REF] HEAs.

The most recent widespread fusion-based AM methods can be classified as: electron-beam [START_REF] Wang | Additively manufactured CoCrFeNiMn high-entropy alloy via prealloyed powder[END_REF][START_REF] Fujieda | First demonstration of promising selective electron beam melting method for utilizing high-entropy alloys as engineering materials[END_REF][START_REF] Kuwabara | Mechanical and corrosion properties of AlCoCrFeNi high-entropy alloy fabricated with selective electron beam melting[END_REF][START_REF] Fujieda | CoCrFeNiTi-based high-entropy alloy with superior tensile strength and corrosion resistance achieved by a combination of additive manufacturing using selective electron beam melting and solution treatment[END_REF][START_REF] Shiratori | Relationship between the microstructure and mechanical properties of an equiatomic AlCoCrFeNi high-entropy alloy fabricated by selective electron beam melting[END_REF][START_REF] Zhang | Pressure-induced fcc to hcp phase transition in Ni-based high entropy solid solution alloys[END_REF] and laser-based [START_REF] Niu | Microstructures and properties of an equimolar AlCoCrFeNi high entropy alloy printed by selective laser melting[END_REF][START_REF] Luo | Selective laser melting of dual phase AlCrCuFeNix high entropy alloys: Formability, heterogeneous microstructures and deformation mechanisms[END_REF][START_REF] Lin | Effects of annealing on the structure and mechanical properties of FeCoCrNi high-entropy alloy fabricated via selective laser melting[END_REF] powder bed fusion as well as wire arc additive manufacturing (WAAM) [START_REF] Ahsan | Effects of process parameters on bead shape, microstructure, and mechanical properties in wire + arc additive manufacturing of Al0.1CoCrFeNi high-entropy alloy[END_REF][START_REF] Shen | Fabrication of bulk Al-Co-Cr-Fe-Ni highentropy alloy using combined cable wire arc additive manufacturing (CCW-AAM): Microstructure and mechanical properties[END_REF]. The advantages of the electron-beam and laser-based powder bed fusion include the smaller grain size of the fabricated parts which is explained by the smaller heat source dimensions and associated faster cooling rate. The disadvantage of powder bed fusion in the case of HEAs is the problem of getting powders with high entropy alloy composition i.e. separate powder should already have HEA composition for achieving homogeneous phase composition in the final product. One of the most promising directed energy deposition AM methods is WAAM [START_REF] Ahsan | Effects of process parameters on bead shape, microstructure, and mechanical properties in wire + arc additive manufacturing of Al0.1CoCrFeNi high-entropy alloy[END_REF][START_REF] Shen | Fabrication of bulk Al-Co-Cr-Fe-Ni highentropy alloy using combined cable wire arc additive manufacturing (CCW-AAM): Microstructure and mechanical properties[END_REF], a cost-effective process in which melting of the feedstock material is induced by an electric arc. Commercially available welding wires can be used as feedstock for WAAM, circumventing the high costs and potential safety concerns associated with metal powders. Directed energy deposition, in which the WAAM process is subsumed, is attracting substantial industrial attention for large and complex structures. The powder wire is beneficial in comparison with solid wire [START_REF] Ahsan | Effects of process parameters on bead shape, microstructure, and mechanical properties in wire + arc additive manufacturing of Al0.1CoCrFeNi high-entropy alloy[END_REF] due to difficulties of the production of last. Either drawing of the solid wire or combining several thin wires in one cord [START_REF] Shen | Fabrication of bulk Al-Co-Cr-Fe-Ni highentropy alloy using combined cable wire arc additive manufacturing (CCW-AAM): Microstructure and mechanical properties[END_REF]. The main disadvantages of these methods are the limitation of the production of wires of a certain chemical composition for the creation of cord wires, which allows obtaining the required chemical composition of the WAAM metal.

Thus, in the current work, it is proposed new innovative approach for bulk HEAs fabrication using WAAM where as a feedstock the designed metal powder-cored wire is used. It is shown that the developed MPCW feedstock allows for obtaining high entropy alloy composition in the wire arc additively manufactured bulk sample. A successful attempt has been made for Fe-rich bulk non-equimolar CoCrFeMnNi high entropy alloy sample fabrication. The evaluation of microstructure and mechanical properties is performed highlighting the potential for WAAM to be used for the creation of large structural components composed of these promising HEAs. And finally it has been shown the way for cost-effective production of the bulk HEAs of complex alloying systems.

Experimental procedure

Metal powder cored wire (MPCW) manufacturing

For the production of the MPCW feedstock material used in this work, an ultra-low carbon steel (composition detailed in table 1) stripe with a size of 0.4 × 10 mm was used and with a filling coefficient set to 60%. The metals powders used for the MPCW wires add the following features: Ni -ball-shaped particles with a size of ≈ 100 μm and purity of 98% (refer to figure 1 a); Mn and Cr -sharped bricks-like particles having a size distribution of 100-300 μm and a purity of 94 and 98% respectively (figure 1 a); Co -leaf-like morphology with an average size of 20 μm and purity of 98% (figure 1 a). The steel strip was placed into forming rolls and eventually the raw powders were added onto the surface of the steel after which enveloping rolls were used to create the wire-shaped feedstock composed of an outer layer of the steel strip and within by raw powder including Ni, Mn, Cr and Co. After the enveloping stage, wire drawing until a final diameter of 2.4 mm was obtained.

Here, it should be mentioned that multiple drawing steps were performed to avoid diameter reductions of over 23 % in a single draw [START_REF] Zavdoveev | Continuous Severe Plastic Deformation of Low-Carbon Steel: Physical-Mechanical Properties and Multiscale Structure Analysis[END_REF]. Hence, the MPCW wire drawing route was performed as follows: diameter = 3.8 to 3.4, 3.0,2.75 and finally to 2.4 mm (with associated partial reductions of 20, 22, 16 and 23%, respectively). The average composition of the wire core filler powder mixture was determined to be 25% Cr, 25% Mn, 25% Co, and 25% Ni at.%. A schematic representation of the MPCW feedstock manufacturing route as well as a cross-section view is detailed in figure 1 b,c. The final MPCW was analysed by energy dispersive spectroscopy (EDS) over the cross section as detailed in figure 1 c. Although mixing of the raw powders is not homogenous, this is not expected to be an issues for WAAM since both the inner and outer regions of the wire are ultimately melted and then mixed within the melt pool.

Manufacturing of non-equimolar CoCrFeMnNi by WAAM

A directed energy deposition tool was welding power supply VDU-506 used for melting and depositing the MPCW feedstock material. The deposition parameters for metal deposition included a current ranging from 280 to 350 A and an arc voltage between 32 and 34 V. The depositions for each layer were performed when the previously deposited layer temperature was between 200 and 250°С. To achieve stable deposition conditions, the wire feed speed was varied between 77 and 90 mm/s. The full list of the deposition parameters is detailed in table 2. A WAAM wall with a total of ten layers was deposited. The monolithic sample measured 150x35x20 mm (figure 2). The deposition was made on the high strength low alloy steel substrate with a width of 50 mm and thickness of 14 mm. According to the Archimedes method, the density of the alloy was measured at 7.771±0.072 g/cm 3 

Table 2. Deposition parameters used in this work

Material characterization

The preparation of metallographic specimens for microstructural studies was implemented according to standard methods using grinding papers of various roughness. Final polishing was performed on a diamond suspension with an average polishing particle size of 1 μm. To reveal and identify the morphology of the macrostructure of the WAAM parts, etching with a 15 ml HCl3 + 5 ml HNO3 solution was performed. The exposure time of these specimens was 40-60 s, followed by washing and drying. For EBSD, the final surface was prepared by electro-polishing in a 65% orthophosphoric acid + 15% sulphuric acid + 6% chromic anhydride + 14% water solution [START_REF] Zavdoveev | Preparation of metallographic specimens for electron backscatter diffraction[END_REF]. The electro-polishing parameters were: temperature 70-90 o C, anodic current density, 1 А/cm 2 , voltage 23 V and exposure time 19 s.

For microstructural analysis, several methods were used: scanning electron microscopy (SEM) using a Tscan Mira 3 LMU facility, and energy dispersive X-Ray analyzer (EDX). EBSD analysis was conducted using a Zeiss SUPRA 55 VP scanning-electron microscope (FEG-SEM) operating at 20 kV.

The EBSD data acquisition and analysis was undertaken using EDAX-TSL Orientation Imaging Microscopy with OIM TM software.

To support the microstructure characterization Thermo-Calc software version with TCHEA5 High-Entropy Alloy database was used for thermodynamic calculations, which were performed in order to predict phase formation and partitioning under equilibrium and non-equilibrium solidification conditions, associated solidification path, solidification temperature range, and constituent phases at the end of solidification [START_REF] Abu-Odeh | Exploration of the high entropy alloy space as a constraint satisfaction problem[END_REF][START_REF] Martin | Elemental Effects on Weld Cracking Susceptibility in AlxCoCrCuyFeNi High-Entropy Alloy[END_REF]. Solidification calculations were performed for the experimentally-prepared alloy compositions.

Mechanical properties characterization was performed using indentation.

Indentation is the most accurate, theoretically and experimentally confirmed standardized method for determining the physical and mechanical properties of micro-and nanometre-levels for materials consisting of fine structure and local gradient of material properties [START_REF] Khokhlova | Nanoindentation of micro weld formed through thin nanolayered filler[END_REF]. Nanoindentation is a test based on the method of Oliver and Parr [START_REF] Oliver | An improved technique for determining hardness and elastic modulus using load and displacement sensing indentation experiments[END_REF] to determine the hardness and modulus of elasticity from indentation diagrams that are recorded by continuous penetration of a Berkovich diamond indenter [START_REF] Technologies | Nano Indentors from Micro Star Technologies[END_REF]. The ratio of a material's hardness, H, to its Young's modulus, E (H/E), is useful to assess the degree of hardening quickly and efficiently in engineering materials. The H/E ratio characterizes the ability of a material to change shape and size during deformation and can also serve as a qualitative comparative characteristic of the resistance of materials to deformation under mechanical loading and thus reflect its structural state. The Vickers hardness technique was also performed.

The tensile test was utilized on the universal servohydraulic complex MTS 318.25 with a maximum force of 250 kN. The samples for testing were cuted from the middle part of the bulk billet along the scanning direction.

Results and discussion

The essential part of the additively manufactured HEA billet is structureproperties characterization [START_REF] Guo | Unique strength-ductility balance of AlCoCrFeNi2.1 eutectic high entropy alloy with ultra-fine duplex microstructure prepared by selective laser melting[END_REF][START_REF] Yinuo Guo Peixin | A Review of Emerging Metallic System for High-Energy Beam Additive Manufacturing: Al-Co-Cr-Fe-Ni High Entropy Alloys[END_REF]. In the current study, the whole billet is 3) has shown uniform distribution through the height of the sample. There is a slight deviation of the chromium and nikel-allying elements but at the error limit, its values are quite stable. The difference between the volume fraction of Cr compared to Ni and Co could be conditioned by its content in welding wire due to possible dispersion during filler powder mixture preparation. A cross-sectional EBSD map of the fabricated WAAM HEA is detailed in (figure 3 b). A defect-free component was obtained (in means micro/macro pores voids cracks hot cracks etc.). The microstructure of the WAAM parts changed from a mixed of equiaxed and columnar grains near the steel substrate to a fully columnar grain structure, highlighting the typical texture of WAAM-fabricated parts.

The WAAM part is composed of an FCC phase along the entire height with the exception of the first deposited layer. Here, the dilution with the substrate lead to the formation of trace amounts of BCC phase, as shown in (figure 3 c). The presence of the substrate metal with BCC lattice in deposited metal and vice versa are commonly known phenomena. This effect is explained by the 'Marangoni effect' [START_REF] Krivtsun | Modeling of weld pool phenomena in tungsten inert gas, CO2-laser and hybrid (TIG+ CO2laser) welding[END_REF][START_REF] Torbati | Optimization procedures for GMAW of bimetal pipes[END_REF][START_REF] Hu | Weld pool dynamics and the formation of ripples in 3D gas metal arc welding[END_REF] which describes mixing metal in the welding bath due to the convection flow of the molten metal under the arc pressure.

Considering the chemical composition of the alloy, as obtained by EDX, the predicted solidification path based on the Scheil-Gulliver equation was obtained. The solidification temperature range is calculated as follows: liquidus T = 1410 °C, solidus T = 1390 °C. A fully FCC structure is predicted, which is in good agreement with the EBSD data obtained across the WAAM part, expecting that the first layer to the dilution with the substrate.

Further SEM investigation reveals interesting microstructure peculiarities (figure 4). In SE mode (this mode reveal morphological contrast) there are grains-and subgrain-structure which are visible. The grains have columnar structure characteristics for the deposited metal and are oriented toward the building direction. While in BSE mode (this mode reveal phase contrast) there is no microstructural contrast. This is related to the homogenous composition of the fabricated material, which renders the formation of a single FCC solid solution. 

SWOT analysis of research results

Strengths. The positive effect of the present research consists of the development methodology for the fabrication of a dedicated HEA wire feedstock to be used during WAAM. The proposed methodology enables the possibility of the fabrication of large structural components composed of HEAs and fabricated with WAAM using inexpensive and safer wire feedstock.

Weaknesses. WAAM of HEAs is still very insipient. Thus, significant research efforts are necessary to unveil potential alloy compositions and to determine the microstructure evolution during arc-based AM processes.

Opportunities. From the above mentioned, it follows that the prospects for further research consist in establishing the details of the physical and mechanical properties of the WAAM HEA produced with MPCW (changing processing conditions and/or feedstock material condition), which will reduce the adjustment time of the technology when it is incorporated into upscaled production.

Threats. Hence, to obtain an economic effect, it is needed to go through the stage of implementation and testing of MPCW technology in real production conditions.

Conclusions

Metal powder cored wire arc additive manufacturing of HEA was successfully performed. The proposed technical solution can be used for additive manufacturing of HEA using GMAW as the heat source. The filling materials used for the wire feedstock include components in equal molar fraction of cobalt, manganese, chromium, nickel, while the remaining is an Fe Statement on Conflicts of Interest:One of the authors of this article is part of the Editorial Board of the journal. To avoid potential conflicts of interest, the responsibility for the editorial and peer-review process of this article lies with the journal's other editors. Furthermore, the authors of this article were removed from the peer review process and had no and will not have any access to confidential information related to the editorial process of this article. 
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  backscattered diffraction EDX -energy dispersive X-Ray analysis FCC -face-centred cubic GB -grain boundary GMAW -gas metal arc welding H -Meyer hardness HCP -hexagonal close package HEA -high entropy alloy HV -Vickers hardness MPCWmetal powder-cored wire SE -secondary electrons SEM -scanning electron microscopy SGB -sub grain boundary UTS -ultimate tensile stress WAAM -wire arc additive manufacturing WTC -welding thermal cycle YS -yield stress

Figure 1 .

 1 Figure 1. The metal powder-cored wire manufacturing details: initial powders (a), manufacturing route (b), SEM and X-Ray maps of the manufactured MPCW cross-section (c).

Figure 2 .

 2 Figure 2. Bulk WAAM fabricated non-equimolar CoCrFeMnNi HEA: a) top view; b) side view.

  considered from the middle zone, as it reflects representative volume, and the thermal cycle effect is more homogeneous in this part. But for clarity, the chemical composition measurements were made in all zones, namely the bottom, middle, and top of the billet. EDX spectroscopy, X-Ray maps of the distribution of the principal elements are presented in figure3 a,d. The uniform formation of a single-phase alloy and the uniform distribution of chemical elements are also observed. The liquation of manganese is insignificant, which is conditioned by solidification kinetics, namely the element with a relatively low melting point (1250 °C for Mn) is segregating into interdendritic regions. The slight segregation of nickel is caused by the nonequilibrium solidification process i.e. relatively higher cooling speed compared with conventional melting processes. Chemical composition analysis made from the bottom middle and top part of the WAAM HEA billet (Table

Figure 3 .

 3 Figure 3. Microstructure characterization of the WAAMed HEA billet: X-Ray maps for the selected area from the middle part of the billet (a), EBSD IPF and phase maps (b), EBSD phase map for interface substrate-deposition (c), EDX spectra for 1000mm 2 area of the middle part zone (d).

Figure 4 .Figure 5 .

 45 Figure 4. SEM analysis of the WAAMed HEA bulk sample, middle part: SEmode (a, c), BSE mode (b,d). GB -grain boundary, SBG -sub-grain baundary

  shell. Defect-free parts were obtained with a single FCC structure developed along the height of the wall. The mechanical properties were seen to be homogenous along the height of the fabricated material. This work opens the door for the implementation of WAAM for the production of structural components based on HEAs. 2021R1A2C3006662). JPO acknowledges the funding of CENIMAT/i3N by national funds through the FCT-Fundação para a Ciência e a Tecnologia, I.P., within the scope of Multiannual Financing of R&D Units, reference UIDB/50025/2020-2023. We would like to thank the Murchison Endowment at the University of Texas at El Paso.The authors are grateful to Dr. M. Speicher (Wissenschaftlerin bei Universität Stuttgart), Dr. S. Moskalyuk (G. V. Kurdyumov Institute of Metal Physics of the NAS of Ukraine), Eng. E.Los and T.Solomijchuk (Paton Electric Welding Institute of NAS of Ukraine) for help in experiments.

Table 1 .

 1 Chemical composition of the metal stripe used for wire feedstock fabrication (in wt.%).

	C	Si	Mn	Ni	S	P	Fe
	0.05 0.05 0.35 ≤0.30 ≤ 0.04 ≤ 0.035	balance

Table 3 .

 3 Chemical composition of WAAM HEA billet, at%.

	Zone	Cr	Mn	Fe	Co	Ni
	Bottom	13.80 11.69 49.38 12.40 12.73
	Middle	13.82 11.64 49.33 12.44 12.77
	Top	13.85 11.93 49.20 12.17 12.85
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