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TiTaNiVAl, Design of A Light Weight Refractory High Entropy Alloy

For Industrial Applications

I. INTRODUCTION

High Entropy Alloys (HEA) is a new class of material [1,2] that has many favorable mechanical and thermal properties, making them a perfect candidate for structural uses in the transportation and energy industries. Basically, the HEA is a mixture of, at least, five metallic elements. This combination has first to answer to the fundamental parameter of the high entropy of mixing ∆𝑆 !"#. ≥ 13.38 (𝑚𝑜𝑙. 𝐾) %& (Fig. 1a) and to obey to the thermodynamic (𝛺), steric (𝛿𝑟), electronic (𝑉𝐸𝐶) and chemical (PSFE) empiric parameters [3,4] (Fig. 1b).

In this study, we are intended to manufacture a new alloy which first posses a high entropy alloy of mixing, responds as much as possible to the phase formation empirical criteria (Fig. 1b) to finally establish the parallel between the experimental results (structural and microstructural) and the theoretical equilibrium phases diagram (Fig. 2). The selected HEA, is, in fact, a quinary equimolar alloy (Ti, Ta, Ni, V, and Al). This alloy, qualified as Light Weight Refractory HEA is labelled LW-RHEA or, for convenience, Titanival. In addition to Ni and V, it includes light (Al, Ti) and refractory (Ta) metallic elements. Titanival is expected to bring the values of the mechanical properties (ductility, tensile strength, etc.) of industrial components, to a high level while keeping a low density. 

II. MATERIAL AND EXPERIMENTAL PROCEDURE:

A quinary equimolar alloy was prepared with the nominal composition 𝑇𝑖 '( 𝑇𝑎 '( 𝑁𝑖 '( 𝑉 '( 𝐴𝑙 '( , hereinafter labelled the Titanival or LW-RHEA (Light Weight Refractory High Entropy Alloy). Based on metallic powder elements, with at least 99.9 wt.% purity, the Titanival alloy was synthesised by VAC (Vacuum Arc Melting) in Argon atmosphere as pellets. The latter were re-melted at least 5 times to ensure homogeneity and then dropped in water. Various techniques, including, XRD, Electron Diffraction, Scaning electron microscopy (SE and BSE modes), Transmission electron Microscopy imaging (TEM, STEM, HAADF), Spectroscopy (EDS), FIB (Focused Ion Beam), were employed to characterise the crystal structure and the microstructure of the as-cast Titanival alloy. The experimental results are related and confronted to the thermodynamic predictions.

III. RESULTTS AND DISCUSSION

IIIa. Microstructure of the as-cast Titanival alloy

The SEM-BSE (Fig. 3) points out that the microstructure of the as -cast Titanival is compound of two solid solutions, two phases (𝑎 + 𝛾), and a lamellar aggregate. The BF-TEM image (Fig. 4) shows that the 𝑎 phase is located in between the equiaxed 𝛾 grains. When based on Fig. 2, the lamellar aggregate could be identified as a peritectic. The BF-STEM image and its corresponding HAADF show the distribution of the alloying element in the two solid solution 𝑎 and 𝛾 phases (Fig. 4). One can notice that the 𝛾phase appear brighter than 𝛼-phase indicating that 𝛾-phase is rich in element with higher atomic number (notably Ta) while 𝛼-phase is rich in Ti (Fig. 5a). This result is confirmed by the the EDS profile along 𝛾/𝛼/𝑔 𝛾 grains (Fig. 5b). 

IIIc. Mechanical properties, nanoindentation

Nanoindentation measurements were performed using a Berkovich indenter. Indentation maps (7x7) were performed at an applied load of 10 mN. Hardness and Youngs modulus were evaluated using the well-known Oliver & Pharr methodology. The results are gathred in Tab. 2.

Tab. 2. Elastic modulus and hardness of the Titanival alloy derived from nanoindentation mapping.

IV. CONCLUSION

The Titanival is a dual phase alloy. Although certain discrepancies exist between the theoretical calculations and the experimental results, the fact remains that the contribution of the latter is valuable. These divergences would be less if the study was conducted on equilibrium states and not resulting from quenching states: tempering heat treatments with long periods are necessary to reach equilibrium, especially at lower temperatures. Calculated isopleth provides useful guidelines to explain the origin of the lamellar aggregate developed in the Titanival alloy.
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 1 Mixing entropy of the alloys versus the equimolar element number. b) Phase formation Criteria of the HEA. The Titanival characteristic parameters are gathered in [Tab. 1]. The solidification path of the Titanival (𝐿, 𝑎, 𝛾 and 𝛼') is well illustrated in [Fig. 2a]. One can notice that the melting temperature is about 1600 °C and the freezing domain extends between 1600 °C and 690 °C. A quasi-binary phase diagram is also presented in Fig. 2b, where the chemical composition (20 𝑎𝑡 % 𝐴𝑙) of the studied alloy is indicated by the isopleth in black color vertical dashed line. The volume fraction of each phase and the amount of the alloying elements in the Liquid (L), 𝛼, 𝛾 and 𝛼′(BCC-ordred of 𝛼phase) phases, are calculated with ThermoCalc™ software using SSOL4: SGTE data base. Tab. 1. HEA parameters of the Titanival alloy.
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 2 Fig. 2. a) Theoritical Phase Diagram of the TiTaNiVAl alloy b) Calculated quasi-binary phase diagram for Titanival alloy. The chemical composition (20 𝑎𝑡 % 𝐴𝑙) of the studied alloy is indicated by the isopleth in black color vertical dashed line.
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 4 a) SEM-BSE images of the as-cast TiTaNiVAl alloy: two solid solutiond (𝑎 + 𝛾) and b) lamellar aggregates. a b a) BF-STEM / HAADF images pointing out the brighter and darker phases in relation with the high and low atomic number, respectively. b) BF-TEM image of 𝛼-phase seen along <001>.
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 5 Fig. 5. a) EDS X maps of the alloy elements across 𝑎 and 𝛾 phases. One can notice that 𝑇𝑖 and 𝑇𝑎 segregate in 𝑎 and 𝛾, respectively. b) EDS line-profiles of the elements across 𝛾/𝑎/𝛾 phases (insert). IIIb. Crystal structure of the Titanival phases, 𝒂-pahse The crystal structure is focused only on the 𝛼-phase. The Fig. 6 points out SAED patterns recorded along <001>, <111> and <110> zone axes pointing out the (4mm), (6mm) and (2mm) ideal symmetries leading to 𝑚3 O 𝑚 point group. The dashed cercles, as drawn, lead to the centred Bravais lattice and 𝐼𝑚3 O 𝑚 or 𝐼𝑎3 O 𝑚 space group. Taking into account the reflection extinctions due to the glide plane a, the space group is in fact 𝐼𝑚3 O 𝑚.
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 6 Fig. 6. SAED patterns recorded along <001>, <111> and <110> zone axes pointing out the (4mm), (6mm) (2mm) ideal symmetries.