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REFRACTORY AND LIGHT WEIGHT HIGH ENTROPY ALLOYS FOR INDUSTRIAL APPLICATIONS

Félix Royer 1,2 , Marie Erbeia 1,2 , Jaâfar Ghanbaja 1 , Abdelkrim Redjaïmia 1,2 Material and procedures: Two alloys (refractory and light weight HEA, labelled RHEA-1 and LWHEA-1, respectively) were manufactured using high purity (> 99.95 wt.%) metallic flakes or powders (in which case they were pressed in pelleted form), arc-melted in Arc Furnace, in Argon atmosphere, and re-melted at least 5 times to ensure homogeneity. The two High Entropy Alloys, 𝑅𝐻𝐸𝐴 -1 and 𝐿𝑊𝐻𝐸𝐴 -1 were substantially analyzed via XRD, ultra nano-indentation, SEM/EDS and TEM techniques.  𝑆𝑜𝑙𝑖𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑆𝑆 : -20 𝑘𝐽. 𝑚𝑜𝑙 -1 ≤ ∆𝐻 𝑚𝑖𝑥 < 5 𝑘𝐽. 𝑚𝑜𝑙 -1 𝑎𝑛𝑑 𝛿𝑟 < 6.2 %.

 𝑆𝑜𝑙𝑖𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑆𝑆 𝑜𝑛𝑙𝑦): -5 𝑘𝐽. 𝑚𝑜𝑙 -1 ≤ ∆𝐻 𝑚𝑖𝑥 < 5 𝑘𝐽. 𝑚𝑜𝑙 -1 𝛿𝑟 < 3 %.

 𝑆𝑜𝑙𝑖𝑑 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑛𝑙𝑦 : 𝛺 ≥ 1.1 𝑎𝑛𝑑 𝛿𝑟 ≤ 6.6%.

 𝐼𝑛𝑡𝑒𝑟𝑚𝑒𝑡𝑎𝑙𝑙𝑖𝑐 𝑝ℎ𝑎𝑠𝑒𝑠 𝐼𝑃 : ∆𝐻 𝑚𝑖𝑥 > 5 𝑘𝐽. 𝑚𝑜𝑙 -1 𝑎𝑛𝑑 𝛿𝑟 > 3 %. 

Introduction and objectives:

Since 2004, with the creation of the first recorded High Entropy Alloy (HEA) by simultaneously Cantor et al. [1] and Yeh et al. [2], numerous studies have shown the potential of such alloys, from nuclear applications to high ductility in cryogenic conditions. In this study, the objective is to manufacture new HEAs which would include light and refractory elements in order to bring high resilience and ultimate tensile strength to industrial components, while keeping a low density.

Ideally, the HEA should not exhibit intermetallic precipitates due to their brittle behavior, however, despite containing a low fraction of refractories, the HEAs still exhibited intermetallic phases, leading to the need for a model predicting the creation of intermetallics in HEAs.

Basics of HEAs: An HEA, as the name suggests, must possess a fundamental parameter to be labelled as such a high entropy of mixing ∆𝑆 𝑚𝑖𝑥 = -𝑅 σ 𝑖 𝑐 𝑖 𝑙𝑛𝑐 𝑖 and must be equal to at least 13.38 𝐽. (𝑚𝑜𝑙. 𝐾) -1 (Figure 1), which is the result for a quinary, equimolar alloy. Core properties of HEAs: According to Yeh et al., giving an alloy such a high entropy of mixing would yield three effects:

A distorted lattice, a sluggish diffusion, a « cocktail effect » depicting the hardship of foreseeing the phases and properties of HEAs. 
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  Thermodynamic (𝜴), steric (𝜹𝒓), electronic ( 𝑽𝑬𝑪 , 𝜹𝝌) and chemical (𝑷𝑺𝑭𝑬) parameters of the HEA alloys [3-5]: Criteria predicting the microstructure of the HEA Alloys [3-5] based on: 𝜴, 𝜹𝒓, 𝑽𝑬𝑪 , 𝜹𝝌 and 𝑷𝑺𝑭𝑬 parameters: 𝑚𝑖𝑥. 𝑐 𝑖 𝑐 𝑗 = 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑚𝑖𝑥𝑖𝑛𝑔 𝑇 𝑚 = 𝑖=1 𝑛 𝑐 𝑖 𝑇 𝑚 𝑖 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑑 𝑚𝑒𝑙𝑡𝑖𝑛𝑔 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ∆𝑆 𝑚𝑖𝑥. = -𝑅 𝑖=1 𝑛 𝑐 𝑖 𝑙𝑛 𝑐 𝑖 = 𝐸𝑛𝑡𝑟𝑜𝑝𝑦 𝑜𝑓 𝑚𝑖𝑥𝑖𝑛𝑔 (𝐹𝑖𝑔1𝑎)



  (𝑆𝑆) + (𝐼𝑃) 𝑜𝑟 𝑜𝑛𝑙𝑦 𝐼𝑃 : 1.1 ≤ ∆𝐻 𝑚𝑖𝑥 ≤ 10 𝑘𝐽. 𝑚𝑜𝑙 -1 𝑎𝑛𝑑 𝛿𝑟 > 3.8 %.  (𝐼𝑃) (𝑜𝑛𝑙𝑦): ∆𝐻 𝑚𝑖𝑥 > 20 𝑘𝐽. 𝑚𝑜𝑙 -1 .  𝑁𝑜 (𝐼𝑃): 𝛺 ≫ 10 𝑎𝑛𝑑 𝛿𝑟 < 3.8%.  𝑉𝐸𝐶 : (𝐼𝑃) 𝑖𝑓: 6.88 < [𝑉𝐸𝐶] < 7.84 ; (𝑆𝑆) 𝑖𝑓 ([𝑉𝐸𝐶] >/< 6.88).  𝑃𝑆𝐹𝐸: 𝐹𝑜𝑟 𝜎 -𝑝ℎ𝑎𝑠𝑒: σ = 𝐴 𝑝 𝐵 𝑞 ; 𝐴 ∈ 𝑉𝐵 -𝑉𝐼𝐵 𝑔𝑟𝑜𝑢𝑝𝑠: 𝑃𝑆𝐹𝐸 = 2𝑝/2𝑞 𝑝 𝑎𝑡. % , 𝐹𝑟𝑎𝑛𝑘 -𝐾𝑎𝑠𝑝𝑒𝑟 𝜎 -𝑝ℎ𝑎𝑠𝑒 𝑎𝑛𝑑 𝐿𝑎𝑣𝑒𝑠 -𝑝ℎ𝑎𝑠𝑒 𝑤𝑖𝑙𝑙 𝑓𝑜𝑟𝑚 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦 𝑤𝑖𝑡ℎ ℎ𝑖𝑔ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑓: 𝜎 -𝑝ℎ𝑎𝑠𝑒 : 6.88 < 𝑉𝐸𝐶 < 7.84 𝑎𝑛𝑑 𝑃𝑆𝐹𝐸 > 40 𝑎𝑡. % || (𝐿𝑎𝑣𝑒𝑠 -𝑝ℎ𝑎𝑠𝑒): 𝛿𝑟 > 5.0% 𝑎𝑛𝑑 ∆𝜒 𝐴 > 7.0%. 𝑎𝑡𝑜𝑚𝑖𝑐 % 𝑜𝑓 𝐴 σ -𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠) 𝑃𝑎𝑖𝑟𝑒𝑑 𝑆𝑖𝑔𝑚𝑎 𝐹𝑜𝑟𝑚𝑖𝑛𝑔 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑐 𝑖 , 𝑟 𝑖 , 𝜒 𝑖 𝑎𝑛𝑑 𝑉𝐸𝐶 𝑖 = Composition, Atomic size, Electronegativity and Valence Electron Concentration of the 𝑖 𝑡ℎ element, respectively. ҧ 𝑟 and ҧ 𝜒 are Average atomic radius and elecronegativity of the HEA elements, respectively. (𝑅𝐻𝐸𝐴 -1 𝑎𝑛𝑑 𝐿𝑊𝐻𝐸𝐴 -1 Alloys):
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 1 Figure 1: Evolution of the entropy versus the number of metallic elements.
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