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Introduction and objectives: e T \
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 2. kT
industrial components, while keeping a low density. f; /
I[deally, the HEA should not exhibit intermetallic precipitates due to their brittle behavior, however, despite containing a low fraction of ¥ | wu(/u
refractories, the HEAs still exhibited intermetallic phases, leading to the need for a model predicting the creation of intermetallics in HEAs. 5 /
Basics of HEAs: An HEA, as the name suggests, must possess a fundamental parameter to be labelled as such a high entropy of mixing N R
AS,ix = —R Y; ¢cilnc; and must be equal to at least 13.38 J. (mol. K) ™! (Figure 1), which is the result for a quinary, equimolar alloy. Figure 1: Evolution of the
Core properties of HEAs: According to Yeh et al., giving an alloy such a high entropy of mixing would yield three effects: entropy versus the number of
A distorted lattice, a sluggish diffusion, a « cocktail effect » depicting the hardship of foreseeing the phases and properties of HEAs. metallic elements.

Thermodynamic (£2), steric (87), electronic (|[VEC], 8 ) and chemical (PSFE) Criteria predicting the microstructure of the HEA Alloys [3-5] based on:

parameters of the HEA alloys [3-5]: 0, 6r,|[VEC], 6y and PSFE parameters:
% Solid solution (§S): —20 kJ.mol™! < AH,,;,,< 5 kJ.mol™! and 6r < 6.2 %.

rAHml-,C_ = zn  4AH[Mcic; = Enthalpy of mixing | | _ _
T AS b < Solid solution (SS only): =5 kJ.mol™! < AH,,;,,< 5 kJ.mol™ 6r < 3 %.
. ITZHmTZT S ) = zi=1ci(Tm)i = Averaged melting temperature < Solid solution (only): 2 > 1.1 and 6r < 6.6%.
\ASmlx Rz c;In(c;) = Entropy of mixing (Figla) < Intermetallic phases (IP): AH,,;,, > 5 kJ.mol™! and 6r > 3 %.
< (8§S) + (IP) (or only IP): 1.1 < AH,,;,, < 10 kJ.mol™*and ér > 3.8 %.
or = /X7, (1 —1;/7)? 8xa =21 ci(l = xi/2)? < (IP) (only):AH,,;,, > 20 kJ.mol™t.
Lattice distorsion Allen's Electronegativity % No (IP): 2 > 10 and 67 < 3.8%.
[VEC] = ™, ¢;[VEC), > — atomic % O}fﬁ’f;_zjyormmg lements) % VEC : (IP) if:6.88 < [VEC] < 7.84; (SS) if ([VEC] >/< 6.88).

Valence Electron Concentration

Paired Sigma Forming Elements ¢ PSFE: For 0 — phase: |c] = [A],|B],; A € [VB —VIB] groups: PSFE = 2p/2q [p at. %],

c;, 1;, xi and [VEC]; = Composition, Atomic size, Electronegativity
and Valence Electron Concentration of the it" element, respectively.

7 and y are Average atomic radius and elecronegativity (o0 — phase): 6.88 < [VEC] < 7.84 and PSFE > 40 at.% || (Laves — phase): 6 > 5.0% and Ay, > 7.0%.
of the HEA elements, respectively.

Frank — Kasper o — phase and Laves — phase will form respectively with high probability if:

~
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), arcmelted in Arc Furnace, in Argon atmosphere, and re-melted at least 5 times to ensure homogeneity.

\The two High Entropy Alloys, RHEA — 1 and LIWHEA — 1 were substantially analyzed via XRD, ultra nano-indentation, SEM/EDS and TEM techniques.
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/Results and discussion (RH EA — 1 and LWHEA — 1 Alloys): \
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Figure 3: a (V Al),,(Ti, Ni, Ta)zo (LWHEA — 1) BSE-SEM image of the sample showing

zones with clear and dark contrasts. Clearer contrast indicate that observed area is rich in

heavy elements. b) BEETEM image and the associated SAED pattern recorded along [2110]

of the C14 —Laves Phase (€ to P63 /mmc with agq4 = 4.5 A and cq14 = 7.1 A).

\c) STEM-BF image showing dislocations and planar defects in different Laves phase grains.
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Figure 2: a) (Cr,,W,)(Mn,,Co,,Ni,,) — (RHEA — 1): BSE-SEM image of the (K) ~ J(mol.K)™  kj.mol (—) = = =) (%)
alloy: Clearer dendprites indicate their rich composition in heavy elements. LWHEA — 1 2015 13.38 —27.36 0.99 598 1.65 5.4 80

(K)  Jmol.K)™ kjmol™ (=) (=) (=) (=) (%)

Conclusion and discussion : Bringing in HEA selection:

) = 5.4 and 6 = 3.72%: Solid solution (5S5) predicted and found,
|[VEC| = 7.89; PSFE: 48%: o predicted (/P) and found.

. . o IWHEA — 1- {Q = 0.99 and 6 = 5.98%: Solid solution (SS) not predicted,
[001] of the 0 — phase (€ to P42 /mnm with a, = 8.8 Aand c, = 4.5 A). \Ay.= 19.3% and & = 5.98%: Laves phase (IP)predicted.

d) Darkfield TEM image and associated SAED pattern of the u — phase

b) STEM-BF image of the sample showing the matrix and two minor

intermetallic phases (IP): the Frank and Kasper phases: 0 and p — phases.

c¢) TEM image and associated Selected Area of Diffraction (SAED) along the

RHEA — 1:{

Empirical criteria are useful in HEA design but not conclusive when phases are in competition.

(€ to R3mwith a = 4.72 A), recorded along (110).
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The stright and brighter lines correspond to twins as established

\ by electron diffraction characterisation, inserted SAED pattern in Figure Zd./
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