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1. Materials and Methods

Debye temperature (©p) and the average sound velocity (v») can be calculated as fol-
lows 1~

W=

h [3n (M)] (D)

Op = — |—
D kB4‘T[ M

1
_[r(z2, 1y Y)
=l +57) “

Here, p is the theoretical density of the solid solution model, and &, ks, and Na are
Planck’s constant, Boltzmann constant, and Avogadro’s number, respectively. M is the
molecular weight and 7 is the number of atoms in the supercell. vsand v: are the transverse
(shear) and longitudinal sound velocities, respectively. The compressional (longitudinal)
waves and shear waves are estimated by using the values of bulk modulus (K) and shear

modulus (G) according to the Voigt—Reuss-Hill approach based on the following formulas
5.

Vm

G
Vg = |— (S3)
p
3K + 4G
v, = T (54)

An empirical formula was used for calculating an estimation of melting tempera-
ture(Twer) with a standard error of about +300 K by using the elastic constants®-:

591K _
Clarke’s formula for the minimum thermal conductivity (kmin) is given as follows?10:
2
Ny.n.p\3 |E
Kpmin = 0.87kp ( 2 p) — (56)
p
Cahill’s formula for the minimum thermal conductivity is given by'"12
2
ks (my3 (S7)
Kmin = 542 (V) (Vi + 2v5)
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Slack’s formula’>' for thermal conductivity (x) or for lattice thermal conductivity (xt)
(in case the electronic part of thermal conductivity () is negligible) is given by

Mave@D3-Q
2
(yf{. n3. T)

M

Maye = n.N,

=4 (58)

(59)

where V is the volume of the supercell, and A is a constant that can be approximated
to be 3.1e-6* when x in W.m. K. I+ is the acoustic Griineisen parameter, ( is the volume
per atom, and T is the temperature in Kelvin units.

The mixed model ' can give an empirical formula for lattice thermal conductivity ()
as follows:

2
_ (6m%)3 Mgyevs

L= (510)

T2
V3y?T

The acoustic Griineisen constant (y«) was calculated by using the following formula

3 (3v -4 (511)
Ya =75 v+ 2v?2

The thermal expansion coefficient (@) can be roughly estimated from the following
formula using the value of shear modulus '”:

-3
oy 1.6xGlO (512)

16.

The maximum value of phonon wavelength (A4m) can be roughly estimated at any
temperature by using the following formula *:

12.566v
dom = T = x10712 (513)

2. Supplementary Figures
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Figure S1. Calculated total density of states (TDOSs) and partial density of states (PDOSs) of the 12

bcc HEAs models.
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Figure S2. Calculated partial charge (PC) distribution of the 12 bcc HEAs models.
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Figure S3. Calculated bond order (BO) versus bond length (BL) of the 12 bcc HEAs models.
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Figure S4. The pie charts show the percentages of different bonding types of the 12 bcc HEAs
models.

3. Supplementary Discussion

From Fig.S3, we notice the following:

1. Hf-Hf bonds distribute over a 2.8-3.9 A BL with a small BO in M1, M2, and M12,
while for M10 and M11, they distribute over relatively shorter BLs, ranging from 2.85 to
3.65 A for M10 and 2.8 to 3.5 A for M1.
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2. Ti-Ti bonds distribute over a 2.6-4.5 A BL with BO distributed 0.0-0.20e in M1,
M2, M3, M4, and M12, while for M10 and M11, they distribute along longer BLs, ranging
from 2.5 to 4.55 A with BO distributed from 0.0 to 0.25 e~.

3. Ti—Zr bonds distribute over a 2.6-3.9 A BL with BO distributed 0.025-0.17 in M1,
M2, M4, and M12, while they distribute 2.6-3.75 A with BO distributed 0.025-0.15 e in
MS.

4. V-V bonds distribute over 2.4-4.5 A in M9, M10, and M11, while they distribute
along shorter BLs in M1, M3, and M12.

5. W=Mo bonds distribute over 2.5-3.7 A with BO distributed 0.05-0.31 e in M2,
while they distribute along a shorter BL (2.7-3.3 A) with BO distributed 0.05-0.24 - in M6.

6. Ti-Mo bonds distribute over 2.5-3.8 A with BO distributed from 0.04-0.27 in M2
and M8, while they distribute along a shorter BL (2.5-3.5 A) with BO distributed from
0.05-0.28 in M3 and M4.

7. Mo-Ta bonds distribute over 2.6-3.3 A in M6, while they distribute along longer
BL in M3, M4, and MS.

8. Ti-Ta bonds distribute over 2.5-4.5 A with BO distributed 0.0-0.2 in M9, while they
distribute along shorter BLs and higher BOs in M3, M4, and MS.

9. Ta—Ta bonds distribute along shorter BLs in M5 and M6 in comparison to M3 and
M4

10. V-Hf bonds distribute along wide BLs (2.5-4.5 A) in M10, M11, and M12.

11. W-W bonds distribute along shorter BLs (2.7-3.3 A) in M5 and M6 in comparison
to M1, M2, and M7.

12. Mo-Mo bonds distribute along shorter BLs (2.6-3.3 A) in M3 and M6 in compar-
ison to M2, M4, and M8.

13. Ta-Ta bonds distribute along longer BLs (2.6-4.5 A) in M9 in comparison to
M8(2.6-3.6 A).

14. Ta-V bonds distribute along much wider BLs (2.6-4.5 A) in M9 in comparison to
M3, M4, and M5.

15. Nb-Nb bonds distribute along shorter BLs in M6 in comparison to M8, M9, M10,
and M12.

16. Nb-Mo bonds distribute along shorter BLs (2.7-3.3 A) in M6 in comparison to
M8(2.6-3.6 A).

17. Nb-Ta bonds distribute along much longer BLs (2.7-4.5 A) in M9 in comparison
to M6(2.7-3.3 A) and M8(2.7-3.7 A).

18. W-V bonds distribute along shorter BLs (2.5-3.3 A) in M5 in comparison to
M1(2.5-3.9 A).

19. Ti-Hf bonds distribute along wide BLs (2.6—4.5 A) in M1, M2, M7, M10, M11, and
M12.

20. Nb-V bonds distribute along wide BLs (2.5-4.5 A) in M9, M10, and M12. 21. Nb—
Hf bonds distribute along wide BLs (2.7-4.5 A) in M10, M11, and M12.
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