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The parameters used to calculate energies are listed below.  

 

Supplementary Table 1. Parameters of fcc materials 

 Ni NiCo NiFe NiCoCr NiCoFe NiFeCr NiCoFeCr NiCoFeCrMn 

lattice constant 𝑎 

(Å) 
3.5238 [1] 3.534 [2] 3.595 [3] 3.559 [4]  3.569 [4] 3.59 [5] 3.592 [5] 3.594 [5] 

melting point 𝑇M 

(K) 
1728 [1] 1735 [6] 1703 [6] 1690 [6] 1724 [6] 1664 [6] 1695 [6] 1553 [7] 

Debye temperature 

𝜃D (K) 
477 [8] 437 [9] 425 [10] 490 [4] 415 [4] 448# [4] 476 [11] 299 [12] 

Curie temperature 

𝑇c (K) 
611 [13] 956 [13] 554 [13] 7 [13] 838 [13] 106 [13] 161 [13] 34 [13] 

stacking fault 

energy 𝛾SF (J/m2) 
0.125 [14] -0.012 

[15] 0.105 [15] -0.045 

[15] 0.075 [15]  
0.061 

[16] 

0.0278 

[16] 0.0264 [16] 

vacancy formation 

energy 𝑄 (eV) 
1.47 [17] 1.75 [17] 1.70 [17] 1.82 [18] 1.60 [19] 1.65 [20] 1.83 [18] 1.66 [21] 

surface energy 𝛾 

(J/m2) 
1.938 [22] 2.161 

[23] 1.998 [24] 2.231 

[25] 2.059 [25] 2.343 

[25] 2.23 [26] 2.26 [26] 

shear modulus 𝐺 

(GPa) 
76 [1] 84 [7] 62 [7] 90 [27] 68 [27] 79 [27] 86 [27] 81 [12] 

Young's modulus 𝐸 

(GPa) 
200 [1] 214 [27] 166 [7] 235 [27] 175 [27] 190 [27] 214 [27] 203 [12] 

 

(Note: #𝜃D = 448 K is for NiFe-20Cr) 

 

 

 

 

Supplementary Table 2. Parameters of hcp materials 

 Ti Zr TiZr TiZrHf TiZrHfSc 

lattice constant 𝑎 (Å) 2.954 [28] 3.232 [29] 3.1141 [30] 3.318 [31] 3.147 [31] 

lattice constant 𝑐 (Å) 4.685 [28] 5.147 [29] 4.9221 [30] 4.958 [31] 5.05 [31] 

shear modulus 𝐺 (GPa) 41.4 [32] 33.8 [33] 33.5 [34] 49.76 [31] 52.97 [31] 

Young's modulus 𝐸 (GPa) 105 [35] 91 [33] 90.5 [30] 96.9 [31] 90.72 [31] 
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Supplementary Table 3. Parameters of bcc materials 

 W Mo NbMo NbMoTa NbMoTaW NbMoTaWV 

lattice constant 𝑎 

(Å) 
3.158 [36] 3.1468 [36] 3.224 [37] 3.26 [38] 3.195 [39] 3.167 [39] 

surface energy 𝛾 

(J/m2) 
2.83 [40] 2.05 [40] 2.518 [41] 2.31 2.661 [41] 2.46 

shear modulus 𝐺 

(GPa) 
161 [36] 126 [36] 82.57 51.87 [38] 102 [39] 94 [39] 

Young's modulus 

𝐸 (GPa) 
410 [42] 329 [42] 280.6 [37] 143.69 

[38] 270 [39] 249 [39] 

 

 

 

The various parameter values for the metals and alloy used to calculate these energies are sourced 

from a broad range of literatures. Differential scanning calorimetry (DSC) is used to quantify 

melting points for several Ni-based alloys, while shear and Young's modulus values are acquired 

using techniques such as resonant ultrasound spectroscopy and estimated from wave velocities. 

Lattice constants are determined using X-ray diffraction (XRD) and crystallographic databases, 

whereas Debye temperatures are derived from specific heat measurements and theoretical 

computations. Density functional theory (DFT) is extensively employed, especially when 

calculating the surface energies, vacancy formation energies, and other properties. Additionally, 

complex alloys are studied through methods like the special quasi-random structure (SQS) 

technique and virtual crystal approximation (VCA). Detailed methods are listed below:



4 

 

1. Fcc materials 

1.1. Lattice constant 

• Ni, NiCoCr, NiCoFe: CRC Handbook and database [1,4]. 

• NiCo: Crystallographic data on electrodeposited phases and thin films [2]. 

• NiFe: Determined by XRD [3]. 

• NiFeCr, NiCoFeCr, NiCoFeCrMn: computed through supercells and replaced Ni by Co, 

Fe, Cr, and Mn simultaneously to build the crystal structure of the studied alloys [5]. 

 

1.2. Melting point 

• Ni: CRC Handbook [1]. 

• NiCo, NiFe, NiCoCr, NiCoFe, NiFeCr, NiCoFeCr, and NiCoFeCrMn: Differential 

scanning calorimetry (DSC) measurements [6,7]. 

 

1.3. Debye temperature 

• Ni, NiCo: Specific heat measurements [8,9]. 

• NiFe: Calculated from the shear and young’s modulus measurements [10]. 

• NiCoCr, NiCoFe, NiFeCr: Calculated from atomic volume and the mean sound velocity [4]. 

• NiCoFeCr, NiCoFeCrMn: Database [11,12]. 

 

1.4. Curie temperature 

• Ni, NiCo, NiFe, NiCoCr, NiCoFe, NiFeCr, NiCoFeCr, and NiCoFeCrMn: Calculation 

within the mean field approximation [13]. 

 

1.5. Stacking fault energy 

• Ni: Anisotropic elasticity theory [14]. 

• NiCo, NiFe, NiCoCr, NiCoFe, NiFeCr, NiCoFeCr, NiCoFeCrMn: First-principles and 

DFT calculations [15,16]. 

 

1.6. Vacancy formation energy 

• Ni, NiCo, NiFe: Computed through finite-size models while comparing to ab initio 

calculations to those obtained from available embedded atom method (EAM) potentials [17]. 

• NiCoFe: DFT calculations based on the Similar Atomic Environment (SAE) method [19]. 

• NiFeCr: Computed from atomistic calculations [20]. 

• NiCoCr, NiCoFeCr: DFT calculation on special quasi-random structures (SQSs) [18]. 

• NiCoFeCrMn: DFT supercell calculations [21]. 

 

1.7. Surface energy 
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• Ni: Computed through model which was conducted by a combination of Monte Carlo (MC), 

molecular dynamics (MD) and lattice statics (LS) types of simulations [22]. 

• NiCo: Taken from the weighted average of the measurement of surface tensions of molten 

Co–Ni alloys experimentally, also verified through theoretical calculations [23]. 

• NiFe: DFT calculations with dispersion correction [24]. 

• NiCoCr, NiCoFe, NiFeCr: DFT calculations verified through thermodynamic modeling and 

a bond-cutting model [25]. 

• NiCoFeCr, NiCoFeCrMn: DFT calculations performed using the Vienna ab initio 

Simulation Package (VASP) within the generalized gradient approximation (GGA) and with 

the Perdew-Burke-Ernzerhof (PBE) functional, also with the use of projector augmented 

wave (PAW) method [26]. 

 

1.8. Shear modulus 

• Ni: CRC Handbook [1]. 

• NiCo, NiFe: Measured in ultrasonic techniques - resonant ultrasound spectroscopy [7]. 

• NiCoCr, NiCoFe, NiFeCr, NiCoFeCr, NiCoFeCrMn: Determined using torsional 

deformation of plates [12,27]. 

 

1.9. Young’s modulus 

• Ni: CRC Handbook [1]. 

• NiFe: Calculated from shear modulus and Poisson’s ratio [7]. 

• NiCo, NiCoCr, NiCoFe, NiFeCr, NiCoFeCr, NiCoFeCrMn: The ASTM E1876-01 

standard test method [12,27]. 

 

2. Hcp materials 

2.1. Lattice constant 

• Ti: Calculated by DFT based on the CASTEP [28]. 

• Zr: Special quasi-random structure (SQS) technique implemented in the Alloy Theoretic 

Automated Toolkit (ATAT) [29]. 

• TiZr: Determined by XRD [30]. 

• TiZrHf, TiZrHfSc: SQS - energy versus volume (E–V) curve fitting with the 3rd Birch–

Murnaghan equation of state [31]. 

 

2.2. Shear modulus & Young’s modulus 

• Ti: Database [32,35]. 

• Zr: DFT on the basis of the frozen-core projected augmented wave (PAW) method of Blochl 

are performed within the Vienna ab initio simulation package (VASP), where the Perdew, 
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Burke, and Ernzerhof (PBE) form of the generalized gradient approximation (GGA) is 

employed [33]. 

• TiZr: Shear modulus: measuring the velocities of ultrasonic sound waves traveling in the 

samples. 40 /Young’s modulus: Compressive mechanical properties were evaluated by 

testing machine (SANS CMT5504) [30]. 

• TiZrHf, TiZrHfSc: DFT, SQS for pristine structure [31]. 

 

3. Bcc materials 

3.1. Lattice constant 

• W, Mo: From experimentally determined atomic radius [36]. 

• NbMo: Determined by XRD [37]. 

• NbMoTa: DFT calculations [38]. 

• NbMoTaW, NbMoTaWV: Virtual crystal approximate (VCA) method [39]. 

 

3.2. Surface energy 

• W, Mo: Used multiphase equilibration, computed from experimental values (experimental 

values are from geometric changes produced by vectorial interaction at intersecting 

interfaces) [40]. 

• NbMo, NbMoTaW: DFT calculations using the SQS supercells [41]. 

• NbMoTa: DFT calculations. 

 

3.3. Shear modulus & Young’s modulus 

• W, Mo: Database [36,42]. 

• NbMo: Shear modulus: DFT. /Young’s modulus: Oliver and Pharr method (indentation 

tests) [42]. 

• NbMoTa: DFT calculations [38]. 

• NbMoTaW, NbMoTaWV: Virtual crystal approximate (VCA) method [39]. 
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Supplementary Figure 1. Shape evolution of two series of Fe NCs from low-energy (110) facets 

to high-energy (100) facets with increasing the overpotential. Gray color, (110) facet; cyan color, 

(100) facet. Reprinted with permission from Ref. [43]. Copyright (2018) American Chemical 

Society.
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Supplementary Figure 2. Dark-field TEM image showing a high dislocation density of ~1016 m-2 

in NiCoFeCrMn high-entropy alloy (Ref. [44]). Copyright (2020), with permission from 

Elsevier.
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