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a b s t r a c t 

Body-centered cubic (bcc) refractory multicomponent alloys are of great interest due to their remark- 

able strength at high temperatures. Optimizing the chemical compositions of these alloys to achieve a 

combination of high strength and room-temperature ductility remains challenging. Systematic predic- 

tions of these correlated properties across a vast compositional space would speed the alloy discover 

process. In the present work, we performed first-principles calculations with the special quasi-random 

structure (SQS) method to predict the unstable stacking fault energy ( γusf ) of the (1 ̄1 0)[111] slip system 

and the (1 ̄1 0) -plane surface energy ( γsurf ) for 106 individual binary, ternary and quaternary bcc solid- 

solution alloys with constituent elements among Ti, Zr, Hf, V, Nb, Ta, Mo, W, Re and Ru. Moreover, with 

the first-principles data and a set of physics-informed descriptors, we developed surrogate models based 

on statistical regression to accurately and efficiently predict γusf and γsurf for refractory multicomponent 

alloys in the 10-element compositional space. Building upon binary and ternary data, the surrogate mod- 

els show outstanding predictive capability in the high-order multicomponent systems. The ratio between 

γsurf and γusf can be used to populate a model of intrinsic ductility based on the Rice model of crack-tip 

deformation. Therefore, using the surrogate models, we performed a systematic screening of γusf , γsurf 

and their ratio over 112,378 alloy compositions to search for alloy candidates that may have enhanced 

strength-ductility synergies. Search results were also validated by additional first-principles calculations. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Metals and alloys based on transition metal elements of Group 

 and VI in the periodic table (such as Nb, Ta, Mo, and W) usu-

lly have nearly half-filled d-band electrons. These electrons gen- 

rate strong interatomic bonds with considerable directional de- 

endence, and they make these alloys have the non-close packed 

cc lattice structure [1] . Because of these electronic and atomistic 

tructures, these alloys have high melting temperatures, and the 

islocation motions in these alloys have more substantial activa- 

ion barriers and temperature-dependent behavior compared with 

any other metallic alloys [2–6] . While these alloys (so-called re- 

ractory metals and alloys) can have excellent mechanical perfor- 

ances with high strengths and sufficient ductility at high temper- 

tures ( > 10 0 0 ◦C), but many are brittle at the room temperature,

ignificantly limiting their mechanical processing and engineering 

pplications. 
∗ Corresponding author. 
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Recently, there are developments of multicomponent alloys 

ased on Group IV, V and VI elements mixed in either equimolar 

nd non-equimolar ratios [7–12] . Some of these refractory high- 

ntropy alloys (HEAs) were reported to have excellent mechanical 

erformances in both strengths and ductility in extremely high- 

emperature regions [7,8,13–17] . However, these alloys generally 

ave low ductility at room temperatures [8,18] . Because there are 

any degrees of freedom in the compositional space, it is urgent 

o develop efficient and accurate methods to predict the strengths 

nd ductility of candidate alloys with arbitrary chemical composi- 

ions in order to search for alloys with optimized mechanical per- 

ormances. So far, there have been many studies to predict the 

trengths of multicomponent HEA in both face-centered cubic (fcc) 

nd bcc lattice structures [19–25] . However, only sparse theoretical 

tudies were conducted to investigate their ductility, especially for 

cc HEAs [ 15,26,117 ]. 

The evaluations of the ductility for general solid solution al- 

oys using first-principles calculations are often conducted based 

n several well-established criteria. They include the Pugh’s mod- 

lus ratio of the bulk and shear modulus of alloys [27] , the lat-

https://doi.org/10.1016/j.actamat.2021.116800
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116800&domain=pdf
mailto:qiliang@umich.edu
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ice instability mechanism under ideal strength deformation [28–

0] , and the Rice criterion based on the competition between dis- 

ocation emissions and cleavage fracture propagation [31,32] . Us- 

ng the linear elastic fracture mechanics (LEFM) analyses, the crit- 

cal stress intensity factor for cleavage fracture propagation near 

 crack tip can be predicted by using elastic constants ( c i j ) and

urface energies ( γsurf ) of cleavage planes, and the critical stress 

ntensity factor for dislocation emissions near the crack tip can 

e predicted by using elastic constants and unstable stacking fault 

USF) energies ( γusf ) of specific slip systems. The intrinsic ductility 

f an alloy can be determined based on the ratio between these 

wo types of stress intensity factors. Approximately, an alloy with 

 higher ratio of 
γsurf 
γusf 

can be considered to have a higher likelihood 

f being intrinsically ductile[ 26,31–34,117 ]. These approaches have 

een applied using either empirical interatomic potentials or first- 

rinciples calculations for different metals and alloys [26,34–36] , 

ncluding bcc HEAs [ 26,117 ]. 

However, to calculate these parameters ( c ij , γsurf and γusf ) of 

ulticomponent solid-solution alloys based on first-principles cal- 

ulations are not straightforward tasks. These calculations were of- 

en conducted using the relatively large supercells generated by 

he special quasi-random structure (SQS) method [37] , which tunes 

he correlation functions of lattice occupations in the finite-size 

upercells to be close to those of the ideally mixed solid solu- 

ions. Multiple first-principles density functional theory (DFT) cal- 

ulations have to be conducted to obtain the average results of the 

arameters for a specific alloy composition [38–42] . These expen- 

ive calculations limit our ability to explore compositional spaces 

fficiently. 

Statistical learning methods can be applied to construct surro- 

ate models to predict the parameters of HEAs and other multi- 

omponent solid-solution alloys with DFT-level accuracies. How- 

ver, a key bottleneck of these surrogate models is the small size 

f training data sets intrinsically limited by the costs of DFT calcu- 

ations, which can undermine their extrapolative prediction ability. 

his limitation could be relieved by including the physical mech- 

nisms in the surrogate model. As discussed above, the atomistic 

nd electronic structures are strongly correlated to the deforma- 

ion defect properties and the corresponding mechanical behavior 

f bcc transition-metal alloys. For example, the bcc alloys based on 

roup V elements are generally ductile, but those based on Group 

I elements are generally brittle, although the latter have higher 

trengths, and these variations are controlled by the average fill- 

ng level of d-band electrons [28,29] . Our recent studies also re- 

eal the stability of deformation defects in bcc transition-metal al- 

oys are strongly correlated to the features of local d-band shape 

nd filling level [43] . Thus, it is possible to combine statistical re- 

ression methods and feature parameters of electronic and atom- 

stic structures to construct an accurate and reliable model for bcc 

olid-solution alloys. 

In this paper, we developed surrogate models based on statisti- 

al regression to learn the DFT calculations of USF energies ( γusf ) 

nd surface energies ( γsurf ) of { 110 } plane in multicomponent bcc 

olid-solution alloys mainly composed of Group IV, V, and VI el- 

ments. Based on a set of descriptors for capturing the features 

f atomic bonds and electronic structures of pure metals and or- 

ered intermetallic alloys, our models can successfully predict the 

ariations of USF and surface energies with an error of approx- 

mately 0.047 and 0.046 J/m 

2 , respectively, in a large multicom- 

onent space using only the chemical compositions as the inputs. 

ur current regression model trained only based on ∼70 data of 

inary and ternary alloys can accurately predict γusf and γsurf for 

uaternary alloys different from those in the training data. Using 

ur surrogate models, we conducted a fast screening of γusf and 

over a large number of quaternary bcc alloys, which are kinet- 
surf 
t

2 
cally possible to be synthesized based on the currently available 

hase diagrams [44] . The predictions of many extreme cases from 

hese screening results were then confirmed by additional DFT cal- 

ulations. The results suggest that their potency of strengths and 

uctility, which are related to γusf and 

γsurf 
γusf 

, respectively, are not 

olely determined by the d-band filling. In addition, there could be 

onsiderable spaces to tune alloy chemical compositions for fur- 

her improvements of the strength-ductility synergy relative to the 

urrently known equimolar HEAs. 

We have to emphasize that several major approximations and 

implifications have been taken in our framework. First, we only 

alculate the USF and surface energies without considering the 

omposition effects on the elastic constants of alloys, which are 

eeded to evaluate the critical stress intensity factors. Second, 

here could be multiple slip planes and fracture surface planes in 

cc alloy systems besides { 110 } planes [45,46] . In principles, we 

an also predict these parameters based on the same framework 

f DFT calculations and statistical regression methods as discussed 

n this paper, but it would heavily increase our calculation effort s. 

dditionally, the elastic constants of solid-solution alloys can also 

e derived from recently developed machine learning models [47] . 

ther factors, such as the variations of local GSF [48–50] , the ef- 

ects of short-range ordering at 0 K and finite temperatures [49–

3] , and lattice-trapping effects on crack propagation [54,55] , can- 

ot be described by the average results of USF and surface en- 

rgies from the first-principles calculations and the SQS method. 

eanwhile, the contributions of other deformation mechanisms, 

uch as deformation twinning, could be important to determine 

he strength and ductility of some specific HEAs [56–58] , which 

an be further investigated in the future by applying the similar 

FT methodologies [38,41,59] . Our strategy here is to develop these 

tatistic regression models to efficiently search in the multicompo- 

ent compositional spaces to find the possible alloy compositions 

ith optimized values of γusf and 

γsurf 
γusf 

under the assumption of 

deally mixed solid-solution alloys. Once such candidates are iden- 

ified, more rigorous calculations and defect models can be applied 

o evaluate their mechanical performances. 

. Methods 

.1. DFT calculations 

.1.1. Computation of unstable stacking fault and surface energy 

In the present work, the supercells for DFT calculations were 

uilt based on the special quasi-random structure (SQS) method 

60] to approximately describe the chemical disorder in the stud- 

ed solid-solution alloys. The SQSs were generated by using the 

lloy Theoretic Automated Toolkit (ATAT) [37] , in which a Monte 

arlo-based evolutionary algorithm is used to search the periodic 

tomic structure with the closest match of correlation functions 

f a ideally mixed solid-solution state. Here, 13 types of SQSs 

ere generated to study the bcc solid-solution phases with dif- 

erent binary, ternary and quaternary alloying compositions in a 

0-element compositional space (i.e., Ti, Zr, Hf, V, Nb, Ta, Mo, W, 

e and Ru). As listed in Table 1 , 64 individual compositions were 

odeled for 14 binary systems, 10 compositions for 3 ternary sys- 

ems, and 32 compositions for 12 quaternary systems. 

Most of the generated SQSs are 72-atoms supercells are with or- 

hogonal basis vectors, which are [11 ̄2 ] × 2[111] × 3[1 ̄1 0] presented 

sing the conventional bcc lattice basis. An example of the 72- 

toms SQSs is shown in Fig. 1 a for a quaternary alloy with equimo-

ar composition. Besides, a SQS with 90 atoms and basis vectors of 

11 ̄2 ] × 2[111] × 5[1 ̄1 0] was generated to model the ternary alloys 

ith the A 2 B 2 C type of compositions (A, B, and C represent the 

lloying elements). Moreover, other than the SQSs associated with 

he compositions listed in Table 1 , we also generated a additional 
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Fig. 1. The configurations of (a) the bulk SQS supercell for the quaternary equimolar composition, (b) the supercell for calculations of USF energies, and (c) the supercell for 

calculations of surface energies. These figures show a projection along the [11 ̄2 ] direction. 

Table 1 

Alloying systems and compositions studied by the SQS method 

Systems Alloying compositions studied by the SQS method 

Binary 

Ti 3 Nb, Ti 2 Nb, TiNb, TiNb 2 , TiNb 3 , 

Ti 3 W, Ti 2 W, TiW, TiW 2 , TiW 3 , TiW 7 , 

Ti 3 Ru, Ti 2 Ru, TiRu, 

Hf 3 Nb, Hf 2 Nb, HfNb, HfNb 2 , HfNb 3 , 

V 7 W, V 3 W, VW, VW 3 , VW 7 , 

Nb 7 Ta, Nb 3 Ta, NbTa, NbTa 3 , NbTa 7 , 

Nb 3 Mo, Nb 2 Mo, NbMo, NbMo 2 , NbMo 3 , 

Nb 3 W, Nb 2 W, NbW, NbW 2 , NbW 3 , 

Nb 7 Ru, Nb 3 Ru, Nb 2 Ru, NbRu, 

Ta 7 Mo, Ta 3 Mo, TaMo, TaMo 3 , TaMo 7 , 

Ta 7 Re, Ta 3 Re, TaRe, TaRe 3 , 

Mo 7 W, Mo 3 W, MoW, MoW 3 , MoW 7 , 

W 7 Re, W 3 Re, WRe, WRe 3 , 

W 7 Ru, W 3 Ru, W 2 Ru 

Ternary 

Ti 2 NbW, Ti 2 Nb 2 W, TiNbW, TiNb 2 W, TiNb 2 W 2 , TiNbW 2 , 

TiWRe,TiW 2 Re, 

TiNbRu, TiNb 2 Ru 

Quaternary 

TiZrHfNb, TiZrHf 2 Nb 2 , TiZrHfNb 3 , 

TiZrVNb, TiZr 2 V 2 Nb, 

TiVNbMo, 

TiNbWRe, TiNb 3 WRe, TiNb 2 W 2 Re, TiNbW 3 Re, 

TiNbWRu, TiNb 3 WRu, TiNb 2 W 2 Ru, TiNbW 3 Ru, 

VNbWRu, VNb 2 W 2 Ru, VNbW 3 Ru, 

VMoWRu, VMoW 3 Ru, 

Nb 2 Ta 2 MoW, NbTaMoW, NbTa 3 MoW, NbTaMoW 3 

Nb 3 TaWRu, Nb 2 TaW 2 Ru, 

NbMoW 3 Ru, 

Ta 2 MoW 2 Re, TaMoWRe, TaMoW 3 Re, 

TaMoWRu, TaMo 2 W 2 Ru, TaMoW 3 Ru 
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roup of 72-atoms quaternary SQSs in order to validate the screen- 

ng results of the surrogate models Section 3.4 . 

Both the atomic positions and the geometry (the shape and vol- 

me) of the generated SQS supercells are fully relaxed to capture 

he local lattice distortion induced by the size mismatch between 

he constituent elements. The results show that the shape changes 

f these orthogonal supercells are negligible. Then, with the re- 

axed supercells, a method developed in our previous work [38] is 

dopted to compute the (1 ̄1 0)[111] unstable stacking fault energy, 

usf , and the (1 ̄1 0) surface energy, γsurf . 

To create a (1 ̄1 0)[111] generalized stacking fault (GSF) between 

wo neighboring (1 ̄1 0) planes, the atoms below the fault interface 

re rigidly shifted relative to the rest of atoms along the [111] di- 

ection. The shift can be accommodated by distorting the bulk su- 

ercell ( Fig. 1 a) to have an angle away from 90 degrees between
3 
he [111] and [1 ̄1 0] directions so that only one stacking fault in- 

erface is introduced in the supercell, as shown in Fig. 1 b. All the

toms in the shifted supercell are relaxed along the [1 ̄1 0] direction 

ut fixed along the [111] and [11 ̄2 ] directions. The supercell size is 

lso relaxed along [1 ̄1 0] direction to remove the normal stress per- 

endicular to the fault plane. After the relaxation, the GSF energy 

s calculated as the difference in total energies between the su- 

ercells with and without the GSF structure divided by the cross- 

ectional area parallel to the fault plane. 

In the present work, for the sake of simplification, the USF en- 

rgy ( γusf ) is treated as the GSF energy at a fixed shift distance

hat equals to the length of 1 
4 [111] , although a more rigorous way 

s to interpolate the maximum point of the GSF energy curve as 

he function of the shift distance. Our benchmark calculations were 

erformed to show that the difference between the GSF energy at 

he shift distance of 1 
4 [111] and the maximum energy from the 

urve interpolation is actually negligible, which is only as small as 

round 0.0 0 062 J/m 

2 . Details are shown in Section 3.1 . In addition,

ince one supercell contains multiple (1 ̄1 0) planes, the GSFs be- 

ween all the possible neighboring planes must be considered. For 

ach of the two neighboring planes, two shifts, namely − 1 
4 [111] 

nd + 

1 
4 [111] , have been applied to compute the corresponding GSF 

nergies, respectively. Finally, for a given alloy composition, its γusf 

s an average of all the calculated GSF energies by considering all 

he possible positions of the fault planes in the SQS supercell. For 

xample, for the 72-atom supercell, its γusf is calculated by averag- 

ng 12 (12 = 6 planes × 2 directions) individual GSF energies. 

To calculate the the surface energy, γsurf , a vacuum layer of 7 
˚
 is inserted between two neighbouring (1 ̄1 0) planes to introduce 

wo free surfaces, as shown in Fig. 1 c. The total energy of the su-

ercell with free surfaces is computed by only relaxing the atoms 

n the surface planes and their first-nearest adjacent (1 ̄1 0) planes. 

he rest of atoms and the supercell geometry remain fixed. The 

urface energy is defined as the difference in total energies of the 

ulk supercell ( Fig. 1 a) and the supercell with surfaces ( Fig. 1 c)

ivided by twice the cross-sectional area parallel to the surface 

lanes. The convergence of the calculated surface energies with re- 

pect to the volume of the vacuum region in the supercell was also 

ested. Similar to γusf , γsurf of a given alloying composition is also 

erived by averaging the surface energies of all the (1 ̄1 0) planes 

n the SQS supercell. For example, γsurf of the 72-atoms supercell 

s calculated by averaging over six individual (1 ̄1 0) planes. 

Additionally, it is worth mentioning that the convergence of the 

alculations on γusf and γsurf was also tested using a series of SQSs 

ith different sizes, as discussed in detail in Section 3.1 . With the 
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Table 2 

The electronic configurations of the pseudopotentials used in the first-principles 

calculations. The electrons in the bracket are treated as inner-core electrons. 

Element Ti_sv Zr_sv Hf_pv 

V_RHFIN ([Ar]) 3 s 2 3 p 6 3 d 2 4 s 2 ([Kr]) 4 s 2 4 p 6 4 d 2 5 s 2 ([Xe] 4 f 14 )5 p 6 5 d 2 6 s 2 

Element V_sv Nb_sv Ta_pv 

V_RHFIN ([Ar]) 3 s 2 3 p 6 3 d 3 4 s 2 ([Kr]) 4 s 2 4 p 6 4 d 3 5 s 2 ([Xe] 4 f 14 )5 p 6 5 d 3 6 s 2 

Element Mo_pv W_pv Re 

V_RHFIN ([Kr]) 4 p 6 4 d 4 5 s 2 ([Xe] 4 f 14 )5 p 6 5 d 4 6 s 2 ([Xe] 4 f 14 )5 d 5 6 s 2 

Element Ru 

V_RHFIN ([Kr]) 4 d 6 5 s 2 
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Fig. 2. Schematic illustration of the first-nearest neighbor bonds in (a) the single- 

element bcc and (b) binary B2 structures. 
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alculated γusf and γsurf , the D parameter, which qualitatively re- 

ects the potency of the intrinsic ductility of a material [31–34,61] , 

an be easily derived as, 

 = γsurf /γusf (1) 

.1.2. Parameter settings of DFT calculations 

In the present work, the DFT calculations were carried out using 

he Vienna ab-initio simulation package (VASP) [62] . The projector 

ugmented wave method (PAW) [63] and the exchange-correlation 

unctional depicted by the general gradient approximation from 

erdew, Burke, and Ernzerhof (GGA-PBE) [64] were employed to 

erform the calculations. The electronic configurations of the pseu- 

opotentials used for the first-principles calculations are summa- 

ized in Table 2 . The energy cutoff of the plane-wave basis was 

et to be 400 eV. A first-order Methfessel Paxton smearing of 0.2 

V was applied for Brillouin zone integration. To accommodate the 

ifferences in the size of the supercell structures, the automatic 

eshing scheme, as implemented in the VASP software, was used 

o generate the k-point grids in the first Brillouin zone of the calcu- 

ations. The R k length of the automatic meshing was set to be 30 Å.

he resulting k-point grids are 4 × 2 × 3 for the 72-atom supercell 

n both the undeformed bulk and GSF configurations, 4 × 1 × 3 for 

he 72-atom supercell in the surface configurations, and 4 × 1 × 3 

or the 90-atom supercells in either bulk or defect configurations. 

he here employed k-point density and smearing width were de- 

ermined based on a set of convergence test calculations to accom- 

odate a balance between calculation accuracy and efficiency. The 

elative deviations of the current results from those calculated us- 

ng a much denser k-point mesh are about 4 to 5 times smaller 

han the deviations caused by multiple (1 ̄1 0) planes in an SQS cell. 

he energy convergence criterion of the electronic self-consistency 

ycle is 10 −6 eV for all the calculations. For the calculations of USF 

nd surface energies, the relaxation process is terminated when 

he force on each atom is less than 20 meV/ ̊A. 

.2. Surrogate models based on statistical regression 

Developing surrogate models for reliable predictions of USF and 

urface energies is necessary and crucial to enable a systematic 

creening of those alloy properties in a vast compositional space. 

n this subsection, we first describe how the descriptors for the 

urrogate model can be derived based on a method developed in 

he present work. Second, we introduce the details of a statistical 

egression framework used in the present work to construct the 

urrogate models. This framework was developed previously and 

as been successfully applied for modeling elastic stiffness of or- 

ered inorganic compounds [65] . 

.2.1. Physics-informed descriptors 

Generating GSF and surface defects in crystals are intrinsically 

ssociated with the stretching, breaking and reforming of atomic 

onds. Drawing on the idea of the bond-counting model [66,67] , 
4 
e developed a method to effectively construct a set of descrip- 

ors, which include both the information of alloy compositions and 

nteratomic bonding characteristics. 

In an ideally mixed solid-solution alloy, atoms are not orderly 

rganized but randomly distributed on lattice sites. The probabil- 

ty for two constituent elements, i and j, to form the i - j type of 

tomic bonds should equal to the product between the chemical 

ompositions of the two elements. Based on the concept of the 

ond-counting model [66,67] , we can approximate a certain physi- 

al property of an alloy, such as the cohesive energy, as a summa- 

ion of the individual contributions from each atomic bond. There- 

ore, for the random alloys, this summation can be considered as a 

eighted average of the values of a physical feature, such as bond 

nergy, associated with each type of atomic bonds. Correspond- 

ngly, the weighting factor is the presence probability of each type 

f atomic bonds in the alloy, which can be calculated from the al- 

oy compositions as described above. Therefore, following the same 

ogic, the descriptors for the surrogate models were derived as, 

 p = 

∑ 

i 

x i 
∑ 

j 

x j p i j (2) 

ere x i and x j are the chemical compositions (measured in the 

ole fractions) of element i and j, respectively, which are among 

he 10 refractory elements studied in the present work (i.e., Ti, Zr, 

f, V, Nb, Ta, Mo, W, Re and Ru). u p is a descriptor developed from

 bond feature parameter p, which has a value of p i j for the i - j

ype of atomic bonds. Apparently, p i j can be written as a 10 × 10 

atrix, in which each component corresponds to a pair permuta- 

ion between the 10 alloying elements. In addition, to reflect the 

uctuations in local atomic environments, the weighted standard 

eviation of u p is also considered as a descriptor( u σp ), which is ex- 

ressed as, 

 

σ
p = 

√ 

( 
1 

1 − ∑ 

i x 
2 
i 

) · ( 
∑ 

i 

x i ( 
∑ 

j 

x j p i j − u p ) 2 ) (3) 

As a simplification, we only consider the atomic bonds in the 

rst-nearest neighbor (FNN) shell during the bond counting pro- 

ess. Consequently, we could apply the physical and electronic 

roperties of the single-element bcc and ordered binary B2 struc- 

ures as the bond feature parameters, p ij , in Eq. 2 . This is because,

n a single-element bcc structure (e.g., composed of element i ), the 

nly type of the FNN atomic bond is the i - i bond along the { 111 }
irection as shown in Fig. 2 a. Similarly, in a B2 structure com- 

osed of element i and j, the only type of the FNN bond is the i - j

ond shown in Fig. 2 b. As an example, if we consider the cohesive

nergy ( E c ) as a bond feature parameter, its p ii component thus 

quals to E c of the single-element bcc structure for the i - i bond, 

hile p i j and p ji both equal to E c of the binary B2 structure for 

he i - j and j - i bond, respectively. 
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Since the single-element bcc and B2 structures are both ordered 

nd highly symmetric, DFT calculations can be applied to gener- 

te a group of p i j without huge computational costs. Specifically, 

e performed DFT calculations to model all the possible single- 

lement bcc and binary B2 structures constituted by the alloying 

lements studied in the present work. Their associated USF and 

urface structures were also modeled. All bond feature parameters 

ere obtained from the calculations of the fully relaxed bcc and 

inary B2 structures with their equilibrium lattice constants if pos- 

ible. However, among all the modeled bcc and B2 structures (55 

ndividual structures in total), we found that there are 13 struc- 

ures are mechanically unstable in response to shear deformations 

s their elastic constants do not satisfy one of the "Born stability 

riteria” [68] , where c 11 − c 12 should be positive. The mechanically 

nstable structures include the bcc and B2 structures only com- 

osed of the group IV elements, bcc Re, bcc Ru, and the B2 struc- 

ures of NbRu, TaRu, MoRu, WRu, and ReRu. Correspondingly, for 

hose mechanically unstable structures, DFT relaxations were per- 

ormed by specifically constraining the simulation cell to remain 

ubic symmetry. The subsequent calculations on the bond feature 

arameters ( p i j ) for descriptor construction were based on these 

elaxed symmetry-constrained B2 structures. 

From the DFT calculations, several physical properties of the 

ure elements and ordered B2 intermetallics were derived and 

mployed as bond feature parameters, p ij , respectively, including 

he USF energy( γ bcc/b2 
usf 

), surface energy( γ bcc/b2 
surf 

), cohesive energy 

 E bcc/b2 
c ) and equilibrium atomic volume ( V bcc/b2 

eq ). E bcc/b2 
c and V bcc/b2 

eq 

ere calculated by using the perfect bulk structures. γ bcc/b2 
usf 

and 

bcc/b2 
surf 

were calculated by using the same supercell method as de- 

cribed in Section 2.1.1 . The supercell used for the GSF and surface 

nergy calculations for the pure metals originally has a geometry 

f [11 2 ] × 1 / 2[111] × 3[1 1 0] before adding the shear or the vacuum

ayer, while the geometry of the supercell used for the calculations 

f the ordered B2 intermetallics is [11 ̄2 ] × [111] × 3[1 ̄1 0] . These su-

ercells have the same basis vectors as the 72-atom SQS super- 

ells along the [11 ̄2 ] and [1 ̄1 0] directions but shorter lengths along 

he [111] direction due to the higher symmetries of the bcc and 

rdered B2 structures. The calculations of the bulk references of 

he bcc and binary B2 structures were performed with the con- 

entional 2-atom cubic cells. 

Additionally, our previous work has shown that the solute- 

efect interactions in refractory metals are quantitatively corre- 

ated with a group of electronic parameters [39,43] . These param- 

ters can quantitatively describe the variations in the local elec- 

ronic density of states (LDOS) of the atoms near a defect relative 

o those of the atoms in perfect bulk lattices. Therefore, a part 

f those electronic parameters were also used for the descriptor 

onstructions. These parameters include the first and second or- 

er moments of the valance d- and sp-orbital LDOSs and the bi- 

odality of the valance d-orbital LDOSs [43] . The LDOSs are the 

rojected DOSs of the atoms in the bulk lattice, on the surfaces, or 

n stacking fault planes of the single-element bcc metals and bi- 

ary B2 alloys. The first-order moment of a LDOS ( ε1 
k 

) is defined 

s, 

1 
k = 

∫ + ∞ 

−∞ 

E ρk (E ) dE ∫ + ∞ 

−∞ 

ρk (E) dE 
(4) 

here ρk (E) is the DFT-calculated LDOS of the orbital k , and k can 

e either the valence d- or sp- orbitals in the present work. E is 

he band energy. Then, based on ε1 
k 

, the second moment ( ε2 
k 

) is 

alculated as, 

2 
k = 

∫ + ∞ 

−∞ 

(E − ε1 
k 
) 2 ρk (E) dE ∫ + ∞ 

−∞ 

ρk (E) dE 
(5) 
5 
t should also be noted that the axis of the band energy was scaled 

o set the Fermi energy as zero for the integrations of Eq. 4 and 5 .

oreover, as shown in Table 2 , the pseudopotentials of some ele- 

ents include the semi-core s or p electrons as valence electrons 

or the first-principles calculations. However, it is found that the 

DOSs of these semi-core electrons are localized at very low en- 

rgy states and have a very large energy gap with the outermost 

 , p and d orbitals. We thus assume these semi-core electrons hav- 

ng very limited contributions to electronic bonding. Therefore, the 

DOSs of these semi-core electrons are not included in the band 

nalysis based on Eq. 2 and 3 . Additionally, the bimodality of a 

DOS can be measured through the Hartigan’s dip test, which was 

escribed in detail in Ref [43] . 

Furthermore, for the mechanically unstable bcc and B2 struc- 

ures, the symmetry-constrained calculations cannot accurately 

redict their free energy as well as other physical properties at 

he ground state. Nevertheless, the results of those symmetry- 

onstrained calculations are still useful for the purpose of con- 

tructing descriptors. We hypothesize that the energetic, structural 

nd electronic properties of these bcc and B2 structures could ef- 

ectively represent the bonding features (e.g., stability to shear de- 

ormations) between the same types of first-nearest neighbors in 

he alloys with a bcc lattice. For example, the USF energies of the 

echanically unstable B2 structures were calculated to be nega- 

ive relative to the symmetry-constrained bulk reference, indicat- 

ng the atomic bonds in the B2 structure are unstable to the shear 

eformation. When the same type of atomic bonds appears in the 

attice of a bcc solid-solution alloy, they are likely to also be un- 

table to yield negative contributions to the USF energy of the al- 

oy. These negative contributions can be captured by including the 

egative USF energies of the symmetry-constrained B2 structure as 

ne of the bond feature parameters to construct descriptors. On 

he other hand, it should be noted that the ground-state proper- 

ies of the chemical compositions of these mechanically unstable 

hases can be appropriately predicted by implementing compu- 

ational methodologies without the symmetry constrain, such as 

he method considering the hopping of the system between dif- 

erent local minima near the ideal high-symmetry structure [69–

1] . These methodologies could be a better solution in the future 

o construct the descriptors for the material properties beyond a 

xed lattice. 

Moreover, two features of elemental properties, the numbers of 

alance electrons and the Pauling electronegativity, are also used 

o construct the descriptors in the present work. Specifically, the 

escriptors were calculated as, 

 q = 

∑ 

i 

x i q i (6) 

 

σ
q = 

√ 

( 
1 

1 − ∑ 

i x 
2 
i 

) · ( 
∑ 

i 

x i (q i − u q ) 2 ) (7) 

ere q i represents either the numbers of valance electrons or 

he Pauling electronegativity of element i , and x i represents the 

hemical composition of element i . The descriptors generated by 

q. 6 and 7 are intended to describe the average filling level of 

he d-bands and the tendency of charge transfer between different 

lements, respectively. 

Table A1 lists all the atomic bond parameters ( p i j ) and elemen- 

al properties ( q i ) used for descriptors construction in the present 

ork. Each of them results in two descriptors: one relates to the 

rithmetic mean Eq. 2 and (6) and the other one relates to the 

eighted standard deviation of the mean Eq. 3 and (7) . There- 

ore, 42 descriptors were generated in total. Only 30 of 42 descrip- 

ors were employed as input variables for the regression of γusf , 

here the descriptors associated with the surface structures were 
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ot used. In the same way, when the regression was performed for 

surf , the descriptors associated with the stacking faults were not 

sed. 

.2.2. Statistical regression framework 

In the present work, a statistical regression framework [65] , 

amely Gradient Boosting Machine Local Polynomial Regression 

GBM-Locfit), was used to perform the regression analysis and ob- 

ain quantitative models to predict γusf and γsurf of bcc solid- 

olution alloys. In the GBM-Locfit framework, the gradient boost- 

ng machine iteratively produces a prediction model in the form 

f an ensemble of predictive functions, ηi . At each GBM-iterative 

tep i , ηi is generated from a regression model implemented in the 

ocfit package [72] , which performs kernel-based multivariate lo- 

ally linear regressions. Only a subset of the input descriptors was 

sed to perform the locally linear regression and generate ηi . This 

ubset of descriptors was obtained by performing many individual 

ocally linear regressions by traversally using all the possible sub- 

ets of the input descriptors and subsequently picking the subset 

hat leads to the lowest regression error. For the regression of γusf , 

he size of the subset is set to not exceed three descriptors, while 

his limit is set to be 2 for the regression of γsurf . As a result, only

 portion of the input descriptors was eventually selected and used 

y the GBM-Locfit framework [65] , which could reduce the risk of 

ver-fitting. The final prediction model was derived as the sum of 

ll the predictive functions, while each function was attenuated by 

 learning rate of 0.1. Moreover, the GBM-locfit framework is per- 

ormed with n-fold cross-validation (n depends on the numbers 

f regression samples) and a conservative risk criterion to deter- 

ine an optimal number of iteration steps [65,73] , which could 

lso lower the risk of over-fitting. 

Due to the high computational cost, the DFT calculations with 

he SQS method were only able to generate the γusf and γsurf data 

or a finite amount of bcc solid-solution alloys ( Table 1 ). There- 

ore, the obtained DFT data were not randomly split into two par- 

itions for training and testing. Instead, we specifically trained the 

urrogate models with the data of binary and ternary alloys only, 

nd used the rest quaternary data as the test set. This training and 

esting scenario allows us to maximally validate the prediction ca- 

ability of the surrogate models for multicomponent alloy compo- 

itions. The validation results are discussed in Section 3.3 in de- 

ail. After the validation, the surrogate models were updated by 

e-training with all the data listed in Table 1 for screening pur- 
ig. 3. (a) The supercell structure for the equimolar TiW alloy after relaxation. To obtai

erformed for six individual interfaces, and each interface has two shift directions ( −�
 b and

n comparison with the corresponding interpolated γusf (cross symbols). The data points

hose associated with the opposite shift direction are marked in red color. The geometri

erived by interpolating the maximum point of the GSF curve. 

6 
oses. The screening predictions from the newly updated models 

ere further validated by an additional set of DFT calculations as 

escribed in Section 3.4 and Table 3 . 

. Results and Discussions 

.1. Verification of the computational approach for γusf and γsurf 

By definition, the unstable stacking fault energy, γusf , corre- 

ponds to the maximum value of the GSF curve along the slip di- 

ection. γusf is generally obtained by interpolating the results of 

 series of GSF calculations performed at different shift distances. 

his will severely increase the computational cost if the target is 

o investigate γusf for a large amount of alloying compositions, 

or example, 106 compositions in the present work. On the other 

and, due to the mirror symmetry of the (1 ̄1 0) plane, γusf of the 

1 ̄1 0)[111] slip in a bcc lattice should occur at a shift distance of 

 

1 
4 [111] | although deviations may be induced by the local chemical 

ariations and lattice distortions [42] . In the present work, for the 

ake of simplification, we used the GSF energies that correspond 

o the | 1 4 [111] | shifts on different fault planes in the supercell to 

erive the averaged γusf for a given alloy composition. Therefore, 

enchmark calculations are necessary to verify such simplification. 

Here, using the equimolar TiW alloy as an example, benchmark 

alculations were performed to investigate the difference between 

he GSF energy at a shift of | 1 4 [111] | (referred as the geometric γusf 

n the following) and the maximum value interpolated from the 

SF curve (referred as the interpolated γusf in the following). As 

hown in Fig. 3 a, the relaxed supercell structure of the TiW alloy 

as six individual interfaces between the neighboring (1 ̄1 0) planes 

o generate stacking faults. Each of these interfaces should have 

wo sets of GSF energies corresponding to the shifts along the −�
 b

nd 

�
 b directions, respectively, where � b is the Burgers vector 1 

2 [111] . 

or a given shift direction of a specific interface, we first calcu- 

ated the GSF energies at a shift of 0 . 5 | → 

b | , which yield the values

f the geometric γusf . Then, additional calculations were performed 

t shifts of 0 . 375 | → 

b | , 0 . 4375 | → 

b | , 0 . 5625 | → 

b | , and 0 . 625 | → 

b | , re-

pectively. Together with the GSF energies at 0 . 5 | → 

b | , a second-

rder polynomial fitting was performed for the five data points 

ith respect to their shift distances. The maximum of the fitted 

olynomial yields the value of the interpolated γusf . The R 2 of the 

ttings for all the interfaces were found to be close to 1 ( > 0.99),
n the final averaged γusf of the supercell, calculations of GSF energies have to be 

 

�
 b ). (b) The geometric γusf (circle symbols) of different interfaces marked in Fig. 3 a 

 corresponding to the shift along the � b direction are marked in blue color, while 

c γusf corresponds to the GSF energy at a shift of | 1 
4 

[111] | . The interpolated γusf is 
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Fig. 4. (a) Unstable stacking fault energies and (b) surface energies of the TiW 3 , 

NbMo 3 , TaNbWMo and TiNbW 3 Re alloys calculated using the SQS supercells with 

different sizes. For each of the alloy compositions, the solid cubic or circle symbol 

corresponds to the averaged γusf and γsurf calculated using the original 72-atoms 

supercell or a larger supercell, respectively. The cross symbols correspond to the 

individual values of γusf and γsurf due to the different choices on the positions of 

the defect planes in the supercell. 
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hich means that the GSF curve around its maximum can be well 

escribed by a second-order polynomial. Fig. 3 b shows a compari- 

on between the values of the geometric and interpolated γusf for 

ach of the possible interfaces and shift directions in the supercell 

f Fig. 3 a. The energy difference between the geometric and inter- 

olated γusf is only about 0.0 0 062 J/m 

2 with a standard deviation 

f 0.0 0 036 J/m 

2 by averaging over different fault planes. This en- 

rgy difference is almost negligible compared to the difference in 

he GSF energies of different fault interfaces. Since the final γusf of 

he supercell is derived by averaging the results over all the inter- 

aces along both shift directions, using the GSF energy at a shift 

f | 1 4 [111] | for the derivation will not notably impact the accuracy 

f results. Meanwhile, the computational efficiency is significantly 

mproved. 

Furthermore, benchmark calculations were also performed to 

valuate the convergence of the calculated γusf and γsurf with re- 

pect to the size of the SQS supercells. Using the ATAT code [37] ,

our individual SQS supercells with sizes larger than the origi- 

al 72-atom supercell were additionally generated for the alloy 

ompositions of TiW 3 , NbMo 3 , TaNbWMo and TiNbW 3 Re, respec- 

ively. Specifically, the basis vectors of these additionally gener- 

ted SQS supercells are [11 2 ] × 2[111] × 4[1 1 0] , 2[11 2 ] × 2[111] ×
[1 1 0] , [11 2 ] × 2[111] × 4[1 1 0] , and [11 2 ] × 3[111] × 4[1 1 0] , respec-

ively. As a comparison, the basis vectors of the original 72-atom 

upercell are [11 ̄2 ] × 2[111] × 3[1 ̄1 0] . Then, following the same 

ethod described in Section 2.1.1 , we calculated γusf and γsurf us- 

ng these larger supercells, and compare the results with those us- 

ng the original 72-atom supercell. As shown in Fig. 4 , increasing 

he supercell size has very limited effects on the averaged γusf and 

, even though it could result in larger deviations among the in- 
surf 

7 
ividual USF and surface energies that correspond to the different 

hoices on the positions of the defect planes in the supercell. 

.2. DFT results on γusf and γsurf 

The results of DFT calculations on γusf , γsurf and the 
γsurf 
γusf 

ratio 

i.e. the D parameter defined in Eq. 1 ) of the alloy compositions 

isted Table 1 are summarized in Table B1 in Appendix B . In the

ollowing, we further discuss the correlations of these results with 

he filling fraction of the valence d orbitals as shown in Fig. 5 . Pre-

ious work has shown that the d-band filling effect is generally 

ssential in determining physical and mechanical properties of the 

ransition metal elements and their alloys [28,43,74,75] . 

γusf and γsurf of various binary alloys are plotted with respect 

o the alloy’s valence electron concentration (VEC) in Fig. 5 a and 

 b, respectively. The VEC of an alloy is calculated as the average 

ver the number of valence electrons of the constituent elements 

ith respect to their mole fractions (unit: e −/atom). In transition 

etal alloys, a higher value of VEC corresponds to a higher aver- 

ge filling fraction of the valence d-bands. In the present work, the 

alence electrons of an element are considered as its outermost s 

nd d electrons. Specifically, for the 3 d elements, only the 3 d and 

 s electrons are considered as valence electrons. The same defini- 

ion of valence electrons are used for the 4 d and 5 d elements. The 

inary alloys in Fig. 5 a and 5 b are selected from nine different al-

oy systems as they are representative to show clear trends of the 

SF and surface energies with respect to VEC. Clearly, both γusf 

nd γsurf of the binary alloys show a nearly parabolic dependence 

n the variations of VEC. In a range of VEC from 4.0 to 6.5 e −/atom,

usf and γsurf first increase with VEC to reach a maximum, and 

hen decrease with the further increases of VEC. It is interesting 

o note that the highest γusf does not correspond to pure bcc W 

ut the VW 7 alloy with a VEC of 5.875 e −/atom. This indicates that 

he mechanical strength of the group VI metals can be further en- 

anced by properly alloying them with a small amount of group IV 

r V metals. However, over alloying of group IV or V metals could 

roduce a softening effect due to the parabolic behavior of γusf . 

imilar results were also reported for the ideal tensile behavior of 

inary refractory alloys [28,29] . 

Moreover, it is noted that the quantitative dependences of γusf 

nd γsurf on VEC are very different between individual binary sys- 

ems. In other words, for different alloy compositions with the 

ame VEC, their γusf and γsurf can still vary significantly. For ex- 

mple, as shown in Fig. 5 a, γusf of the NbMo 3 alloy is calculated 

o be about 50% higher than that of the Nb 3 Ru alloy, even though 

oth two alloys have the VEC of 5.75 e −/atom and are composed 

f the elements in the same period. The large differences in USF 

nd surface energies are also observed among the binary alloys 

ith identical VECs in the Ti-W, Ti-Nb, V-W and Nb-W systems. 

dditionally, as shown in Fig. 5 c, the D parameter of the binary al- 

oys also qualitatively shows an approximately parabolic function 

f VEC, but in an inverse manner to that of γsurf and γusf . Expect 

or the Nb-Ru system, the curves of other alloy systems are almost 

verlapped in the range of VEC from 5.25 to 6.25 e −/atom, where 

he alloys also generally have a large γusf . The results suggest that 

 binary refractory alloy that corresponds to a higher mechanical 

trength would generally have a poorer ductility, vice versa. There- 

ore, it is difficult to simultaneously improve both the mechanical 

trength and ductility of binary refractory alloys by tuning their 

hemical compositions. 

Interestingly, it is found that the correlations of the USF and 

urface energies with VEC in multicomponent refractory alloys is 

mbiguous and much weaker compared to that of the binary al- 

oys. As shown in Fig. 5 d and 5 e, γusf and γsurf of the ternary and

uaternary alloys listed in Table 1 are also plotted against their 

EC values, respectively. Clearly, there are multiple alloys that have 
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Fig. 5. The unstable stacking fault energy ( γusf ), surface energy ( γsurf ) and D parameter of the bcc refractory alloys predicted from DFT calculations. (a) γusf , (b) γsurf , and (c) 

D parameter of the binary alloys plotted with respect to the valence electron concentration (VEC) of the alloys (unit: e −/atom). The alloys from the same binary system are 

marked by the same color. Each of the binary systems corresponds to an individual color in the legend. (d) γusf , (e) γsurf , and (f) D parameter of the ternary (blue triangles) 

and quaternary alloys (red squares) plotted with respect to the VEC of the alloys. It should be noted that each of the data points in (a), (b), (d) and (e) corresponds to an 

average value of γusf or γsurf for an alloy composition, which is obtained by taking an average over all the possible locations of the defect planes in the SQS supercell. The 

error bar corresponds to the standard deviation of the average. 
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he same VEC but very different USF and surface energies com- 

ared with each other. Even for the alloys with the same con- 

tituent elements, their γusf and γsurf are still not solely deter- 

ined by VEC, such as the VNbWRu and VNbW 3 Ru alloys marked 

y arrows in Fig. 5 d and 5 e. These results suggest that simply

omparing the VEC values between two multicomponent alloys 

ay not be able to even qualitatively distinguish the difference in 

heir USF and surface energies. As shown in Fig. 5 f, the D param-

ter of the multicomponent alloys are also distributed in a more 

cattered pattern on VEC compared to that of the binary alloys. 

hese results are expected because the original d-band filling ef- 

ects on alloy properties, such as cohesive energies, were derived 

sing the classical Friedel model [1] by assuming the DOS of d or- 

itals has a fixed rectangular shape, which is not accurate in real- 

stic alloys [43] . 

.3. Predictive ability of the surrogate model 

Although the DFT calculations with the SQS method provide 

eans to predict the USF and surface energies for the ideally 

ixed solid-solution alloys, it is still practically infeasible to di- 

ectly apply it for screening a vast compositional space due 
8 
o the extensive computational cost. Therefore, as described in 

ection 2.2 , surrogate models were developed for more efficient 

redictions on the USF and surface energies. 

To evaluate the prediction capability of the surrogate mod- 

ls, especially for multicomponent alloy systems, we specifically 

rained the model only with the DFT data of the binary and ternary 

lloys listed in Table 1 (74 individual alloy compositions in total), 

nd employed the rest quaternary data (32 individual alloy compo- 

itions in total) as a test set never used for training. The training 

nd testing results of the surrogate model on γusf are presented 

n Fig. 6 a, where the model predictions are plotted against the re- 

ults of DFT calculations. As shown by the grey dots in Fig. 6 a, γusf 

f the alloys in the training set are well reproduced by the surro- 

ate model, yielding an root-mean-squared error (RMSE) of 0.047 

/m 

2 and a R 2 value about 0.984. Moreover, as shown by the red 

ots in Fig. 6 a, by only trained with the binary and ternary data, 

he model can provide reliable predictions for the quaternary al- 

oys in the test set. The RMSE of the model predictions on the test 

et is only about 0.043 J/m 

2 , close to that of the training set, and

he corresponding R 2 value for testing is 0.980. 

In the same way, the training and testing performance of the 

urrogate model on γ is illustrated in Fig. 6 b. It also is shown 
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Fig. 6. Training and testing performance of the developed surrogate models for (a) unstable stacking fault energy ( γusf ), (b) surface energy ( γsurf ), and (c) D parameter. The 

training set is only composed of the binary and ternary alloys in Table 1 . The test set is composed of the quaternary alloys in Table 1 . The data of the training and test set 

are marked in gray and red color, respectively. Additionally, it should be noted that the D parameter was never used as a regression response to train the surrogate model. 

The predictions of the surrogate model in (c) are derived from the corresponding predictions on γusf and γsurf based on Eq. 1 . 
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hat the model trained only based on the binary and ternary data 

s able to accurately predict γsurf of the quaternary alloys in the 

est set. The RMSE of the predictions on γsurf is 0.030 and 0.046 

/m 

2 for the training and test set, respectively, while the corre- 

ponding R 2 value is 0.994 and 0.984, respectively. Furthermore, 

t is worth noting that none of the alloys in the training set in-

ludes Zr as their constituent elements but the models still accu- 

ately predict γusf and γsurf for the Zr-containing alloys in the test 

et. The results of Fig. 6 a and 6 b support that the developed sur-

ogate models can efficiently and effectively predict the variations 

f the USF and surface energies in a large compositional space for 

he bcc refractory alloys. 

Additionally, with the predictions of the surrogate models on 

usf and γsurf , the D parameter of the alloys in both training and 

est sets can be easily derived based on Eq. 1 . As shown in Fig. 6 c,

he values of the D parameter derived from the model predictions 

re generally in good agreement with the results obtained from 

he DFT calculations. In addition, for the alloys in the training set 

ith relatively larger D parameters, the results from the surrogate 

odels seem to be systematically lower than the DFT values. This 

s caused by the slight overestimation of the surrogate model on 

usf for the alloys with relatively low USF energies ( Fig. 6 a), which 

s not seen for the predictions of the surface energy ( Fig. 6 b).

his discrepancy should have limited effects on the final results of 

creening for alloy compositions with enhanced strength-ductility 
p

9 
ynergies, because the relative disparity of the D parameter be- 

ween different alloys are still generally captured by the surrogate 

odels. 

.4. Screening of the alloy properties in multicomponent systems 

Because of our descriptor construction method, the developed 

urrogate models are able to make immediate predictions on γusf , 

surf and the D parameter by only requiring the information of 

lloy compositions, without the need of any additional DFT cal- 

ulations. Therefore, the models are quite suitable to perform 

apid screenings of these alloy properties in complex composi- 

ional spaces. In the present work, we applied the developed surro- 

ate models to systematically screen γusf and γsurf of bcc refractory 

olid-solution alloys in a multicomponent compositional space to 

earch promising alloy compositions with enhanced strength and 

uctility. The compositional space chosen for screening is com- 

osed of 10 different transition metal elements, which are Ti, Zr, 

f, V, Nb, Ta, Mo, W, Re and Ru. The first 8 elements are commonly

ncluded as constituent elements in bcc refractory HEA and mul- 

icomponent alloys [8,11] . Re and Ru were also included because 

hese two elements, especially Re, were recognized to improve the 

ow-temperature ductility of Group VI bcc metals under proper al- 

oying amounts [76,77] . In addition, several recent works also re- 

orted successful syntheses of novel bcc refractory HEAs that con- 
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Fig. 7. Distribution of the USF ( γusf ) and surface ( γsurf ) energies predicted by the newly trained surrogate models through the screening of 112,378 quaternary alloys in the 

10-component compositional space. (a) Results of the alloys without Re or Ru as constituent elements; (b) Results of the alloys with Re or Ru as constituent elements. A 

squared unit with a warmer color means that there are more alloy compositions having γusf and γsurf within the coverage area of the unit. The dashed circle in (b) marks a 

unique distribution pattern of the USF and surface energies from a part of the Re/Ru-containing alloys. The alloys corresponding to the pattern may have strong likelihood 

of being intrinsically ductile and maintain relatively high mechanical strengths. 
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aining Re as one of the principle elements [11,78,79] . Therefore, 

ncluding Re and Ru into the screening space would further ex- 

and our theoretical search to cover more unexplored and uncon- 

entional alloy compositions in which promising candidates may 

xist. 

Specifically, the screenings were performed over all the qua- 

ernary alloy systems in the 10-component space. For each of the 

uaternary systems, its compositional space was evenly grided us- 

ng an interval of 1 
18 mole fraction along each axis that stands for 

n elemental concentration. The predictions on γusf and γsurf were 

hen performed at individual alloy compositions that correspond 

o the grid points, and the value of the D parameter was corre- 

pondingly derived based on Eq. 1 . Moreover, during the screen- 

ng, the mole fraction of Re and Ru are constrained to be no more 

han 0.25 and 0.08333, respectively, by considering their limited 

inary solubility in the bcc phase of the group V and VI metals 

80–82] . The reason that we only screened over all the quaternary 

ystems by a discrete compositional interval is for the convenience 

f further validations by DFT calculations using SQS supercells. It 

s known that the necessary supercell size for generating a reliable 

QS increases drastically with the number of constituent elements 

f the system. By applying such screening constraints, any of the 

creened alloy compositions can be easily accessed by generating a 

2-atom SQS supercell. This would allow us to validate the screen- 

ng results of many different alloy compositions under affordable 

omputational costs. Furthermore, it is worth mentioning that the 

ctual prediction range of the surrogate models is not limited to 

he quaternary alloys. The models can efficiently predict γusf and 

surf for any multicomponent alloys with continuous compositional 

ariations in the 10-element compositional space. 

It has to be emphasized that, to possibly improve the accu- 

acy of the screening results, the surrogate models were further 

e-trained with all the data in Table 1 , instead of splitting the data

nto training and test sets, and then applied for the screening cal- 

ulations. The newly trained models would possibly yield more re- 

iable predictions compared with those used for Fig. 6 because the 

ew models included more information on complex multicompo- 

ent alloy systems during the training process. Since all the data 

n Table 1 were employed for training, the predictions of the newly 

rained models were validated by performing additional DFT calcu- 

ations with the SQS method as discussed above. 

Overall, the newly trained surrogate models have been applied 

o predict γusf , γsurf and D parameters for 112,378 alloy composi- 

ions in 210 different quaternary systems. In order to distinguish 
10 
he effects of Re and Ru, the prediction results are grouped into 

wo sets for visualization. One of the sets corresponds to the alloys 

ontaining Re or Ru, while the other set corresponds to the rest 

lloys with Re/Ru-free compositions. The distributions of the USF 

nd surface energies from the screening predictions are illustrated 

n Fig. 7 using 2D density plots, in which a squared unit with a 

armer color means that there are more alloy compositions hav- 

ng γusf and γsurf within the coverage area of the unit. As shown in 

ig. 7 a, in the alloys without Re or Ru, the variations of γusf overall

xhibits a positive correlation with that of γsurf . On the other hand, 

s shown in Fig. 7 b, introducing Re or Ru as alloying element leads

o a more spread distribution between γusf and γsurf . Particularly, 

s indicated by the dashed circle in Fig. 7 b, the USF and surface 

nergies of a part of Re/Ru-containing alloys show a unique distri- 

ution pattern, which is not seen in the results of the Re/Ru-free 

lloys ( Fig. 7 a). The alloys corresponding to this pattern generally 

ave surface energies close to the maximum of the screening re- 

ults but maintain moderate USF energies around 1.2 J/m 

2 , conse- 

uently yielding larger 
γsurf 
γusf 

ratios relative to the Re/Ru-free alloys 

ith the same level of USF energies. 

The screening results are also visualized by plotting the varia- 

ions of γusf with respect to the D parameter, as shown in Fig. 8 a

nd 8 b for the alloys without or with Re or Ru, respectively. In 

rinciple, an alloy with a larger γusf could potentially have a higher 

echanical strength because higher stress may be required for the 

islocation nucleation and motion. Also, based on the Rice crite- 

ion of crack-tip deformation [31,32] , the alloys with larger D pa- 

ameters could have stronger likelihood of being intrinsically duc- 

ile. Therefore, the results of Fig. 8 provide qualitative but compre- 

ensive evaluations of the strength-ductility balance of the 112,378 

uaternary refractory alloys studied in the screening process. As 

hown in Fig. 8 a and 8 b, γusf of both the alloys containing and

ot containing Re or Ru coarsely show negatively nonlinear corre- 

ations with the variations of the D parameter. This result implies 

hat the strength-ductility relationships in the bcc refractory alloys 

verall follow the classic pattern that alloys with higher mechani- 

al strengths generally should have poorer ductility. 

Nevertheless, as shown in Fig. 8 a and 8 b, the distributions be- 

ween γusf and the D parameter are also quite dispersed. In other 

ords, the alloys with similar USF energies can still have very dif- 

erent D parameters, indicating considerable deviations between 

heir ductility performances. Therefore, there are still large degrees 

f freedom to tune the alloy compositions for optimal strength- 

uctility synergy. Apparently, the alloys corresponding to the data 
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Fig. 8. Plots of γusf vs. the D parameter obtained by screening over 112,378 quaternary alloys in the 10-component compositional space. (a) Results of the alloys without 

Re or Ru as constituent elements; (b) Results of the alloys with Re or Ru as constituent elements. The screening results are represented by the open circles with light-blue 

color. As a comparison, we also particularly marked the prediction results of some known bcc refractory HEAs and pure bcc metals using solid circles with black color. The 

data points additionally marked in red correspond to those selected for the DFT validations as listed in Table 3 . 
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Table 3 

Selected alloy compositions, to which additional DFT calculations were per- 

formed in order to validate the screening results shown Fig. 8 . The super- 

scription, SM, means that the values of γusf , γsurf , and D parameter are 

predicted from the surrogate models, while the superscription, DFT, repre- 

sents the validation results from the DFT calculations. In the table, the first 

twenty-five alloys correspond to those appearing near the upper edge of the 

γusf vs. D parameter distributions shown in Fig. 8 , while the last six corre- 

spond to the alloy compositions with extreme high γusf . The units of γusf and 

γsurf are J/m 

2 . 

Alloys γ SM 
usf 

γ SM 
surf 

D SM γ DFT 
usf 

γ DFT 
surf 

D DFT 

Ti 12 Hf 4 Nb 2 Ta 6 0.499 1.891 3.789 0.489 1.897 3.880 

Ti 13 Hf 2 Nb 4 Ta 5 0.514 1.919 3.730 0.489 1.899 3.886 

Ti 5 Hf 3 V 14 Ta 2 0.624 2.064 3.307 0.604 2.041 3.379 

Ti 8 Hf 2 V 9 Ta 5 0.598 2.046 3.425 0.532 2.005 3.770 

Ti 10 Hf 2 V 2 Ta 10 0.564 2.001 3.548 0.535 2.014 3.765 

Ti 8 V 7 Nb 2 Ta 7 0.630 2.108 3.347 0.532 2.053 3.859 

Ti 3 V 8 Ta 5 W 8 0.990 2.596 2.622 0.986 2.546 2.583 

Ti 4 V 6 Ta 3 W 11 1.088 2.673 2.456 1.071 2.616 2.444 

Ti 2 V 10 Ta 8 W 4 0.870 2.476 2.846 0.855 2.397 2.804 

Ti 4 V 3 Ta 14 W 3 0.778 2.315 2.975 0.750 2.294 3.060 

Hf 3 V 13 Nb 2 Ta 6 0.704 2.202 3.127 0.607 2.100 3.462 

Hf 2 V 7 Nb 4 Ta 11 1.137 2.699 2.372 1.113 2.631 2.365 

Hf 2 W 15 Re 5 Ru 2 1.238 2.886 2.330 1.236 2.858 2.313 

V 2 Mo 10 W 6 Re 6 1.314 2.949 2.245 1.276 2.931 2.298 

V 11 Nb 2 Mo 2 W 9 1.226 2.769 2.258 1.178 2.664 2.261 

V 7 Nb 2 Ta 8 W 7 1.043 2.623 2.516 1.006 2.569 2.554 

V 7 Nb 3 Ta 8 W 6 1.000 2.566 2.566 0.951 2.508 2.638 

V 5 Nb 2 Ta 7 W 10 1.186 2.737 2.307 1.158 2.700 2.331 

V 4 Ta 12 Mo 3 W 5 1.066 2.617 2.456 1.033 2.592 2.510 

V 4 Ta 3 Mo 5 W 12 1.504 2.935 1.952 1.583 2.952 1.865 

V 5 Ta 6 Mo 2 W 11 1.340 2.842 2.121 1.323 2.841 2.148 

V 6 W 11 Re 5 Ru 2 1.195 2.946 2.465 1.339 2.993 2.236 

Ta 2 Mo 3 W 13 Re 6 1.397 3.036 2.172 1.340 3.022 2.255 

Ta 3 W 16 Re 3 Ru 2 1.311 2.966 2.263 1.320 2.967 2.247 

Mo 10 W 6 Re 6 Ru 2 1.037 2.862 2.758 1.040 2.840 2.731 

Ti 2 Nb 2 Mo 3 W 17 1.582 2.964 1.874 1.639 2.976 1.816 

V 2 Ta 2 Mo 2 W 18 1.649 3.073 1.864 1.749 3.092 1.768 

V 2 Ta 3 W 17 Re 2 1.606 3.057 1.904 1.712 3.100 1.810 

Nb 2 Ta 2 Mo 2 W 18 1.662 3.030 1.823 1.743 3.054 1.752 

Nb 2 Ta 2 W 18 Re 2 1.630 3.052 1.872 1.689 3.070 1.817 

Ta 3 Mo 3 W 16 Re 2 1.593 3.055 1.918 1.632 3.077 1.885 
n the upper edge of the γusf vs. D parameter distribution should 

e promising to achieve better strength-ductility synergy, since 

hey have either larger USF energies or values of the D parame- 

er compared to other alloys with similar D or USF energy values, 

espectively. 

On the other hand, under the concept of HEAs, many of the 

revious experimental syntheses on the refractory multicompo- 

ent alloys are mainly focused on those with equimolar compo- 

itions. As a comparison, we also particularly marked the posi- 

ions of six previously reported equimolar alloys (i.e., NbTaMoW 

7] , VNbTaW [83] , TiZrNbMo [84] , TiVNbTa [85] , TiZrVNb [86] and

iZrHfNb [87] ) as well as three pure bcc metals (i.e. W, Mo and Nb)

n the distribution plot of Fig. 8 a. As seen, most of these equimolar

lloys are located away from the upper edge of the distribution in 

ig. 8 a and 8 b. This result suggests that there can be other undis-

overed alloy compositions, possibly deviated from equimolar, at 

hich we may achieve both mechanical strengths comparable with 

hese known equimolar alloys and improved ductility. These undis- 

overed alloy compositions can be further rigorously located by an 

ntegration of the present surrogate models with other computa- 

ional models for the predictions of their phase stability, such as 

he CALPHAD method [11,88,89] and recently developed machine- 

earning-based and Monte-Carlo-based models [90–95] , and accu- 

ate mechanical properties [19,21–23,25] . 

The effects of Re and Ru can be observed by a comparison be- 

ween Fig. 8 a and Fig. 8 b. Clearly, the addition of Re or Ru leads

o a more spread distribution between γusf and the D parameter, 

hich possibly provides even larger space for optimizing the com- 

ination of strength and ductility. Additionally, as shown in Fig. 8 b, 

he γusf and D parameter of a part of the Re/Ru-containing alloys 

xhibit a different distribution pattern that bows out from the gen- 

ral trend, consistent with the part of the γusf / γsurf distribution 

arked in Fig. 7 b. Correspondingly, compared to the Re/Ru-free al- 

oys with similar USF energies, these alloys generally have much 

igher values of D parameter, meaning a stronger potency of being 

ntrinsic ductile. The result suggests that the ductility of the bcc 

efractory multicomponent alloys can be improved without largely 

rading off the mechanical strength by adding proper amounts of 

e or Ru. This argument is also supported by the recent experi- 

ental observations [79] . On the other hand, it should also be ac- 

nowledged that the cost of Re and Ru may make them only avail- 

ble for niche applications. 

Furthermore, it is necessary and valuable to further validate the 

creening results discussed above using DFT calculations. Specifi- 
11 
ally, from the alloy compositions appearing near the upper edge 

f the γusf vs. D parameter distributions shown in Fig. 8 , we ran- 

omly selected 25 compositions at which additional DFT calcula- 

ions with the SQS method were performed to validate the predic- 

ions of the surrogate models. Additionally, to further convince the 

eliability of the surrogate models, we also use DFT calculations to 
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Fig. 9. DFT validations of the screening results. The predictions of the surrogate models on (a) unstable stacking fault energy ( γusf ), (b) surface energy ( γsurf ), and (c) D 

parameter are plotted versus the validation results from the DFT calculations. The alloy compositions selected for validation are two sets of data. One set contains 25 

samples, marked by green circles, which are randomly selected from the alloy compositions appearing near the upper edge of the γusf vs. D parameter distributions shown 

in Fig. 8 . The other set contains 6 samples, marked by orange circles, randomly selected from the alloy compositions with extreme high γusf . More detail are listed in Table 3 . 
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erify a part of the predicted extreme values. More specifically, it 

s noticed that the surrogate model predicts a few of alloy com- 

ositions at which extremely high USF energies can be achieved, 

ven larger than that of pure W as shown in Fig. 8 a. Therefore,

rom these alloy compositions with extreme γusf , we also randomly 

elected 6 compositions for validation. As shown in Fig. 8 a and 

 b, the locations of the selected alloy compositions on the distri- 

utions of γusf vs. D parameter are particularly marked using the 

olid circles with red color. 

For each of the alloy compositions selected for validation, its 

usf , γsurf , and the D parameter predicted by the DFT calculations 

re listed in Table 3 along with the predictions from the surrogate 

odels. The validation results are also illustrated as parity plots 

hown in Fig. 9 a, 9 b and 9 c for γusf , γsurf , and the D parameter,

espectively. As shown in Fig. 9 a and 9 b, the predictions of the

urrogate models on the USF and surface energies both agree well 

ith the results of the DFT calculations. The corresponding RM- 

Es are 0.058 and 0.044 J/m 

2 , respectively. In terms of the D pa-

ameter, most of the model predictions are in a good agreement 

ith the DFT results ( Fig. 9 c), though deviations are also observed 

or a few of alloys with relatively large D parameters. It should be 

oted that the surrogate model was never trained by directly using 

he D parameter as the fitting response. The predictions on the D 

arameter are actually derived from the correspondingly predicted 

usf and γsurf based on Eq. 1 . Therefore, the predicted D parame- 

ers are influenced by both the prediction uncertainties of γusf and 

surf , consequently having relatively larger errors. Nevertheless, the 

verall good agreement between the model predictions and DFT 
12 
esults demonstrates the reliability of the screening results shown 

n Fig. 7 and 8 . The alloy compositions listed in Table 3 could be

romising candidates for the future design of bcc refractory mul- 

icomponent alloys with an outstanding combination of strength 

nd ductility. 

.5. Implication and limitation of the surrogate model for practical 

lloy designs 

There have been many studies to predict the strengths of con- 

entional solid-solution alloys and HEAs based on the GSF values 

nd/or other parameters [19,21–23,25,46] , where the comparisons 

etween the model predictions and the experimental results were 

ell discussed. Meanwhile, it is interesting but challenging to ver- 

fy to what degree the intrinsic ductile potency predicted by the 

urrogate models can reflect the real ductility of the alloys in prac- 

ical mechanical tests. As a starting point, we investigated the cor- 

elation between the variations of the predicted D parameter and 

xperimentally measured fracture strains. In principle, a positive 

orrelation shall be expected between the fracture strain and D 

arameter since an alloy with a larger D parameter has a higher 

ikelihood of being intrinsically ductile. Based on a recent review 

rticle by O.N. Senkov, et al. [8] , we collected a group of experi- 

ental data on the room temperature fracture strains of the refrac- 

ory HEAs that contain the alloying elements studied in the present 

ork. In total 66 measurements were collected, which covered 60 

ndividual alloy compositions, ranging from quaternary to senary 

ystems, as summarized in Table C.1 in Appendix C. We found that 
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Fig. 10. Correlation between the compression fracture strains of some multicomponent bcc refractory alloys and their D parameters predicted by the surrogate models. 

The fracture strain data were experimental measurements at room temperature and collected from previous literature [14,83,84,86,98–110] . The data points marked by the 

dashed circle correspond to the alloys for which no macroscopic fracture was observed after 50% compression strain. For each data point, a detailed description on its alloy 

composition, and the values of the fracture strain and D parameter is shown in Table C.1 in Appendix C. 
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ost of the mechanical tests previously performed on the refrac- 

ory bcc HEAs were uniaxial compression tests. Then, for each of 

he collected experimental data, we took its composition to pre- 

ict the value of the D parameter using our surrogate models. 

As shown in Fig. 10 , the predicted D parameters indeed show a 

enerally positive correlation with the compression fracture strains 

or the alloys listed in Table C.1 . Particularly, for the alloys with 

racture strain over 50% in compression, which are likely to be 

uctile under tensile deformation, their D parameters are generally 

arger than those with limited fracture strains. Additionally, there 

re alloy compositions, namely Ti 38 Hf 24 V 15 Nb 23 [96] , TiZrHfNbTa 

97] , TiZrHfNb [87] , and Ti 1 . 5 ZrHf 0 . 5 Nb 0 . 5 Ta 0 . 5 [15] , at which good

ensile ductility was previously measured and reported at room 

emperature. Correspondingly, we found that the D parameters 

f these four alloys are around 3.5 ∼3.8, much larger than that 

f the alloys known to be brittle at room temperature, such as 

bMoTaW and VNbMoTaW, which have the D parameters about 

.1 ∼2.2. These results suggest that the predicted D parameter is a 

seful indicator to qualitatively assess the likelihood of being duc- 

ile for the refractory multicomponent alloys studied in the present 

ork. 

Furthermore, Fig. 10 also shows that the correlation between 

he D parameter and fracture strain is qualitative, with relatively 

arge deviations for individual cases. This is not surprising since 

he fracture behavior of polycrystal materials can hardly be deter- 

ined by a single parameter but affected by a number of metallur- 

ical factors across scales. Many other important metallurgical fac- 

ors must be considered and optimized at different length scales. 

or instance, phase contents are certainly a critical factor to deter- 

ine alloy’s mechanical behaviors. The predictions of the current 

odels were made under the assumption of single-phase alloys, 

hile in practice the single-phase region of the bcc solid-solution 

hase can be narrower than the screened composition space. For 

xample, the formation of Laves phase (C14 or C15) was gener- 

lly seen in the refractory alloys with the high contents of Mo and 
13 
r [8,102] . For the alloys with high contents of group IV elements 

usually ≥ 50 at.%), secondary phases associated with the bct or 

cp structures can nucleate either in the as-cast state [96] or after 

ong-time heat treatment [104] . More importantly, the formation 

f these secondary phases was found to have significant and ver- 

atile effects on both the mechanical strength and ductility of the 

lloys [8,102,104] . 

Defects and microstructures are also crucial to the ductility of 

lloys. It is found that grain boundary (GB) segregation plays an 

ssential role in determining the ductility of bcc refractory alloys. 

nterstitial elements, such as oxygen and nitrogen, can segregate at 

Bs during casting and/or annealing and cause GB embitterment, 

onsequently leading to room-temperature brittleness in some re- 

ractory HEAs [111,112] . On the other hand, segregation of Ti was 

uggested to have a positive impact on GB cohesion in the ini- 

ially brittle NbMoTaV and NbMoTaVW alloys to result in an im- 

rovement in ductility [101,105] . Besides, other than a dislocation- 

ediated mechanism, the plasticity of some refractory HEAs is also 

ttributed to deformation twinning or strain/stress-induced phase 

ransformation [56–58] . 

The above arguments demonstrate that the optimization of duc- 

ility and strength of the bcc refractory alloys is an important but 

ssentially very complex issue that cannot be addressed by a single 

odel or approach. By taking certain approximations and simplifi- 

ations, our strategy here is to develop efficient surrogate models 

o enable rapid screening of the possible alloy compositions with 

ptimized values of γusf and 

γsurf 
γusf 

in a large compositional space. 

e expect our screening results could provide a compositional 

pace that has been significantly narrowed down for practical al- 

oy design, where more rigorous calculations and models, as well 

s experimental investigation, should be applied with a compre- 

ensive consideration of all the important metallurgical factors. For 

xample, within the framework of the crick-tip fracture model, as 

e discussed in the introduction section, there are also several im- 

ortant factors worth to be considered for yielding more accurate 



Y.-J. Hu, A. Sundar, S. Ogata et al. Acta Materialia 210 (2021) 116800 

p

o

[

l

p

h

r

n

c

e

c

l

g

s

t

m

a

e

e

b

i

d

4

t

a

b

H

m

v

n

c

t

w

m

p

t

a

γ
a

p

p

e

y

a

c

t

t

s

p

e

c

i

d

t

t

c

s

i

t

i

m

t

c

p

t

e

t

t

D

c

i

A

t

t

u

m

D

p

C

a

A

s

redictions on intrinsic ductility. These factors include the effects 

f elastic constants [26,31] , multiplicity of slip and fracture planes 

45,46] , short-range ordering [49–53] , lattice-trapping [54,55] , and 

ocal fluctuation of composition [48–50] . Moreover, it is worth to 

oint out that the surface energies calculated in present work also 

ave intrinsic uncertainties originated from the self-interaction er- 

or in the Kohn-Sham DFT [113–115] . This error can become sig- 

ificant for most approximate exchange-correlation functionals, in- 

luding the one used in the present work (GGA-PBE) [114] , when 

lectron density is approaching to zero. As a result, the total energy 

alculation of the supercell with a large vacuum region can have 

arger uncertainties than that of the supercell without vacuum re- 

ions, consequently leading to intrinsic errors in the prediction of 

urface energy. Therefore, the advanced methods [114–116] ,such as 

he EXX (exact exchange) + RPA (random phase approximation) 

ethod, that yield a better approximation of the electron exchange 

nd correlation to minimize the self-interaction error should be 

mployed in the future for more accurate predictions of surface en- 

rgy, and so as for the intrinsic ductility. In addition, the CALPHAD- 

ased methods can be utilized to predict the thermodynamic driv- 

ng forces for the formation of certain intermetallic phases that are 

etrimental to the ductility [11,88,89] . 

. Summary and conclusion 

In this work, we developed surrogate models based on statis- 

ical regression to effectively and efficiently predict the USF ( γusf ) 

nd surface ( γsurf ) energies of the ( ̄1 10 ) plane in multicomponent 

cc solid-solution alloys with constituent elements among Ti, Zr, 

f, V, Nb, Ta, Mo, W, Re and Ru. DFT calculations with the SQS 

ethod were performed to compute γusf and γsurf for 106 indi- 

idual alloy compositions in 14 binary, 3 ternary, and 12 quater- 

ary systems to train and test the surrogate models. From the DFT 

alculations, it is also found that the variations of γusf , γsurf , and 

heir ratio in bcc refractory alloys are not well correlated solely 

ith the d-band filling effects. Therefore, using a bond-counting 

odel as an ansatz, a set of descriptors were developed to incor- 

orate not only the filling fraction of d-band but also various fea- 

ures of the chemical bonds and electronic structures of pure met- 

ls and ordered intermetallic alloys for the statistical regression of 

usf and γsurf . As a result, by only training with the data of binary 

nd ternary alloys, the developed surrogate models can accurately 

redict γusf and γsurf for multicomponent alloys across a vast com- 

ositional space. The models also show the potential capability to 

xtend predictions to cover new types of constituent elements be- 

ond the training data. Furthermore, after comparing with avail- 
14 
ble experimental data, the model-predicted D parameter shows a 

lear and qualitative correlation with the room temperature frac- 

ure strains of bulk samples across a wide range of alloy composi- 

ions. 

Moreover, using the developed surrogate models, a systematic 

creening of γusf , γsurf and their ratios (i.e., the D parameter) were 

erformed over 112,378 quaternary alloy compositions in the 10- 

lement compositional space. As the potency of an alloy being me- 

hanically strong and intrinsically ductile is generally related to 

ts γusf and D = 

γsurf 
γusf 

, respectively, the evaluation on the strength- 

uctility balance of bcc multicomponent refractory alloys was at- 

empted by analyzing the screening results. The results suggest 

hat there could be considerable spaces to tune alloy chemical 

ompositions for further improvements of the strength-ductility 

ynergy relative to the currently known equimolar HEAs. Besides, 

t is found that introducing Re or Ru can be beneficial to improve 

he ductility of the multicomponent alloys without largely sacrific- 

ng the mechanical strength, although the rareness of the two ele- 

ents may restrict the applications in practice. Last but not least, 

he screening results were further confirmed by additional DFT 

alculations, from which some promising alloy compositions were 

roposed for future computational and experimental investigations 

owards the design of bcc refractory multicomponent alloys with 

nhanced strength and ductility. The codes and trained SL models 

hat support the findings of the present work are available at Ma- 

erials Commons, (https://doi.org/10.13011/m3-rkg0-zh65). 
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A for descriptors construction 

 for descriptor constructions. The bond feature parameters correspond 

etals and ordered B2 intermetallics obtained from DFT calculations. 

ameters for descriptors construction 

E bcc/b2 
c : cohesive energy 

V bcc/b2 
eq : equilibrium atomic volume 

ε1 
sp (bulk): first order moment of the valence sp-orbital 

LDOS of the atom in perfect bulk lattice 

ε2 
sp (bulk): second order moment of the valence sp-orbital 

LDOS of the atom in perfect bulk lattice 

ε1 
d 

(bulk): first order moment of the valence d-orbital 

LDOS of the atom in perfect bulk lattice 

ε2 
d 

(bulk): second order moment of the valence d-orbital 

LDOS of the atom in perfect bulk lattice 

dip(bulk): bimodality of the valence d-orbital 

LDOS of the atom in perfect bulk lattice 

cc/b2 

sf 
: the unstable stacking fault energy of the single-element bcc 

and binary B2 structures 

ε1 
sp (USF): first order moment of the valence sp-orbital 

LDOS of the atom on the fault plane 

ε2 
sp (USF): second order moment of the valence sp-orbital 

LDOS of the atom on the fault plane 

ε1 
d 

(USF): first order moment of the valence d-orbital 

LDOS of the atom on the fault plane 

ε2 
d 

(USF): second order moment of the valence d-orbital 

LDOS of the atom on the fault plane 

dip(USF): bimodality of the valence d-orbital 

LDOS of the atom on the fault plane 

cc/b2 

urf 
: the surface energy of the single-element bcc and binary B2 

structures 

ε1 
sp (Surf): first order moment of the valence sp-orbital 

LDOS of the atom on the surface plane 

ε2 
sp (Surf): second order moment of the valence sp-orbital 

LDOS of the atom on the surface plane 

ε1 
d 

(Surf): first order moment of the valence d-orbital 

LDOS of the atom on the surface plane 
 

 

(Surf): second order moment of the valence d-orbitalLDOS of the 

atom on the surface plane 

dip(Surf): bimodality of the valence d-orbital 

LDOS of the atom on the surface plane 

χ : electronegativity by Pauling scale 

N v al : number of valence electrons 
ppendix A. Bond feature parameters and elemental properties 

Table A1 

A list of bond feature parameters and elemental properties used

to a group of physical and electronic properties of the bcc pure m

Par

B
o

n
d
 
fe

a
tu

re
 
p

a
ra

m
e

te
rs
 

associated with the 

bulk structure 

associated with the 

GSF structure 

γ b

u

associated with the 

surface structure 

γ b

s

ε2
d

Elemental properties 
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A  B1 

the surrogate models for the binary, ternary and quaternary 

FT, means that the values of γusf , γsurf , and D parameter are 

while the superscription, SM, represents the values predicted 

 J/m 

2 . The plots of Fig. 5 and 6 can be reproduced by the data 

D SM γ DFT 
usf 

γ DFT 
surf 

D DFT 

3.812 0.438 1.856 4.253 

3.709 0.449 1.849 4.140 

3.500 0.488 1.905 3.889 

3.292 0.534 1.951 3.651 

3.188 0.562 1.993 3.537 

3.049 0.612 2.042 3.313 

2.868 0.687 2.134 3.104 

2.553 0.906 2.387 2.632 

2.252 1.180 2.688 2.279 

2.077 1.360 2.838 2.082 

1.902 1.671 3.062 1.833 

2.746 0.690 1.972 2.860 

2.537 0.731 2.042 2.795 

2.543 0.778 2.129 2.736 

3.407 0.496 1.731 3.485 

3.350 0.505 1.794 3.500 

3.263 0.516 1.835 3.521 

3.155 0.563 1.890 3.294 

3.083 0.591 1.926 3.243 

2.835 0.851 2.535 2.980 

2.661 0.985 2.663 2.704 

2.255 1.291 2.898 2.246 

1.959 1.687 3.097 1.836 

1.866 1.792 3.178 1.773 

2.929 0.710 2.136 3.009 

2.919 0.719 2.160 3.006 

2.950 0.733 2.223 3.032 

2.975 0.734 2.276 3.100 

2.980 0.732 2.304 3.146 

2.385 0.949 2.304 2.423 

2.266 1.040 2.383 2.289 

2.060 1.235 2.518 2.038 

1.936 1.416 2.648 1.869 

1.901 1.461 2.691 1.839 

2.420 0.961 2.368 2.461 

2.300 1.054 2.467 2.338 

2.052 1.292 2.681 2.076 

1.880 1.569 2.890 1.841 

1.827 1.668 2.966 1.775 

2.490 0.888 2.237 2.518 

2.439 0.945 2.273 2.404 

2.544 0.943 2.298 2.436 

2.910 0.760 2.299 3.023 

2.730 0.849 2.417 2.845 

2.557 0.969 2.492 2.572 

2.182 1.238 2.650 2.141 

1.882 1.500 2.766 1.843 

1.859 1.503 2.780 1.850 

2.616 0.943 2.507 2.657 

2.247 1.172 2.650 2.261 

1.822 1.685 2.878 1.707 

2.638 0.975 2.779 2.850 

2.008 1.458 2.835 1.945 

1.987 1.495 2.883 1.928 

1.962 1.561 2.981 1.910 

1.945 1.627 3.089 1.899 

1.940 1.660 3.149 1.897 

2.133 1.489 3.186 2.140 

( continued on next page ) 
ppendix B. Details of γusf and γsurf of the alloys listed in Table

Table B1 

γusf and γsurf predicted from the DFT calculations and 

refractory alloys listed in Table 1 . The superscription, D

obtained by the DFT calculations with the SQS method, 

from the surrogate models. The units of γusf and γsurf are

listed here. 

Alloys γ SM 
usf 

γ SM 
surf 

Ti 3 Nb 0.483 1.839 

Ti 2 Nb 0.502 1.861 

TiNb 0.546 1.912 

TiNb 2 0.600 1.974 

TiNb 3 0.631 2.012 

Ti 3 W 0.678 2.066 

Ti 2 W 0.751 2.155 

TiW 0.932 2.380 

TiW 2 1.199 2.699 

TiW 3 1.370 2.845 

TiW 7 1.605 3.052 

Ti 3 Ru 0.716 1.965 

Ti 2 Ru 0.805 2.042 

TiRu 0.852 2.166 

Hf 3 Nb 0.508 1.730 

Hf 2 Nb 0.526 1.761 

HfNb 0.562 1.836 

HfNb 2 0.610 1.925 

HfNb 3 0.642 1.979 

V 7 W 0.889 2.519 

V 3 W 0.992 2.641 

VW 1.276 2.878 

VW 3 1.572 3.079 

VW 7 1.689 3.152 

Nb 7 Ta 0.753 2.204 

Nb 3 Ta 0.751 2.191 

NbTa 0.749 2.209 

NbTa 3 0.748 2.225 

NbTa 7 0.748 2.228 

Nb 3 Mo 0.973 2.320 

Nb 2 Mo 1.051 2.381 

NbMo 1.222 2.517 

NbMo 2 1.367 2.646 

NbMo 3 1.420 2.699 

Nb 3 W 0.986 2.387 

Nb 2 W 1.079 2.481 

NbW 1.304 2.675 

NbW 2 1.531 2.878 

NbW 3 1.625 2.969 

Nb 7 Ru 0.881 2.195 

Nb 3 Ru 0.918 2.238 

Nb 2 Ru 0.887 2.256 

NbRu 0.786 2.288 

Ta 7 Mo 0.871 2.379 

Ta 3 Mo 0.965 2.469 

TaMo 1.203 2.625 

TaMo 3 1.461 2.751 

TaMo 7 1.504 2.795 

Ta 7 Re 0.957 2.503 

Ta 3 Re 1.180 2.652 

TaRe 1.568 2.857 

TaRe 3 1.081 2.850 

Mo 7 W 1.422 2.855 

Mo 3 W 1.461 2.904 

MoW 1.530 3.002 

MoW 3 1.585 3.083 

MoW 7 1.606 3.117 

W 7 Re 1.473 3.143 
16 
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D SM γ DFT 
usf 

γ DFT 
surf 

D DFT 

2.364 1.318 3.123 2.369 

2.830 1.025 3.008 2.928 

3.216 0.929 2.790 3.020 

2.346 1.307 3.057 2.339 

2.598 1.111 2.817 2.505 

2.705 0.962 2.725 2.828 

2.885 0.723 2.094 3.104 

2.868 0.733 2.099 3.182 

2.600 0.865 2.261 2.758 

2.633 0.859 2.223 2.705 

2.404 0.955 2.388 2.500 

2.361 1.086 2.498 2.399 

2.058 1.403 2.768 1.973 

2.060 1.509 2.902 1.924 

2.437 0.847 2.109 2.492 

2.447 0.905 2.189 2.418 

3.992 0.464 1.731 3.732 

3.750 0.476 1.733 3.642 

3.470 0.506 1.787 3.531 

3.520 0.496 1.814 3.660 

3.491 0.520 1.787 3.439 

2.685 0.783 2.182 2.788 

2.147 1.250 2.598 2.078 

2.260 1.025 2.423 2.364 

2.132 1.246 2.624 2.106 

2.057 1.453 2.816 1.938 

2.245 1.057 2.399 2.269 

2.313 0.952 2.340 2.457 

2.169 1.106 2.489 2.250 

2.156 1.223 2.660 2.175 

2.295 1.093 2.561 2.342 

2.149 1.193 2.604 2.182 

2.259 1.257 2.756 2.192 

2.491 1.107 2.722 2.460 

2.439 1.230 2.849 2.316 

2.354 1.031 2.492 2.416 

2.143 1.264 2.661 2.106 

2.390 1.047 2.540 2.425 

1.951 1.546 2.867 1.854 

2.162 1.107 2.471 2.233 

2.065 1.215 2.596 2.137 

2.338 1.199 2.753 2.296 

1.937 1.576 2.918 1.851 

2.010 1.450 2.898 1.998 

1.999 1.520 2.994 1.970 

2.243 1.041 2.629 2.525 

2.268 1.186 2.730 2.301 

2.265 1.226 2.808 2.290 
Table B1 

( continued ) 

Alloys γ SM 
usf 

γ SM 
surf 

W 3 Re 1.309 3.094 

WRe 1.049 2.967 

WRe 3 0.887 2.853 

W 7 Ru 1.288 3.021 

W 3 Ru 1.091 2.833 

W 2 Ru 1.004 2.717 

Ti 2 NbW 0.736 2.124 

Ti 2 Nb 2 W 0.740 2.121 

TiNbW 0.870 2.263 

TiNb 2 W 0.848 2.232 

TiNb 2 W 2 1.004 2.414 

TiNbW 2 1.066 2.516 

TiWRe 1.337 2.752 

TiW 2 Re 1.385 2.853 

TiNbRu 0.903 2.201 

TiNb 2 Ru 0.896 2.193 

TiZrHfNb 0.430 1.718 

TiZrHf 2 Nb 2 0.466 1.749 

TiZrHfNb 3 0.526 1.826 

TiZrVNb 0.526 1.852 

TiZr 2 V 2 Nb 0.523 1.826 

TiVNbMo 0.826 2.216 

TiNbWRe 1.218 2.616 

TiNb 3 WRe 1.085 2.452 

TiNb 2 W 2 Re 1.232 2.628 

TiNbW 3 Re 1.370 2.818 

TiNbWRu 1.056 2.370 

TiNb 3 WRu 0.999 2.311 

TiNb 2 W 2 Ru 1.122 2.434 

TiNbW 3 Ru 1.204 2.597 

VNbWRu 1.085 2.490 

VNb 2 W 2 Ru 1.177 2.529 

VNbW 3 Ru 1.208 2.728 

VMoWRu 1.054 2.625 

VMoW 3 Ru 1.156 2.820 

Nb 2 Ta 2 MoW 1.056 2.487 

NbTaMoW 1.231 2.638 

NbTa 3 MoW 1.054 2.519 

NbTaMoW 3 1.458 2.844 

Nb 3 TaWRu 1.100 2.379 

Nb 2 TaW 2 Ru 1.207 2.493 

NbMoW 3 Ru 1.182 2.763 

Ta 2 MoW 2 Re 1.484 2.875 

TaMoWRe 1.454 2.922 

TaMoW 3 Re 1.504 3.006 

TaMoWRu 1.144 2.565 

TaMo 2 W 2 Ru 1.193 2.707 

TaMoW 3 Ru 1.226 2.777 
17 
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ppendix C. Experimental fracture strains of some multicompon

Table C1 

Experimental fracture strains and predicted D parameter

perature. The experimental data were collected from pre

Alloys Ref Mechanic

NbTaMoW [98] Compress

VNbTaMoW [98] Compress

VNbTaMoW [99] Compress

TiZrHfNbMo [106] Compress

TiZrHfNb 0 . 5 Mo [106] Compress

TiZrHfNb 1 . 5 Mo [106] Compress

Ti 0 . 5 ZrHfNbMo [106] Compress

Ti 1 . 5 ZrHfNbMo [106] Compress

TiZr 0 . 5 HfNbMo [106] Compress

TiZr 1 . 5 HfNbMo [106] Compress

TiZrHf 0 . 5 NbMo [106] Compress

TiZrHf 1 . 5 NbMo [106] Compress

TiZrHf 0 . 5 NbMo 0 . 5 [106] Compress

TiZrHfNbMo 1 . 5 [106] Compress

TiZrHfNbTa [107] Compress

TiZrHfNbTa [108] Compress

TiZrHfNbTaMo 0 . 25 [108] Compress

TiZrHfNbTaMo 0 . 5 [108] Compress

TiZrHfNbTaMo 0 . 75 [108] Compress

TiZrHfNbTaMo [108] Compress

TiZrNbMo [84] Compress

TiZrV 0 . 25 NbMo [84] Compress

TiZrV 0 . 5 NbMo [84] Compress

TiZrV 0 . 75 NbMo [84] Compress

TiZrVNbMo [84] Compress

TiZrV 1 . 5 NbMo [84] Compress

TiZrV 2 NbMo [84] Compress

TiZrV 3 NbMo [84] Compress

TiVNbTa [83] Compress

TiVNbTaW [83] Compress

NbTaVW [83] Compress

TiZrVNb [86] Compress

TiZrV 2 Nb [86] Compress

TiVNbMo [109] Compress

TiZrHfVNb [110] Compress

TiZrHfNbMo [103] Compress

TiVNbTaMoW [101] Compress

TiNbTaMoW [101] Compress

NbTaMoW [101] Compress

VNbTaMoW [101] Compress

TiZrVNb [102] Compress

TiZrV 0 . 3 Nb [102] Compress

TiZrVNbMo 0 . 3 [102] Compress

TiZrVNbMo 0 . 5 [102] Compress

TiZrVNbMo 0 . 7 [102] Compress

TiZrVNbMo [102] Compress

TiZrVNbMo 1 . 3 [102] Compress

TiZrV 0 . 3 NbMo 0 . 1 [102] Compress

TiZrV 0 . 3 NbMo 0 . 3 [102] Compress

TiZrV 0 . 3 NbMo 0 . 5 [102] Compress

TiZrV 0 . 3 NbMo 0 . 7 [102] Compress

TiZrV 0 . 3 NbMo 1 . 0 [102] Compress

TiZrV 0 . 3 NbMo 1 . 3 [102] Compress

TiZrV 0 . 3 NbMo 1 . 5 [102] Compress

TiZrHf 0 . 5 NbMo 0 . 5 [100] Compress

ZrHfNbTa [104] Compress

NbTaMoW [105] Compress

Ti 0 . 25 NbTaMoW [105] Compress

Ti 0 . 5 NbTaMoW [105] Compress

Ti 0 . 75 NbTaMoW [105] Compress

TiNbTaMoW [105] Compress

TiVNbTaMo [14] Compress

Ti 38 Hf 24 V 15 Nb 23 [96] Tension 

TiZrHfNbTa [97] Tension 

TiZrHfNb [87] Tension 

Ti 1 . 5 ZrHf 0 . 5 Nb 0 . 5 Ta 0 . 5 [15] Tension 
18 
bcc refractory alloys in comparison the predicted D parameter 

me multicomponent bcc refractory alloys at room tem- 

literature [14,15,83,84,86,87,96–110] . 

ting Fracture Strain (%) D parameter 

2.1 2.113 

1.7 2.280 

8.8 2.280 

10.12 3.088 

13.02 3.13 

23.97 3.058 

12.08 2.979 

28.98 3.177 

18.02 3.038 

16.09 3.135 

12.09 2.997 

16.83 3.162 

24.61 3.237 

10.83 2.924 

> 50 3.552 

> 50 3.552 

> 50 3.388 

> 50 3.26 

> 50 3.158 

12 3.073 

33 2.883 

30 2.893 

28 2.898 

29 2.896 

26 2.890 

20 2.881 

23 2.877 

24 2.874 

> 50 3.296 

20 2.827 

12 2.527 

> 50 3.370 

> 50 3.230 

25.62 2.728 

29.6 3.569 

10.2 3.088 

10.6 2.575 

14.1 2.498 

2.6 2.113 

1.7 2.280 

> 50 3.370 

45 3.485 

42 3.185 

32 3.085 

32 3.000 

32 2.890 

30 2.795 

45 3.387 

> 50 3.226 

43 3.106 

26.6 3.011 

25 2.894 

20 2.793 

8 2.731 

24.61 2.997 

34 3.316 

1.9 2.113 

2.5 2.233 

5.9 2.335 

8.4 2.424 

11.5 2.498 

30 2.809 

20.6 3.713 

9.7 3.552 

14.9 3.821 

18.8 3.817 
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