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ABSTRACT

High entropy alloys (HEAs) correspond to a new and emerging class of materials that allows us to explore a large composition space to tune mechanical strength and
thermal stability. Therefore, to design better alloys, it is important to scan the high-dimensional space of chemistry, composition and temperature. To facilitate this
search, we present a method to screen intrinsically ductile body centered cubic (BCC) refractory alloys from electronic structure calculations by using the density of
states (DOS) at the Fermi level, g (ug). This correlation between intrinsic ductility and g ( up) is tested by analyzing group V (V, Nb, Ta) and VI (Mo, W) refractory
metals, binary alloys, such as W-Nb, W-V, Mo-Nb and Mo-V, and refractory alloys for which experimental stress-strain measurements are available. In addition, we
perform a high-throughput exploration of the entire composition space of a recently proposed alloy system, CrMoNbV, and identify compositions that exhibit high

intrinsic ductility.

Alloys for high temperature structural applications have tradition-
ally been designed by starting with one or two principal elements and
adding other elements in dilute concentrations to systematically tune the
mechanical strength, thermal stability, and corrosion and oxidation re-
sistance [5,14,23]. However, complex concentrated alloys (CCAs) and
high entropy alloys (HEAs) correspond to a new and emerging class
of materials that allows us to explore a significantly larger composi-
tion space to tune the properties [18,29,30]. In the past few years,
researchers have predominantly focused on designing alloys in which
the constituent elements form solid-solutions, resulting in single-phase
microstructures that are thermodynamically stable at high temperatures
(i.e., temperatures more than one-third of the melting point) to po-
tentially replace Ni- or Co-base alloys for high temperature structural
applications [22,24,35]. To this end, an exponentially growing list of al-
loys containing refractory metals (such as Nb, Ta, Cr, Mo, W) has been
proposed in the literature [1]. However, a systematic exploration of the
high-dimensional space of chemistry (i.e., search for potential alloying
elements), composition and temperature to search for alloys (in which
the solid solution phase is stable) is difficult, time consuming and re-
source intensive. In addition, the effect of short-range order (SRO) and
segregation of alloying elements even in these specifically designed al-
loys can be detrimental to mechanical properties [20] and are often
difficult to study using experiments due to slow diffusion and phase
transition kinetics in these refractory alloys [33]. In the past few years
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researchers have used cluster expansion models, machine learning in-
teratomic potentials and CALPHAD (CALculation of PHAse Diagrams) to
perform high throughput analysis of phase stability [6,7,43] However,
high-throughput screening of alloys with enhanced mechanical strength
and ductility remains an open and challenging problem.

Among the body-centered cubic (BCC) refractory metals, the metals
in group VI, i.e., Cr, Mo and W, exhibit low ductility and are usually
associated with cleavage failure. On the other hand, metals in group
V of the periodic table, i.e., V, Nb and Ta, have high ductility. A sum-
mary of fracture strains reported in the literature is shown in Table 1.
Ductility is a macroscopic property of a material and depends on test
conditions, dislocation density, dislocation mobility, dislocation nucle-
ation and multiplication rates, chemistry and concentration of solute
atoms, impurities like oxygen, nitrogen, etc., grain size, strain rate, tem-
perature [10]. Some of these properties, such as dislocation mobility,
ease with which dislocations nucleate and multiply, interactions be-
tween solute and impurity atoms with dislocations, stacking faults and
grain boundaries are intrinsically determined by the electronic structure
of a material. Note that macroscopic effects cannot be handled in routine
electronic structure calculations which are performed with systems con-
taining only a few hundred atoms. Therefore, the underlying assumption
is that for sufficiently pure and well-annealed samples with large grain
sizes, the effect of prior mechanical deformation and impurities can be
minimized, and for such samples, fracture strain is strongly correlated
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Table 1

Comparison of electronic density of states at the Fermi level, g(ﬂF) (in
states/eV/atom), obtained from density functional theory calculations and %
elongation (near room temperature) for BCC refractory metals and high en-
tropy alloys reported in the literature. The intrinsic ductility parameter [40]
based on nonlinear elasticity theory is shown in brackets along with g (uF).
DFT calculations for alloys (solid solution phase) were performed using super-
cells containing 250 atoms and calculations for pure metals were performed by
using conventional unit cells, each containing 2 atoms.

Alloy g (yF) % elongation
w 0.448 (0.78) 2 [40]

Mo 0.520 (0.88) 5-25 [40]
Ta 1.354 (3.84) 30-50 [4,40]
Nb 1.495 (2.52) 30-50 [3,40,41]
\ 1.976 (3.49) 35-60 [3,40]
Al oMoNbTiV 1.087 3[1]
Aly,sMONDTiV 1.157 8[1]

Al 5,MoNbTiV 1.216 11 [1]
MoNbTaW 0.976 2.60 [11]
CrMoNbV 0.807 6 [8]
MoNbTavW 1.162 (0.60) 1.70 [11]
MoNbTaTiW 1.196 14.1 [11]
NbTaVW 1.204 (1.29) 14 [42]
MoNbTaV 1.231 21 [42]
Hf24Nb23Ti38V15 1.365 22 [39]
HfNbTiVZr 1.397 (1.07) 30

HfNbTiV 1.500 15 [39]
NbTaTiV 1.670 (1.38) 40
Al25Hf25Nb25Ti25 1.09 <5 [25]
Al10Hf20Nb22Ti33V3 1.37 >40 [25]

with intrinsic ductility of the material. In other words, microstructural
effects, such as grain size modulations, can be used to further enhance
the ductility of an intrinsically ductile alloy but cannot transform an
intrinsically brittle alloy into a ductile alloy.

Consequently, several approaches to identify or screen ductile al-
loys directly from physical properties obtained via ab initio calculations
have been proposed in the literature [2]. For example, by using the Rice-
Thompson parameter, Geller et al. hypothesized that metals which are
stable in HCP crystal structure can weaken Mo against shear in the (110)
plane [10]. From first principles calculations, Medvedeva et al. observed
that change in chemical bonding upon addition of solute atoms to Mo
decreases the stacking fault energy (SFE) and enhances the nucleation
of double-kinks and dislocation mobility, which the authors were able
to relate to increase in free electrons (upon addition of solute atoms)
and filling of anti-bonding states [16,21]. Further, Medvedeva et al., in
Ref. [17], reported a close correlation between change in core struc-
ture of screw dislocations upon inclusion of solutes in Mo to solutes
(Re, Os, Ir, Pt) that decrease the SFE of Mo. These conclusions are in
line with calculations performed by Romaner et al. which suggest that
doping W with Re decreases the Peierls energy barrier and changes the
core structure of screw dislocations and the preferred slip plane [27].
Using electronic structure calculations, Qi et al. demonstrated that al-
loying Mo and W with group IV and V elements can enhance intrinsic
ductility because they induce shear failure under tension [19,26]. The
authors further demonstrated that the transition from cleavage to shear
failure is closely related to changes in the band structure and Fermi
level, ug, under stress. The picture emerging from these seemingly dif-
ferent analyses is that the inclusion of some solute atoms in Mo or W
leads to decrease in SFE, Peierls barrier and dislocation core structure
and changes in these physical properties are closely related to increase in
free electrons and change in Fermi level [12]. Even though each of these
methods for enhancing intrinsic ductility is theoretically promising, in
practice, the large statistical uncertainty in experimental measurements
of fracture strain makes it difficult to assess and rank the robustness of
these ideas in screening alloys. Recently, Wang et al. [38] demonstrated
a strong correlation exists between the core structure of screw disloca-
tions, Peierls energy barrier and dislocation nucleation barrier in binary
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Fig. 1. (a) Comparison of electronic density of states for different BCC metals
close to the Fermi level. The Fermi level is at 0 eV. Within a rigid band model,
change in DOS at y is closely related to the number of valence electrons [25].
(b) Density of states at the Fermi level for Mo-V, Mo-Nb, W-V and W-Nb binary
alloys.

alloys of W and Mo, and proposed the y parameter to identify intrin-
sically ductile alloys. This parameter is calculated from y = AE?/AEP
where AE = Epcc — Egcc and superscripts a and p represent alloy or
pure BCC metals, respectively. Even though y is able to identify intrin-
sically ductile binary alloys but its generalization to CCAs or HEAs is
not straightforward.

Recently, Winter et al. proposed the intrinsic ductility parameter,
which is based on nonlinear elasticity theory and allows for screening
of alloys based on shear instability [40]. Even though this intrinsic duc-
tility parameter can differentiate between ductile and brittle BCC metals
and alloys, the use of higher order elastic constants makes this procedure
computationally expensive [3,32,41]. In this work, we explore correla-
tions between intrinsic ductility of a refractory alloy and the electronic
density of states at the Fermi level, g (#F) , and assess the viability of us-
ing g ( ;4,;) to efficiently identify intrinsically ductile alloys. While this
work is motivated by the systematic analysis of Cr-V alloys performed
by Gao et al. [9] and analysis of solute-defect interactions by Yong et
al. [13], we note that correlations between intrinsic ductility and DOS
were also conjectured by Geller at el. [10], Samolyuk et al. [28] and Hu
et al. [13] but a systematic validation of this correlation has not been
reported in the literature.

To understand the correlation between ductility and the electronic
density of states, the calculated density of states for BCC refractory met-
als is shown in Fig. 1a. The DOS curves are shifted such that the Fermi
level is positioned at 0 eV. For Mo and W, in agreement with prior lit-
erature, the Fermi level lies in a pseudo-gap between the bonding and
anti-bonding d-states [9,10,28]. The group V refractory metals (V, Nb,
Ta) which occupy the same column of the periodic table have 5 valence
electrons shared between the d- and s-states. Consequently, the pseudo-
gaps in these three metals lie to the left of the Fermi level and these
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metals have high DOS at the Fermi level [10]. The DOS at the Fermi
level listed in Table 1 shows a clear difference between group VI ele-
ments, Mo and W, for which g ( ,uF) < 0.60 states/eV/atom and group V
elements, Ta, Nb and V, for which g (ug) > 1.30 states/eV/atom.

The sharp differences in g ( #F) values for Mo and W compared to
V, Nb, and Ta coincide with the large differences in their % elonga-
tion values reported in the literature. Electronic structure calculations
for chromium, which is another group VI metal of the periodic table,
show that g (yF) = 0.738 states/eV/atom. Chromium is particularly
attractive for high-temperature structural material due to its good ther-
mal shock resistance, and superior oxidation resistance as compared to
the other refractory metals, but has low ductility [34,36]. Here we note
that mechanical properties of niobium and vanadium are very sensitive
to test conditions, such as temperature, strain rate, concentration of im-
purities and solute atoms, and atmosphere conditions. Impurities and
miscible solute atoms in Nb and V, even if present in small amount,
easily trap dislocations which leads to strain aging and intermittent
yielding [3]. This results in significant variations in the tensile strength
and ductility [3,32,41]. Even after accounting for these variations in
strength and fracture strain measurements, there is a noticeable gap in
the mechanical response of group V and group VI elements and this co-
incides with the differences in their g (yp) values. This suggests that
g (;41:) can be used to separate intrinsically ductile metals from intrinsi-
cally brittle metals.

Next, to explore if a similar correlation exists between intrinsic duc-
tility and the g ( yF) in alloys, in Fig. 1b we show the electronic DOS
of four binary alloy systems — Mo-Nb, Mo-V, W-Nb and W-V. To obtain
the density of states, first, structural optimizations were performed us-
ing supercells containing 128 atoms to obtain the equilibrium supercell
dimensions for each composition. Next, the electronic DOS was calcu-
lated from a separate simulation. For W-Nb and W-V, g ( HF) is close to
that of pure W (see Table 1) in the tungsten-rich limit. Similarly, in the
Nb- or V-rich limit, g ( MF) is close to DOS at Fermi level for pure Nb
and V, respectively. A similar trend is evident for Mo-Nb and Mo-V al-
loys. Interestingly, for both Mo and W binary alloys, g ( ,uF) is almost
constant between 60-100% concentrations of Mo and 70-100% concen-
trations of W which suggests that small concentrations of Nb and V are
not sufficient to change the fracture strains in Mo and W. In Fig. 1b,
g (MF) increases monotonically and converges to that of pure Nb or pure
V as the concentration of Mo and W decreases. To the best our knowl-
edge, tensile test results for different binary systems (W-V, W-Nb, Mo-V,
Mo-Nb) are not available in the literature. Hence, to assess correlations
between intrinsic ductility and g ( MF), we have compared with the y
parameter [38]: The increase in g ( /4F) for higher Nb and V concentra-
tions is in line with the decrease in y when V concentration is higher
than ~35% in W-V alloys and Nb concentration is higher than ~25% in
W-Nb alloys.

In principle, to minimize statistical errors, many different distribu-
tions of elements on the BCC lattice must be considered for each compo-
sition. But our results show that statistical errors associated with differ-
ent elemental distributions are typically less than 0.05 states/eV/atom
which is smaller than changes in g ( /41;) observed in Fig. 1b. In addition,
g (MF) is insensitive to changes in supercell dimensions (up to 2% hydro-
static strains for Mo-V, Mo-Nb, W-V and W-Nb binary alloys). However,
physical properties used in other metrics to identify intrinsically ductile
alloys, such as shear moduli, SFE and Perierls barrier, are sensitive to
small changes in the lattice parameter.

Figure 1b suggests that V has a stronger effect on the intrinsic ductil-
ity of Mo and W than Nb. Since the FCC phase is unstable in some of the
binary alloys, using unrelaxed structures we found that the material in-
dex y [38] reaches a maximum at ~70% and ~80% Mo concentrations
in Mo-V and Mo-Nb alloys, respectively, and decreases monotonically
with decrease in Mo concentration. In W-V alloys, the material index
x monotonically decreases even for small concentrations of V, but in
W-ND alloys, y reaches a maximum at ~80% W and decreases there-
after with increase in Nb concentration. However, these results are in
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contrast to the predictions obtained by Wang et al. [38] which sug-
gests that Nb has a stronger effect on the intrinsic ductility of Mo and
W. We attribute this discrepancy to changes in y due to local strain
effects or structural distortions when the BCC phase is unstable. This
highlights another advantage of using g ( uF): For the four binary sys-
tems in Fig. 1b, changes in g (MF) due to atomic relaxations are also
smaller than 0.05 states/eV/atom. This highlights the importance of
chemical/electronic effects to g ( P‘F) than local relaxations as has also
been highlighted by Yong et al. [13].

To provide further evidence of the strong correlation between g ( MF)
and % elongation, we analyzed high entropy alloys for which tensile or
compression tests have been reported in the literature. Experiments per-
formed on Al doped MoNbTiV suggest that increase in Al leads to a de-
crease in ductility. This trend agrees with DFT calculations of g ( yF) (see
Table 1) which decreases from 1.216 to 1.087 states/eV/atom with in-
crease in Al concentration. According to the results in Table 1, two other
alloys that have low ductility are MoNbTaW and MoNbTaVW and g ( )
obtained from DFT calculations are 0.976 and 1.162 states/eV/atom.
On the other hand, compression experiments performed on NbTaVW
and MoNbTaTiW show nearly 14% deformation before fracture. Sur-
prisingly, even though g ( MF) for W and Mo are close, replacing W in
NbTaVW with Mo increases g () from 1.204 to 1.231 states/eV/atom.
The resulting alloy, MoNbTaV, has higher ductility than NbTaVW. If W
is replaced with Ti, then the DOS at the Fermi level for resulting alloy
(NbTaTiV) is 1.670 and the reported % elongation is close to that of
pure Nb and V. These results suggest that g ( P‘F) ~1.20 states/eV/atom
can be used to separate ductile alloys from their brittle counterparts.

High-throughput exploration of composition space of Cr-Mo-Nb-V: The
equiatomic CrMoNbV alloy proposed by Feng et al. [8] and Lee et
al. [15] has generated a lot of excitement in the past few years due to
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Fig. 2. (a) The distributions of density of states at the respective Fermi levels,
g ( yF) for sampled compositions in the Cr-Mo-Nb-V alloy system obtained from
high-throughput DFT calculations. (b) Compositions corresponding to intrinsi-
cally ductile (solid solution) alloys are highlighted on the Cr-Mo-Nb-V phase
diagram at 1250 K obtained from CALPHAD in Ref. [43]. Compositions with
g (1) < 1.20 are shown in green.
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Fig. 3. The distribution of density of states at the Fermi level, g (ug) for 591
compositions in the Cr-Mo-Nb-V system obtained from high-throughput DFT
calculations. The color-bar shows the fraction of V atoms in (a) and Nb atoms
in (b).

its remarkably high tensile strength of ~2 GPa and ductility of 15% at
1173 K. This interest can be attributed to the fact that most conventional
superalloys and HEAs reported in the literature experience a significant
reduction in mechanical strength above 1200 K [15,31]. In contrast to
strengthening due to obstruction of dislocations at interfaces between
the matrix and precipitates, the high tensile strength and ductility in
CrMoNbV has been attributed to large atomic size mismatch, variations
in elastic constants of constituent elements and to pinning of non-screw
type dislocations.

To design alloys with high intrinsic ductility, it is important to ex-
plore the whole composition space and identify promising candidates.
To this end, we performed a high throughput exploration (see Supple-
mentary Materials) of the whole composition space to search alloys with
high density of states at the Fermi level and the results are summarized
in Figs. 2a and 3. As shown in Fig. 2, for all compositions considered in
this study, g ( yF) lies between 0.4 and 1.4 states/eV/atom which cov-
ers the range of values obtained for the constituent elements in Table 1
and Fig. la. Alloys with g (ug) around 0.4 (see Fig. 3) correspond to
high Mo concentration and those with g ( yF) > 1.2 states/eV/atom cor-
respond to alloys with higher Nb or V concentrations.

In Refs. [33,43], using cluster expansion models, CALPHAD calcu-
lations and experiments, it was concluded that solid solution phase
does not touch the Cr-Nb edge of the quaternary phase diagram but
exists close to the Mo-V and Nb-V edges at high temperatures (see
Fig. 2b). For example, the solid solution phase was found to be stable in
(Mog 5oNbg 50),(Cr 50Vo.50)(1-x) fOor x <0.09 and x > 0.91. Similarly, in
(Crg 50Nbyg 50),(M0g 50V 50)(1-y) the solid solution phase was found to
be stable for y < 0.29. Hence, for thermodynamic stability of the solid
solution phase, alloys with high Nb concentration are not good candi-
dates. On the other hand, Cr and Mo are detrimental to the intrinsic
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ductility of an alloy, yet are important for oxidation resistance and high
melting point, respectively. Therefore, the best strategy is to use alloys
with higher V concentration, which is in line with conclusions obtained
from recent experiments performed on V, NbMoTa [37].
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