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MATERIALS SCIENCE

Electronic descriptors for dislocation deformation
behavior and intrinsic ductility in bcc

high-entropy alloys

Pedro P. P. 0. Borges'**, Robert O. Ritchie'’?, Mark Asta**

Controlling the balance between strength and damage tolerance in high-entropy alloys (HEAs) is central to their
application as structural materials. Materials discovery efforts for HEAs are therefore impeded by an incomplete
understanding of the chemical factors governing this balance. Through first-principles calculations, this study
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explores factors governing intrinsic ductility of a crucial subset of HEAs—those with a body-centered cubic (bcc)
crystal structure. Analyses of three sets of bcc HEAs comprising nine different compositions reveal that alloy
chemistry profoundly influences screw dislocation core structure, dislocation vibrational properties, and intrinsic
ductility parameters derived from unstable stacking fault and surface energies. Key features in the electronic
structure are identified that correlate with these properties: the fraction of occupied bonding states and bimodal-
ity of the d-orbital density of states. The findings enhance the fundamental understanding of the origins of intrin-
sic ductility and establish an electronic structure-based framework for computationally accelerated materials

discovery and design.

INTRODUCTION

Metallic alloys containing multiprincipal elements, often referred
to as high-entropy alloys (HEAs), have inspired extensive research
due to an almost unlimited design space for optimizing mechani-
cal properties for structural and functional applications (1, 2). A
specific class of these materials crystallizes as single-phase body-
centered cubic (bec) solid solutions (3) and is composed primarily
of refractory transition metals (V, Nb, Ta, Cr, Mo, and W) (4, 5),
group IV elements (Ti, Zr, and Hf) (6), and Re (7, 8). Depending on
composition, bcc HEAs have been demonstrated to show outstand-
ing mechanical properties, spanning exceptional resistance to ther-
mal softening (5), remarkably high fracture toughness (9, 10), and
retained tensile ductility at cryogenic temperatures (11, 12). Con-
cerning damage tolerance in particular, it is appreciated that the
unique behavior of HEAs stems from a complex synergy of defor-
mation mechanisms (11, 13, 14). However, the link between these
mechanisms and alloy chemistry remains incompletely understood,
presenting a situation that has hindered accelerated discovery in the
vast compositional space available.

With the aim of providing these guidelines, theoretical and com-
putational work has improved understanding of the underlying
physics controlling dislocation slip in bcc HEAs. These efforts have
been focused on clarifying strengthening effects (15), where details
of the local chemistry are shown to induce fluctuations in the energy
landscape (16) and distortions of the bec lattice (17, 18), both leading
to rugged dislocation lines (19) that enhance the HEA strength (20).
Ductility is, however, less understood. Factors such as electron per
atom ratio have shown correlations over a subset of the composition
space but are not able to explain the breadth of experimental obser-
vations (21-23). At the atomic scale, where properties of screw dislo-
cations fundamentally influence deformation mechanisms (24-28),
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density functional theory (DFT) calculations have revealed that the
HEA composition can alter the ground-state core configuration
with respect to elemental bcc metals, specifically inducing core
asymmetry (19, 28, 29), which has been argued to increase the num-
ber of available planes for atomistic gliding (30, 31). Nonetheless,
comprehensive physical interpretations for these phenomena, at the
fundamental level of the electronic structure, a goal of the present
work, have not yet been proposed.

Through explicit DFT calculations of the core structure and vi-
brational properties of screw dislocation cores, as well as unstable
stacking fault (USF) and surface energies, the present work identi-
fies a fundamental correlation between synergies of dislocation
properties and intrinsic ductility parameters that are linked to fea-
tures in the bulk electronic structure. In detail, it is demonstrated
that either bond strength softening or bimodality suppression re-
flected in the bulk electronic density of states (DOS) correlates with
dislocation core asymmetry, soft vibrational modes that can increase
equilibrium kink densities, and intrinsic ductility reflected by the
Rice criterion. These findings appreciably advance the understand-
ing of the chemical factors influencing slip and ductility and provide
a relatively efficient electronic structure-based framework for com-
putationally accelerating design of bcc HEAs with optimal balance
of strength and damage tolerance.

RESULTS

We primarily focus on two families of bcc HEAs: (i) NbTaMo,
NbTaMoW, and NbTaMoWYV; and (ii) NbTaTi, NbTaTiHf, and
NbTaTiHfZr—all modeled as random solid solutions using the spe-
cial quasirandom structure (SQS) approach (32), as described in
Materials and Methods. Our aim is not only to investigate the effect
of the total number of elements but also to highlight different phe-
nomena observed in the (i) refractory bcc HEAs [i.e., composed ex-
clusively by refractory metals of group V (V, Nb, Ta) and group VI
(Mo and W) elements] and (ii) group IV-containing bcc HEAs [i.e.,
with a large group IV (Ti, Zr, and Hf) element concentration]. To
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extend the discussion to an even larger set of bcc HEAs, we also ex-
amine the MoReW, which has been shown experimentally to feature
ductile behavior at room temperature (8).

The following subsections are organized as follows. We first ex-
amine the properties of screw dislocations in the bcc HEAs presented
above, focusing on the dislocation core ground-state configuration,
vibrational properties relevant to dislocation line profiles, and gen-
eralized stacking fault energy. We establish correlations between
these properties and deformation mechanisms experimentally ob-
served in bcc HEAs and extend the analysis to examine widely used
intrinsic ductility criteria [Pugh ratio (33), Rice-Thomson (34), and
Rice (35)]. Further, we investigate the underlying details of the elec-
tronic structure controlling these properties, defining two local elec-
tronic descriptors to perform this analysis: fraction of occupied
bonding states and featuring bimodality of d-orbital DOS.

1/2 (111) screw dislocation core ground-state configuration
We consider first the ground-state core configuration of screw dislo-
cations with Burgers vector b= ay /2 (111), a property that criti-
cally controls the atomistic glide of these dislocations (30). Previous
theoretical studies have proposed two types of core structure: sym-
metric or asymmetric (30, 36-38).

As proposed in (39), the so-called core polarization (p) allows to

quantitatively assess the symmetry of the core. This parameter is
defined as

_ldgc—dyg |+ ldpg —dep | + 1dpa — digl
- b (1)

where d,, (x, y = A, B, C, D, E, or F) is the relative displacement
between two neighboring (111) atomic columns as indicated in
Fig. 1A and b is the magnitude of the Burgers vector (i.e., b= IZI).
With such a definition, ideally symmetric or fully asymmetric cores
lead to p =0 or 1, respectively. We use this parameter to quantify the
degree of core polarization in the bcc HEAs below.

DFT calculations have established that elemental bec transition
metals (V, Nb, Ta, Mo, and W) show symmetric cores (40-43). In
agreement with these studies, as shown in Fig. 1A, we obtain the
symmetric core as the ground-state structure in elemental bcc Nb,
referred to as the easy core configuration (43, 44). We also examine
the asymmetric core in pure bce Nb for the sake of comparison
(Fig. 1B). As described in (39, 45), the asymmetric core is obtained
from the symmetric core by applying correlated displacements
along (111) on the atomic columns indicated in Fig. 1A, followed by
a constrained structural relaxation. Figure 1B shows that the asym-
metric core spreads in three (112) directions on {110} planes.

The features shown in Fig. 1 (A and B) allow a clear distinction
between symmetric and asymmetric cores. Specifically, the differ-
ential displacements (36) of the second nearest-neighbor shell (A —
B — C— D — E — F path) of the core correlate with the Burgers circuit
in the case of the symmetric core, which can be regarded as six gen-

eralized splittings into fractional dislocations with screw compo-

nents b /6(37,45). In the case of the asymmetric core, however, the
second nearest-neighbor shell differential displacements do not cor-
respond to a closed loop, reflecting three fractional dislocations

with screw components b /3 (37, 45). Moreover, the high disloca-
tion density around the symmetric core shown by the Nye tensor
(46) evidences its compactness; in contrast to the asymmetric core,
where the diffuseness of the Nye tensor reflects core spreading.

Borges et al., Sci. Adv. 10, eadp7670 (2024) 20 September 2024

We focus next on the bcc HEAs (Fig. 1, C to I). For each system,
we investigate the core structure in five different SQS models to
certify that the configurations presented in Fig. 1 are representative
of the studied materials. This strategy allows to sample different
chemical environments within the dislocation core, which mimics
corresponding fluctuations along the dislocation line. The core po-
larization parameters presented in Fig. 1 are averaged over these five
configurations, and the variations across different SQS models are
presented in text S2. In Fig. 1, we plot the core configurations with
computed polarization parameters closest to the average value for
each HEA composition, and the specific values of p for the configu-
rations shown are presented in table S2. In addition, we systemati-
cally verify that both dislocations of the dipole and both layers of the
cell relax to equivalent positions, i.e., according to the symmetry of
the bcc lattice (see Materials and Methods for details).

Figure 1 (D to F) shows that the set of refractory bcc HEAs
(NbTaMo, NbTaMoW, and NbTaMoWYV, respectively) shows al-
most ideally symmetric cores. As illustrated by the differential dis-
placements and Nye tensor, the core structure is essentially compact,
consistent with previous DFT calculations (16, 28). Small magni-
tudes of the polarization parameter mainly arise from fluctuations
in the energy landscape observed by the dislocation. Specifically,
these fluctuations are driven by chemical complexity (16, 47) and
should become more important as the number of elements with
widely differing Peierls barriers increases. For instance, DFT calcu-
lations in (43) show that the Peierls barrier is approximately equal to
25, 35, 37, 50, and 82 meV/b for V, Nb, Ta, Mo, and W, respectively.
In this sense, V and W additions to NbTaMo might be expected to
enhance the roughness of the dislocation energy landscape. In these
situations, the core position might slightly move away from the ref-
erence perfectly symmetric configuration to optimize its energy,
leading to a small degree of core asymmetry.

In both the MoReW (Fig. 1C) and group IV-containing NbTaTi
(Fig. 1G), NbTaTiHf (Fig. 1H), and NbTaTiH{Zr (Fig. 1I) bcc HEAs,
the ground-state core configuration features substantial asymmetry,
as shown by the calculated polarization parameters. We also observe
that the core asymmetry is enhanced as the group IV element con-
centration increases, consistent with prior DFT studies (19, 28, 29,
48). We also highlight that increasing core asymmetry due to com-
positional effects has been observed in W-Re bcc alloys in previous
DFT calculations (31, 49). To further emphasize different details in
the core configuration found in refractory versus group IV element-
and Re-containing bcc HEAs, we examine the edge components of
screw dislocations and formation volumes, which are presented in
text S3.

The type of core structure plays a major role on dislocation mo-
bility. Whereas symmetric cores glide on average in {110} planes
(43, 50), asymmetric cores have been shown to glide in a zigzag
fashion in these planes changing the overall slip plane to {112} (30).
These results suggest that while dislocation glide should be con-
strained to the {110} slip system in the refractory HEAs, in the group
IV-containing and MoReW HEAs, both {110} and {112} families of
planes may be available for dislocation slip. We note that experi-
mental studies have reported 1/2 (111) screw dislocation slip traces
along both {110} (11, 24, 27) and {112} (11, 14, 27, 51-54) in group
IV-containing becc HEAs, with preferred {112} slip in NbTaTiHfZr
shown in (28).

The more effective participation of {112} slip reflects an ap-
preciable increase in available glide planes, which correlates with
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Fig. 1. First-principles calculated core structures for 1/2 (111) screw dislocations in bcc metals and HEAs. (A) Symmetric and (B) asymmetric core in elemental bcc
Nb and ground-state core configuration obtained in the (C) MoReW, (D) NbTaMo, (E) NbTaMoW, (F) NbTaMoWYV, (G) NbTaTi, (H) NbTaTiHf, and (I) NbTaTiHfZr bcc HEAs. The
computed average value of core polarization over five different SQS models for each HEA composition is shown in parentheses. We plot above the core structure with
calculated polarization parameters closest to the average value for each HEA, and the specific core polarization of these plots are presented in table S2. The atomic struc-
ture is projected in the {111} plane, and white, gray, and black circles indicate original {111} planes in a perfect bulk bcc crystal. Arrows are drawn proportional to the rela-
tive displacement normalized by b/2 between neighboring (111) atomic columns along the Burgers vector direction and are omitted if they are smaller than b/12. The
contour map shows the screw component of the Nye tensor (as3). Both differential displacements and Nye tensor are calculated with respect to ideal bcc lattice sites.
Crosses indicate the reference perfectly symmetric dislocation core position.

improvements in room-temperature ductility observed in experi- observed in related complex concentrated alloys [e.g., W-Re binaries
ments. Specifically comparing refractory and group IV-containing (31, 49) and group IV-containing HEAs (19, 28, 29)]; specifically, core
bcec HEAs, the peak true strain (g,) measured in compression tests ~asymmetry shown by DFT studies correlates with experimental ob-
in the NbTaMoWYV is smaller than 3% (5), in stark contrast to the servations of preferred {112} slip (58, 59) and suggests improvements
NbTaTiHfZr where e, > 50% (6). These differences are also ob-  in ductility.

served in the three- (55, 56) and four-component (5, 57) bcc HEAs We consider next the correlation of local lattice distortions (LLDs)
to a degree that is enhanced as the group IV element concentration ~ and core structure. Here, we define LLDs as the average magnitude
increases. These trends in increasing ductility with increasing group ~ of atomic displacements (in the absence of the dislocation dipole)
IV element concentration correlate with the increasing propensity for ~ obtained from the structural relaxation of the ideal bec crystal: LLDs
core polarization in the present calculations. We highlight that anal- ~ are calculated using (LLD ) = (1/n) Y, |r;—r)|, wherer;and r)
ogous interpretations have been proposed to explain ductilization indicate the coordinates of the ith atom obtained after ionic relaxation

Borges et al., Sci. Adv. 10, eadp7670 (2024) 20 September 2024 3o0f14
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and at ideal bec lattice sites, respectively, and # is the number of at-
oms in the cell. Computed (LLD) values for the materials consid-
ered in this work are presented in the Supplementary Materials.

As shown in Fig. 1 [G (NbTaTi), H (NbTaTiHf), and I (NbTaTiHfZr)],
we observe pronounced displacements spread in the {111} plane
and even far from the core (~10 A), which introduces substantial
perturbation in the calculation of the Nye tensor. These displace-
ments can be understood regarding the average LLD magnitude ob-
served in the bulk in these materials. For instance, (LLD) = 0.13 A in
the NbTaTiHf (see table S1), which can be as large as the absolute
atomic displacements along the screw component produced by the
dislocation at the vicinity of the core according to the anisotropic
elasticity solution (60). In this sense, we observe that group IV ele-
ment additions induce appreciable distortions of the bec lattice and,
thus, in the vicinity of the core, which can enhance the degree of
core asymmetry found in these materials.

Severe LLDs in group IV-containing bcc HEAs correlate with
structural stability (61, 62). Specifically, atomic displacements away
from the ideal bcc lattice may be correlated along the (111) direc-
tion, reflecting a pronounced softening of the shear modulus along
this direction induced by group IV element additions (62). Group
VI elements and Re additions by contrast do not induce similar soft-
ening of the elastic properties, which is consistent with the observa-
tion that they do not induce pronounced distortions of the core.

Note that in (28), the (111) preferred direction for correlated LLDs
in group IV-containing bcc HEAs also corresponds to the direction
of the Burgers vector of screw dislocations, which may have implica-
tions for dislocation mobility. In addition, previous atomistic simu-
lations (19, 63, 64) have shown that increasing LLDs observed in the
bulk correlate with decreasing disparity in the relative mobility be-
tween edge and screw dislocations in bcc HEAs (63), arising from
substantial lattice friction due to chemical disorder observed by
edge dislocations (13, 20).

Screw dislocation vibrational properties

We consider next vibrational properties of screw dislocations, which
are argued to be relevant to the formation of equilibrium kinks and
ultimately to the roughness profile of the dislocation line. Specifi-
cally, we compare the lattice vibrations, here referred as vibrational
DOS (VDOS), of the bulk and dislocation configurations (i.e., the
270-atom cell without and with the dislocation dipole, respectively,
both structurally optimized) to examine the nature of dislocation-
induced changes in the vibrational spectra near the core.

Atomic vibrations are computed at the harmonic level, using fi-
nite displacement methods within DFT, as described in Materials
and Methods. We plot in Fig. 2 the VDOS projected in the atoms in
the first and second nearest-neighbor shells of the screw dislocation
core (see Fig. 1A) in relaxed bulk and dislocation core ground-state
configurations. The core configurations used to calculate the dislo-
cation vibrational properties are those presented in Fig. 1. We focus
on the NbTaMoW (Fig. 2A), NbTaTiHf (Fig. 2B), and MoReW
(Fig. 2C) systems, which provides a platform to study broader fami-
lies of bcc HEAs.

We address first the bulk VDOS. In contrast to the vibrational
dispersion of elemental crystals, which typically display three broad
peaks (65), we observe in Fig. 2 multiple smaller peaks in the HEAs
as a result of vibrational broadening due to chemical disorder (see
fig. S3) (66, 67). Moreover, we notice that the VDOS of NbTaTiHf
features increased weight at lower (softer) frequencies compared to
NbTaMoW and MoReW, with its gravity center located at an almost
30% lower value. In addition, we observe that NbTaTiHf shows a
small weight at imaginary frequencies. We note that the role of
group IV elements on contributing to lower and imaginary frequen-
cies in VDOS is documented in previous DFT studies (28, 62, 68).
We present in fig. S4 the atom-type projected VDOS and further
discuss in text S5 the underlying mechanisms controlling details of
the vibrational spectra.

We consider next dislocation-induced changesin the VDOS. Figure 2
shows that the VDOS for the atoms in the dislocation cores is sub-
stantially broadened. This phenomenon is partly attributed to an-
harmonicity arising from the large strains observed in the vicinity
of the core (69). Vibrations in the bulk lattice interact with dislo-
cations via the so-called fluttering mechanism, i.e., an incident
vibration induces the dislocation to oscillate and thus also to
vibrate (70). As a result, we observe that the dislocation core in-
troduces several additional peaks into the VDOS corresponding to
its vibration modes, most evident in the NbTaMoW as shown in
Fig. 2A.

Ninomiya (71), as well as related work cited therein, considers
the vibrational frequencies of a continuum crystal with a disloca-
tion. The analysis finds that the lowest eigenfrequency for each
nonzero wave vector along the dislocation line corresponds to a
phonon localized on the dislocation and has a value that is below
that of the continuum crystal. In the present calculations, we
have verified that this behavior is reproduced in our calculations
(see fig. S5). More generally, we observe a noticeable population of

—_ NbTaMoW — NbTaTiHf — MoReW
€ 1.0 € 1.0 € 1.0
8 2 —Bulk 8 —Bulk
£0.8 8 0.8 ) £ 0.84
N N —Dislo N
= 0.64 = 0.6 . = 0.64
0 | @ ! 0
2 0.4 i 2 0.4 | 204 1
® 0. ' © 0. \ < 0. ‘
0 [ 7] I 74 H
@ 0.2 D 0 0.2 ' @ 0.2 !
8 L 8 i 8 i
0.0 e — 0.0 - , N 0.0 A S
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Fig. 2. VDOS projected onto atoms in bulk and in screw dislocation core configurations. VDOS are plotted for the atoms in the first and second nearest-neighbor
shells in relaxed structures corresponding to the bulk (black lines) and to dislocation core ground-state (blue lines) configurations obtained in the (A) NobTaMoW, (B) NbTaTiHf,
and (C) MoReW bcc HEAs. The core configurations used to calculate the dislocated crystal VDOS are those shown in Fig. 1. Dashed lines indicate the frequency gravity

center of respective vibrational spectra.
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lower-frequency states induced by the dislocation core leading to a
substantial softening of the vibrational spectra, which is reflected in
a decrease in the frequency gravity center in both the NbTaMoW
and MoReW of about 15%. Even if such an effect is less pronounced
(=7%) in the NbTaTiHf, the frequency gravity center of the group
IV-containing HEA is still approximately 25% lower than the other
two materials.

These dynamic properties of the dislocation core have potentially
important implications in the kink-pair mechanism for dislocation
motion. Specifically, the string model (72) considers the dislocation
as a line tension on a corrugated substrate (i.e., subjected to a Peierls
potential) and predicts that the interaction of dislocations with low-
frequency elastic waves may promote the nucleation of kinks. In this
sense, the softer vibrational spectra of the dislocated crystal observed
in NbTaTiHf, combined with lower energy barriers for kink nucle-
ation (further discussion of kinks in relation to calculations for USFs
is given below), should increase the concentration of equilibrium
kinks in this alloy. As a result, the dislocation might be expected to
adopt a more rugged line profile in the group IV-containing HEAs,
consistent with previous atomistic simulations (63). This naturally
kinked structure markedly affects the dislocation mobility (73), en-
hancing cross-slip and cross-kink formation, which has been argued
to improve the alloy strength (73).

In addition, we also observe that the screw dislocation core en-
hances imaginary modes (i.e., 1* < 0) in NbTaTiHf. As demonstrated
in (62), these modes are intrinsically correlated with LLDs and like-
ly explain the large LLDs observed in the vicinity of the core in the
NbTaTiHf but not in the NbTaMoW and MoReW HEAs.

USF energy

We consider next the USF associated with dislocation slip by a Burgers
vector j = a,/2 (111). Previous theoretical studies (74, 75) have
demonstrated that the USF energy (yys) is strongly correlated with
the energy landscape observed by screw dislocations. In this way, to
obtain insight into the energetics controlling the gliding of disloca-
tions considered above, we calculate the vy, values for bcc HEAs
considering {110}, {112}, and {123} slip planes from DFT (see Mate-
rials and Methods for details). The consideration of high-order
planes (i.e., {112} and {123}) is included to examine the interplay of
group IV elements and Re additions on the anisotropy of USF energies
compared to the reference {110} planes, and the results are argued
to be relevant in the context of experimentally reported (13, 27, 28)
slip along these high-order planes. The results are shown in Fig. 3. In
addition, we also calculate v, for elemental bcc metals (see table S4)

and include the obtained values for Hf, Ta, and W in Fig. 3 to eluci-
date alloying effects. In the case of HEAs, we use three different SQS
models for each composition and slip plane to calculate y,, and ob-
serve that relative differences between maximum and minimum val-
ues with respect to the average are smaller than 7% across these
SQS models.

Considering pure group V metals (V, Nb, and Ta) as reference
(see table S4), Fig. 3 shows that while alloying with group VI ele-
ments (Mo and W) leads to an increase in the y,, values, additions of
group IV elements (Ti, Zr, and Hf) appreciably lower the USF energy.
Specifically, for systems with the same number of components, group
IV-containing HEAs (NbTaTi, NbTaTiHf, and NbTaTiHfZr) show
Yus Values almost three times smaller than refractory HEAs (NbTaMo,
NbTaMoW, and NbTaMoWYV, respectively) along all studied slip
planes. We highlight that these effects of group IV elements on y,, are
consistent with previous DFT calculations (64, 76). Further, using
the Peierls-Nabarro framework (74, 75), such a decrease in the USF
energy should accompany a decrease in the kink-pair formation en-
ergy, increasing the nucleation of kinks. In addition, atomistic simu-
lations (77) in elemental bcc metals show that these correlations
between vy and dislocation mobility are observed not only for screw
but also for edge dislocations.

We also find that Re additions induce a reduction in the USF
energy. Values of y,s obtained for the MoReW HEA are approxi-
mately 40% lower than those obtained for elemental W. This Re al-
loying interplay has been reported by previous DFT studies (31) and
is argued to be correlated to screw dislocation core polarization (31,
49). These Re effects on core polarization and USF energy have been
suggested to be the underlying ductilization mechanism of W-Re
bec alloys (58, 59).

Figure 3 also shows that the group IV element concentration in-
duces isotropy between high-order slip systems in terms of the USF
energy. Whereas vy is approximately 15 and 30% larger along {112}
and {123} than along {110} in the refractory HEAs, these relative
differences are smaller than 3 and 6% in group IV-containing HEAs,
respectively. As a result, high-order slip plane isotropy combined
with lower energy barriers for kink nucleation (see above) may cor-
relate with enhanced dislocation mobility, suggesting improvements
in the alloy ductility. We highlight that experimental studies (13, 27,
28) have reported the activation of {112} and {123} glide planes in
beec HEAs with an appreciable concentration of group IV elements.

We note that quantitative methods for calculating the kink pair
activation enthalpy have been proposed in the literature (78). Ap-
plication of this approach in the context of HEAs is challenged by

2000
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Yus (M)/m?)
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0

Hf Ta W NbTaMo

NbTaMoW NbTaMoWV  NbTaTi

{110} e {112} e {123}

NbTaTiHf NbTaTiHfZr MoReW

Fig. 3. USF energy (ys) calculated for {110}, {112}, and {123} slip planes. The blue, red, and green bars indicate the values of y,s for {110}, {112}, and {123} planes, re-
spectively, for elemental bce Hf, Ta, and W and bcc HEA compositions shown. In the case of HEAs, values are averaged over three different SQS models for each composi-
tion and slip plane, with the error bars indicating minimum and maximum calculated values.
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the need to sample local fluctuations in the dislocation energy land-
scape arising from chemical disorder. These calculations are beyond
the reach of the present DFT-based approach. In the absence of such
an analysis, more qualitative discussions based on USF energies are
used here to assess the effects of group IV elements and Re additions
on slip behavior.

We end this section with an analysis comparing the DFT-calculated
values of yys obtained here to those computed using the rule of mixtures
(ROM) based on values for the elemental bcc metals (see table S4). We
find that ROM estimates can substantially underestimate vy, par-
ticularly for {110} planes, being on average 10% (and up to 25% for
TaMoReW) smaller than the direct DFT values. Further, the effect
of group IV element additions in lowering the anisotropy in vy, val-
ues, as found in the DFT calculations, is not reproduced by the
ROM estimates. These limitations of the ROM approach are expect-
ed because of the nature of the bonding in becc HEAs. Specifically,
Borges et al. (62) and Tong et al. (79) discuss substantial charge
transfer and rearrangement of the electronic DOS accompanying
local relaxations in bcc HEAs. These effects should diminish the ac-
curacy of virtual crystal or rigid band models for the electronic
structure, suggesting that simple ROM estimates may be limited in
accuracy, as found here.

Intrinsic ductility criteria

The results presented above establish that composition can be tuned
to alter screw dislocation properties and yys in bcc HEAs. Here, we
complement this analysis by presenting calculated values for widely
used intrinsic ductility parameters. We compare these results with
experimental studies that have reported large differences in room-
temperature ductility across bcc HEAs. Whereas refractory [NbTaMo
(56), NbTaMoW (5), and NbTaMoWYV (5)] HEAs have been
shown to be brittle, group IV-containing [NbTaTi (55), NbTaTiHf
(27), and NbTaTiHfZr (6)] and MoReW (8) HEAs have been shown
to feature higher ductility. To compare to these experimental
findings, we present calculated results for intrinsic ductility pa-
rameters obtained for bcc pure elements that have been reported to
be intrinsically ductile (V, Nb, and Ta) (80) and intrinsically brittle
(Mo and W) (80) to bcc HEAs with and without group IV ele-
ments and Re.

We first assess an elasticity-based ductility criterion. The Pugh
ratio, G/B [where G is the isotropic shear modulus, here approxi-
mated by Voigt-Reuss-Hill (81) averaging of the single-crystal
elastic constants, and B is the bulk modulus], represents the com-
petition between plasticity and fracture (33). Previous studies (82)
suggest that materials with G/B < 0.4 can be characterized as be-
ing typically intrinsically ductile. As shown in Fig. 4A, the Pugh
ratio is consistent with improvements in ductility (i.e., smaller
G/B ratios) in the group IV-containing HEAs compared to the
refractory HEAs, which primarily reflects the pronounced soften-
ing of G induced by the group IV element concentration (see the
Supplementary Materials). However, Re does not induce an analo-
gous effect on the alloy’s elastic properties such that the Pugh ratio
remains appreciably large for MoReW, classifying this HEA as brittle
alongside elemental Mo and W, in contrast to experimental observa-
tions that have shown this material (MoReW) to display notable
ductility (8). The analysis therefore suggests that elasticity-based
criteria are not sufficient to capture the compositional trends in
bcec HEAs.

We consider next dislocation-emission ductility criteria. Rice
and Thomson (34) proposed a theoretical framework where ductil-
ity can be regarded as a balance between fracture and nucleation of
dislocations at the crack tip. Quantitatively, the Rice-Thomson crite-
rion states that Gb/ys, where v is the surface energy and b is the
norm of the Burgers vector, controls the ductile nature of materials,
with Gb/ys < 7.5 indicating ductile behavior (34). Surface energies
are calculated for three SQS models for each bcc HEA composition
and slip plane, and we verify that variations between minimum and
maximum obtained values with respect to the average are smaller
than 8% across these SQS models (see table S4). We use average val-
ues of ys to compute the Rice-Thomson parameters. We consider the
surface energy along the {110} slip plane in Fig. 4B and verify that
the consideration of {112} or {123} slip planes provides exactly the
same trends (see fig. S6).

Figure 4B shows that the shear modulus is the dominant term
governing the concentration dependence of Gb/y, such that the
Rice-Thomson criterion reproduces in general the same trends ob-
served in the Pugh ratio. As a result, while the Rice-Thompson
criterion predicts enhanced ductility in the group IV-containing

Pugh ratio Rice-Thomson Rice
V — V p— NbTaTiHfZr
N p— Nb p— NbTaTiHf
NbTaTiHfZr m— NbTaTiHfZ r me—— NbTaTi
NbTaTiHf pe— NbTaTiHf —— \
NbTaTi — NbTaTi —— Ta
NbMoT| r——— NbMOT r———— Nb
NbTaMo r———— NbTaMo ——— MoReW
NbTaMoWV m—— NbTaMoWV NbMOTi f—
Ta Ta NbTaMo
NbTaMoW NbTaMoW NbTaMOWYV me——
TaMoWRe Mo TaMoWRe m—————
Mo TaMoWRe NbTaMOW fe——
MoWRe w MO ————
W MoReW VW ———
0.0 0.1 0.2 0.3 0.4 00 25 50 7.5 100 125 0 1 2 3 4
G/B Gb/ys Ys/Yus
A B C

Fig. 4. Calculated values of three intrinsic ductility parameters. (A) Pugh ratio. (B) Rice-Thomson. (C) Rice. In all plots, the material compositions on the vertical axis are
presented in ascending ductility order of the corresponding ductility parameter. In (B) and (C), the surface and USF energies are calculated for the {110} slip plane. Red
vertical lines indicate ductile to brittle transition thresholds according to reported thresholds for each parameter.
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HEAEs, it also indicates that the MoReW should be relatively brittle,
in contrast to experimental observations (8).

We lastly consider the Rice criterion (35). In contrast to the Rice-
Thomson model, the Rice criterion uses the Peierls approach to
analyzing the dislocation nucleation at the crack tip such that the
ductility metric becomes y4/yys, where vy, is the USF energy. Quan-
titative estimations of y/yys values controlling ductile to brittle tran-
sition are very sensitive to the assumptions regarding the crack
propagation. As proposed in (35), we consider Ky; = Ky = 0.1K;
(where K, Kjj, and Kjjp are the stress intensity factors of modes I, II,
and III, respectively), which requires ys/yys > 3.5 for ductile behav-
ior in bec crystals. To compute the Rice parameters, we use average
values of both y, and vy,;. Figure 4C shows the results, where both v,
and 7y, are calculated with respect to the {110} slip plane, and we
verify again that the consideration of the {112} or the {123} slip
planes provides the same trends (see fig. S7). We also highlight that
the Rice parameter values calculated for NbTaMoW and TaMoReW,
shown in Fig. 4C, are in excellent agreement (to within 3%) with
prior DFT results presented in (83), leading to the same conclusions
on ductility trends.

Figure 4C shows that the Rice criterion correlates well with ex-
perimentally measured ductility trends. Specifically, we observe that
the group IV element concentration appreciably lowers the USF en-
ergy (see Fig. 3) resulting in higher y,/yy ratios, satisfying the Rice
threshold for ductile behavior in this set of HEAs, consistent with
previous atomistic simulations (22) for other group IV-enriched
bcee HEA compositions. Further, in contrast to the other two criteria
discussed above, the Rice criterion correctly classifies MoReW con-
sistent with experimental observations of ductility, as shown in
Fig. 4C. Specifically, although MoReW and elemental V, Nb, and Ta
do not meet the relation y¢/y,s > 3.5, the obtained ratios for these
materials are appreciably larger than those obtained for the refrac-
tory HEAs and elemental Mo and W such that the criterion cor-
rectly predicts the overall trends toward increasing ductility through
Re additions to Mo-W alloys.

To summarize the results of this subsection, group IV elements
and Re additions lead to different effects on the Pugh, Rice-
Thomson, and Rice ductility parameters. For both the Pugh and
Rice-Thomson parameters, the trends are primarily controlled by
the concentration dependence of the shear modulus G, which soft-
ens with increasing group IV element concentration, resulting in
values corresponding to increased ductility. Re additions, however,
do not induce a softening of the alloy’s elastic properties, such that
MoReW is classified as being brittle according to the Pugh and Rice-
Thomson parameters, inconsistent with experimental observations
(8). By contrast, the compositional trends in the Rice parameter are
primarily governed by the USF energy, which is appreciably lowered
by both group IV elements and Re additions, leading to predictions
of ductility enhancement by both types of elements. In this sense,
only the Rice criterion produces trends in ductility behavior of the
bee HEA compositions in line with reported experimental measure-
ments (5, 6, 8).

Last, we note that the compositional trends in the ductility pa-
rameters considered in this section cannot be reliably assessed on the
basis of ROM estimates, i.e., properties derived from composition-
weighted averages of those for the pure elements. For example, val-
ues of the shear modulus G obtained using the ROM differ by 20 and
75% from direct DFT calculations for NbTaMoW and NbTaTiHf,
respectively, which limits the ability of the ROM in providing

Borges et al., Sci. Adv. 10, eadp7670 (2024) 20 September 2024

reliable Pugh and Rice-Thomson parameters. This large discrepancy
found for NbTaTiHf is induced by the elastic instability of the bcc
phase in elemental group IV metals. Further, this phase instability
challenges the calculations of fully relaxed surface energies for these
metals, which values can be only approximated by a constrained
ionic optimization (see text S7). ROM-induced uncertainties in the
surface energies, combined with important departures from DFT
values found in the USF energies (see above), result in ROM-Rice
parameter ductility trends that are inconsistent with experimental
observations. Specifically, we show in the Supplementary Materials
that while some bcc HEAs feature similar ROM-Rice parameters,
e.g., 427 and 4.20 for HIMoNbTaW and HfMo sNbTaTiZr, respec-
tively, the experimental compressive fracture strain reported for
these materials differs substantially, with respective values of 6%
(84) and >50% (85).

Electronic structure assessment

The results in the prior subsections demonstrate that compositional
trends in the screw dislocation core polarization, dislocation vibra-
tional properties, USF energies, and Rice ratio y/yys all correlate
with observed trends in experimental measurements when consid-
ering bcc HEAs with and without group IV elements and Re. In this
subsection, we consider underlying features of the bulk electronic
structure that correlate with these ductility parameters, establishing
physically motivated descriptors for intrinsic ductility trends that
can be calculated much more efficiently by first-principles methods
than dislocation cores or surface and USF energies.

Two characteristic features of d-orbital DOS in elemental bcc
transition metals correlate with the structural stability of the bulk bec
lattice: pronounced bimodality and definite bonding/antibonding
splitting (86), where the former (later) primarily couples with the
bee coordination (87) [d-resonance effect (88)]. As a result, the
DOS of bee metals and alloys shows a region of (nonzero) low val-
ues around the Fermi level, which is referred as the pseudogap (89).

We use two descriptors, namely, dip and gocc/gbond> t0 €xamine
bimodality and the fraction of occupied bonding states in the DOS
of the bcc HEAs examined here. To evaluate bimodality, we perform
the Hartigan’s dip test (90). This statistical method measures the dis-
tance between the cumulative distribution function of an empirical
distribution and the nearest multimodal function (90). Briefly, a set
of unimodal cumulative distribution functions Hj; is generated for
all possible intervals [x; x;] of the sample (here, the electronic DOS)
cumulative distribution function F. Each Hj; is then shifted by a dis-
tance d;; to form a band that approximates F, until F is within the
band for all range (—oo, +). Last, the smallest dj; is defined as the
dip statistics and is the descriptor in what follows. Systematic assess-
ments (91) of the Hartigan’s dip test show that this mathematical
tool correlates with bimodality as follows

dip <0.05, substantial bimodality
0.05 < dip <0.10, marginal bimodality (2)

dip > 0.10, multimodality

In addition, we highlight that this parameter has been success-
fully used in previous studies (92) to quantify bimodality in the
DOS of bee binary alloys. To assess the fraction of occupied bonding
states, we define the descriptor gocc/gbond Such that
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where gy and ghond denote the number of occupied total and bond-
ing states, respectively; n(E) is the electronic DOS; and Er and E,,
are the Fermi and pseudogap energy levels, respectively. With this
definition, gocc/gbond = 1 implies that only bonding states are fully
occupied, corresponding to maximum structural stability (93). Fur-
ther, gocc/gbond < 1 or >1 indicate an empty fraction of bonding
states or population of antibonding states, respectively, both
correlating with a relative destabilization of the bcc lattice. To assess
the relevance of the proposed descriptor, we also perform a crystal

orbital Hamilton population analysis (94-96) to study the filling of
bonding states. Results obtained using the crystal orbital Hamilton
population method agree qualitatively with those provided by the
descriptor gocc/gbond and are presented in text S9.

We further assess the nature of dislocation-induced changes in
the local DOS (LDOS) near the core. We examine the LDOS pro-
jected in the atoms in the first and second nearest-neighbor shells of
the screw dislocation core (as labeled in Fig. 1A) corresponding to
relaxed bulk and core ground-state configurations (i.e., the 270-atom
cell without and with the dislocation dipole, respectively, both struc-
turally optimized). Figure 5 shows the obtained LDOS plots and
calculated gocc/gbond> and Table 1 presents dip descriptors. The core
configurations used to calculate the dislocated crystal LDOS are
those presented in Fig. 1.

We first focus on the effects of composition on the bulk LDOS,
specifically on the fraction of occupied bonding states. As shown in
Fig. 5 (A to C), the Fermi level lies close to the pseudogap in the set
of refractory (NbTaMo, NbTaMoW, and NbTaMoWY, respectively)
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Fig. 5. Local electronic DOS projected onto atoms in bulk and in screw dislocation core configurations. LDOS are plotted for the atoms in the first and second
nearest-neighbor shells in relaxed structures corresponding to the bulk (black lines) and dislocation core ground-state (blue lines) configurations obtained in the
(A) NbTaMo, (B) NbTaMoW, (C) NbTaMoWV, (D) NbTaTi, (E) NbTaTiHf, (F) NbTaTiHfZr, (G) NbMoTi, (H) MoReW, and (I) TaMoWRe bcc HEAs. The core configurations used to
calculate the dislocated crystal LDOS are those shown in Fig. 1. Solid or hatched fillings indicate an enhancement or depletion of the LDOS for the atoms in the dislocation

core, respectively, relative to the bulk configuration.

Borges et al., Sci. Adv. 10, eadp7670 (2024) 20 September 2024

8of 14

GZ0Z ‘9T Afenuer uo B10°80US 105" MMM//:SANY WO.) PapeojuMoq



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. Local electronic DOS descriptors. The fraction of occupied bonding states (gocc/gbond) and Hartigan bimodality statistics (dip) calculated for the plots

presented in Fig. 5. Relative differences [A(gocc/gbond) and Adip] are computed with respect to the bulk.

Bulk Dislocation

Gocc/Gvond Goce/Ibond A(Gocc/Gbond) Adip
NbTaMo 0.900 0.929 3.2% 26.1%
T
S
NbTaT| M e s S s 26 s
NbTaTHE 86%
N i
L T
N e s
TaMoWRe Cag9%

HEAS resulting in gocc/gbond & 1. However, in the group IV-containing
NbTaTi (Fig. 5D), NbTaTiHf (Fig. 5E), and NbTaTiHfZr (Fig. 5F)
HEAs, the Fermi level is shifted toward the bonding states to a de-
gree that is enhanced as the group IV element concentration in-
creases, leading to gocc/ghond ratios appreciably smaller than 1.
Further, the Fermi level is located at high values of the LDOS, re-
flecting an unfavorable structural configuration. By contrast, in
MoReW, Fig. 5H shows that the Fermi level is shifted toward the
antibonding states such that gocc/gbond is slightly larger than 1.

To complement the gocc/ghond analysis, we also compute the
single-crystal elastic moduli (C;;) of the materials considered in this
work, which are presented in the Supplementary Materials. We ob-
serve that refractory HEAs feature favorable bonding, as shown by
the gocc/gbond descriptor and relatively stiffer elastic properties. De-
spite Re inducing a population of antibonding states, this destabili-
zation effect is mitigated by enlarging the band energy such that
bonding remains strong and elastic properties remain stiff in
MoReW. In contrast, the group IV element concentration leads to a
substantial depletion of occupied bonding states, resulting in a pro-
nounced softening of the elastic moduli, particularly the tetragonal
shear modulus (C’), which decreases as the group IV element con-
centration increases.

Beyond the elastic moduli, bond strength also controls the vibra-
tional spectra. At long wavelengths, acoustic frequencies can be
written as a combination of elastic constants (65, 97) such that a
softening of Cj; correlates with a softening of the vibrational disper-
sion, both reflecting bond strength softening. This analysis is consis-
tent with the results presented in Fig. 2 and explain the different
behavior observed in the NbTaTiHf compared to NbTaMoW and
MoReW. In addition, the vibrational dispersion is closely correlated
with LLDs (62) as discussed in the “Screw dislocation vibrational
properties” section. In this way, bond softening induced by the
group IV element concentration also provides insight into the large
LLDs observed in the vicinity of dislocation cores in group IV-
containing bcc HEAs.

We consider next bimodality. Table 1 shows that, according to
the dip statistics, the bulk LDOS of both refractory and group IV-
containing bcc HEAs features pronounced bimodality. Despite the
large LLD magnitude observed in the NbTaTiHf and NbTaTiHfZr

Borges et al., Sci. Adv. 10, eadp7670 (2024) 20 September 2024

HEAs leading to a structurally more complex configuration away
from the ideal bee coordination, bimodality is not shown to be im-
portantly affected. However, Re remarkably suppresses bimodality
in the MoReW regardless of the low LLDs observed in the bulk. This
contrast is visually evident when comparing the NbTaTi LDOS
(Fig. 5D) versus those for MoReW (Fig. 5H), where the LDOS close
to the Fermi level of the former (latter) shows a narrow (flat) mini-
mum in between two sharp (broad) peaks.

We therefore find that the bulk electronic structure of both group
IV-and Re-containing bcc HEAs show features that are destabiliz-
ing for the bec structure but coupled with distinct phenomena. Spe-
cifically, the group IV element concentration induces notable bond
strength softening while marginally affecting bimodality; converse-
ly, bonding remains strong in the Re-containing HEA while bimo-
dality is appreciably suppressed.

We consider next changes in the LDOS for atoms in the disloca-
tion core versus the bulk. As shown in Fig. 5, the dislocation core
induces a pronounced reorganization of the LDOS such that states
close to the pseudogap are filled, consistent with results observed in
pure bce metals (43) and binary bec alloys (92). Quantitatively,
Table 1 shows that the dislocation core minimally affects the frac-
tion of occupied bonding states, with gocc/gbond relative changes with
respect to the bulk smaller than 5%. Nevertheless, the dislocation
core substantially suppresses bimodality as shown by in an increase
of approximately 30% of the dip statistics in all bcc HEAs, reflecting
the disruption of the bce coordination in the vicinity of the core as
presented in Fig. 1.

We observe that pronounced core asymmetry correlates with in-
cipient structural instabilities observed in the bulk. Specifically, in
the structurally stable refractory becc HEAs, the extent of the struc-
tural distortions induced by the dislocation core are relatively local-
ized because of the strong restoring forces in the bulk lattice.
However, if the bcc HEA shows incipient structural instabilities (i.e.,
group IV element or Re concentration), then a longer-range atomic
reorganization is observed around the core, resulting in core spread-
ing. Hence, we propose that the screw dislocation core ground-state
configuration is an intrinsic material property reflecting details of
the electronic structure. Such a dependency on electronic struc-
ture likely explain why simple core-controlling criteria based on
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thermodynamic properties [e.g., y-line profile (37)] cannot correct-
ly predict trends of core polarization in complex concentrated alloys
(see text S11) (31). In addition, we show in fig. S9 that the character-
istic features of the electronic structure are a result of the overall al-
loy composition and cannot be clearly associated with specific atom
types in the core. These results suggest that details of the core struc-
ture may not be sensitive to chemical short-range order, consistent
with previous computational studies (16, 47).

We consider next correlations between the changes in electronic
structure induced by the addition of group IV elements and Re, with
the compositional trends in the intrinsic ductility parameters dis-
cussed above. The depletion of the fraction of bonding states ob-
served because of the group IV element concentration results in a
softening of the material’s elastic properties, having important im-
plications for the trends in the Pugh and Rice-Thomson parameters,
which shows strong dependence on the shear modulus. Further, a
destabilization of the bcc lattice, reflected by either bond softening
or bimodality suppression, arising from group IV elements or Re
additions, respectively, is correlated with a lowering of the USF en-
ergy. This property strongly affects the trends in the Rice parameter
such that a destabilization of the bcc lattice accompanies improve-
ments in ductility predicted by this parameter, consistent with ex-
perimental observations across the bcc HEA compositions (5, 6, 8).

The present study outlines features of the alloy’s bulk electronic
structure that correlate with structural stability, degree of screw dis-
location core polarization, USF energy, and measurements of intrin-
sic ductility reflected by the Rice criterion. Further, compositional
variations for all of these properties are shown to correlate with re-
ported trends in experimental observations for ductility across bce
HEA considered. Hence, characteristics of the electronic structure,
i.e., the fraction of occupied bonding states and bimodality, can be
used to gauge the potential for intrinsic ductility in bcc HEAs. To
further verify the consistency of our proposed descriptors in captur-
ing experimental observations, we include in our analyses NbMoTi
and TaMoWRe, which, despite being respectively group IV ele-
ment-and Re-containing bcc HEAs, have been reported to show
brittle behavior at room temperature (7, 13). LDOS plots and calcu-
lated electronic descriptors for these materials are presented along-
side other alloy compositions in Fig. 5 and Table 1, and screw
dislocation core properties and unstable stacking energy values are
presented in the Supplementary Materials.

The bulk electronic structure of both NbMoTi and TaMoWRe
shows destabilizing features for the bec structure, respectively, deple-
tion of the fraction of occupied bonding states and suppression of bi-
modality, but not as substantial as other group IV element-and
Re-containing compositions considered above. As a result, the screw
dislocation core ground-state configuration in NbMoTi and TaMoWRe
shows less pronounced polarization (see table S2).

A more important contrast between the properties of NbMoTi
and TaMoWRe and other studied HEA compositions is observed in
the USF energy values. Specifically regarding TaMoWRe, the Re
concentration is not enough to lower yy, values such that this alloy
shows the highest USF energies among all considered HEAs (see
table S4), resulting in poor intrinsic ductility reflected by the Rice
parameter (see Fig. 4C). In the case of NbMoTji, whereas the Ti con-
centration induces isotropy between high-order planes as the differ-
ence between 7,5 values along {110} and {123} is close to 6%, the
USF energy magnitudes remain appreciably high, also leading to
intrinsic brittle behavior according to the Rice ratio (see Fig. 4C).
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Our DFT calculations for NbMoTi are fully consistent with experi-
mental observations: While the ternary alloy shows active screw dis-
location slip along high-order planes (27), correlating with USF
energy isotropy, the material also shows tensile brittle behavior (13),
in agreement with the Rice parameter.

DISCUSSION

The present DFT calculations demonstrate that alloy chemistry can
be tuned to profoundly alter dislocation slip behavior and intrinsic
ductility in bcc HEAs. Specifically, the results indicate that additions
of group IV elements and Re to alloys based solely on (groups V and
VI) bee elements promote screw dislocation core polarization and
lowering of USF energy values. A consequence of this synergy of
chemically induced changes in material properties is reflected in im-
provements in intrinsic ductility measured by the Rice parameter.

Further, the intrinsic ductility trends are linked to key character-
istics of the electronic DOS, namely, the fraction of occupied bond-
ing states and bimodality. Group IV elements and Re additions
induce bonding softening and bimodality suppression, respectively,
both representing features of the electronic DOS that are destabiliz-
ing for the bec structure in transition-metal alloys. This destabiliza-
tion is shown to be closely correlated to screw dislocation core
spreading and USF energy lowering.

Hence, we propose that the fraction of occupied bonding states
(gocc/gbond) and bimodality (dip) descriptors calculated for the bulk
configuration can be used to assess the potential for intrinsic ductil-
ity in becc HEAs. To further test this approach, gocc/gbond and dip
electronic descriptors are calculated for more than 50 bcc complex
concentrated alloys, from binaries to six-element materials, includ-
ing nonequiatomic compositions (see table S6). In these DOS calcu-
lations, cubic 54-atom bulk cells are used (see texts S12 and S13). To
enable correlation of these results with experimental compressive
fracture strains (), the 50 additional compositions are chosen for
alloys where these experimental values have been reported in the
literature (see table S6).

As illustrated in Fig. 6A, we find that the descriptors allow to
distinguish the compositions in two major groups, one of which is
controlled by incomplete filling of bonding states and other by bi-
modality suppression. In detail, Fig. 6B shows that bcc alloys show-
ing substantial depletion of bonding states (gocc/gbond < 0.8) feature
high intrinsic ductility, correlating with experimental observations
of g, > 30%. Conversely, compositions showing bonding states al-
most completely filled (0.9 < gocc/gbond < 1.0) are brittle, correlating
with €, < 5%. We further observe that, for intermediate degrees of
bonding filling (0.8 < gocc/gbond < 0.9), gocc/gbond correlates mono-
tonically with e, suggesting that g,cc/gbond is able not only to classify
but also to satisfactorily rank the potential for intrinsic ductility
across becc complex concentrated alloy compositions. In addition,
Fig. 6B shows that compositions featuring all bonding states occu-
pied (gocc/gbond > 1) have intrinsic ductility controlled by bimodality
suppression, showing ductile behavior in experimental measure-
ments only if dip > 0.05.

The descriptors gocc/gbond and dip thus can be used to assess duc-
tility trends consistent with experimental measurements from com-
pression tests. Use of these descriptors thus provides a strategy for
screening alloy compositions that improves on approaches based on
average valence electron count or ROM approaches, as discussed in
the Supplementary Materials.
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Fig. 6. Electronic intrinsic ductility assessment. (A) Flow chart for intrinsic ductility assessment using the fraction of bonding states (gocc/gbond) @and bimodality (dip)
electronic descriptors. (B) Correlations between gocc/ghong and dip with experimental compressive fracture strains (ep) reported in the literature (see table S6) for bcc

complex concentrated alloys.

We emphasize that gocc/gbond and dip values shown in Fig. 6B are
calculated using cubic 54-atom bulk cells, not requiring the calcula-
tion of defect properties within large cell geometries (~250 atoms).
DFT calculations scale in general with the cube of the number of at-
oms; if computer budget is dominated by the operations that lead to
this scaling, then less than 2% of the resources required by the large
cells would be required for the smaller 54-atom cells. On the basis of
our experience, this relation is consistent with the time required to
relax these cell geometries in our DFT calculations. We find that the
total computational expense to calculate the descriptors for all com-
positions shown in Fig. 6B is smaller than that for calculating the Rice
parameter (i.e., surface and USF energies) for a single bcc HEA.

In summary, this work correlates key signatures in the electronic
structure of bcc HEAs to dislocation deformation behavior and in-
trinsic ductility. We propose that the values of the fraction of occu-
pied bonding states lower than 0.8 or bimodality values greater than
0.05 in the bulk electronic DOS provide a basis for screening for
high intrinsic ductility in computationally accelerated design of bcc
HEAs composed of transition-metal elements.

MATERIALS AND METHODS

First-principles calculations

All first-principles calculations reported in this work are performed
within DFT as implemented in the Vienna ab initio simulation package
code (98-100). The projector augmented wave formalism (101, 102) is
used with the Perdew-Burke-Ernzerhof generalized gradient approxi-
mation (103) to model the exchange-correlation potential. A plane-wave
basis set with a kinetic energy cutoff of 600 eV is used, and in the k-point
sampling, we use the Methfessel-Paxton scheme (104) with a smearing
of 0.2 eV. The projector augmented wave potentials used treat 10, 12, 10,
11,11,11, 12, 12, and 13 electrons as valence for Ti, Zr, Hf, V, Nb, Ta, Mo,
W and Re, respectively (i.e., we include semicore states for all elements).
Atomic relaxation is carried out with the conjugate gradient method in
simulation cells with fixed periodic vectors (i.e., at constant cell shape

Borges et al., Sci. Adv. 10, eadp7670 (2024) 20 September 2024

and volume) at the equilibrium lattice parameter, until residual forces
have magnitudes below a tolerance of 5 meV/A. We use a different toler-
ance criterion for the USF energy calculations (see below).

The electronic DOS plots are calculated for relaxed structures using
the tetrahedron method with Bléchl corrections (105) to perform
Brillouin-zone integrations. All other DFT parameters are the same as
those presented above, and we use the same k-point grid used for struc-
tural relaxation of screw dislocation cores (see below).

Atomic vibrations are calculated at the harmonic level using the fi-
nite difference approach, as implemented in the Phonopy package
(106). The vibrational spectra are computed using the full force-
constant matrix for both the bulk and the dislocation dipole configura-
tions and thus sample the mass and force-constant fluctuations present
in these systems. We use an energy converge tolerance of <107 eV for
the electron self-consistency criterion in these calculations and use the
same k-point grid used for structural relaxation of screw dislocation
cores (see below). The VDOS presented in this manuscript is derived
from dislocation supercells that are relatively thin in the (111) direction
(i.e., the dislocation line direction). To check the convergence of the re-
sults obtained using these supercell geometries, we compare results for
bulk VDOS to those derived from cubic 54-atom supercells. The latter
have been shown to provide well-converged vibrational properties of
bee HEAs in (66, 67). The frequency gravity center of the total bulk
VDOS calculated by the dislocation and cubic supercells agree to with-
in 2% for the bcc HEA compositions shown in Fig. 2. We also find that
the presently calculated frequency gravity center of the total bulk VDOS
for NbToMoW agrees within 1% of the value reported in (67).

Simulation cell

Chemical disorder in the bcc HEAs is modeled using the SQS ap-
proach (32). We use the Monte Carlo Special Quasirandom Struc-
ture (MCSQS) (107) package in the Alloy Theoretic Automated
Toolkit to generate the SQS models, which are constructed to pro-
vide correlation functions for the first two neighbor shells that ap-
proximate a random solution for all constituent elements.
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1/2 (111) screw dislocations are modeled using a quadrupolar ar-
rangement with triperiodic boundary conditions (108, 109). The
simulation cell periodicity vectors {p1, p2, p3} are as follows: p; =
5/2 u; — 9/2 uy, p, = 5/2 u; + 9/2 uy, and p3 = 2 u3, where u; =
ap[112], uy = a[110], and u3 = a¢/2 [111] are the elementary vectors. The
simulation cell has twice the magnitude of the Burgers vector along
the dislocation line direction parallel to ps, containing a total of 270 atoms.
We highlight that such a supercell geometry has been shown to provide
well-converged core structures in elemental bec metals in previous DFT

studies (43, 44). A dislocation dipole of Burgers vector b= —a, /2 [111]

is introduced in the simulation cell using anisotropic elasticity theory
as implemented in the Babel package (110). To sample the Brillouin zone
in the DFT dislocation calculations, we make use of a I'-centered 2 X 2 X
8 k-point grid. For each HEA composition, we examine five different
SQS models to compute core polarization parameters.

Surface (ys) and USF (yys) energies along the (i) {110}, (ii) {112},
and (iii) {123} slip planes are calculated using orthogonal cells with
axes: (i) 2a [112] X 6a [110] + A X 24y [111], (ii) 3a0 [110] X
4ay [112] + A X 2aq [111], and (iii) ao [541] X 240 [123] + A X
3ag/2 [111], where A is a 15-A vacuum gap. These configurations
lead to cells containing a total of (i) 288, (ii) 288, and (iii) 252 atoms,
corresponding to (i) 12, (ii) 24, and (iii) 28 atomic layers along the y
direction. These supercell geometries have similar number of layers
along the y direction to those used in previous DFT studies (111,
112); to obtain the configurations described above, we further repli-
cate the reference geometry along x and z directions to sample
fluctuations associated with the compositional disorder. Surface en-
ergies are obtained allowing a full relaxation of all Cartesian coordi-
nates and are computed using the expression: Ys = (Esjab — Ebuik)/
(2A41ab), where Egp and Epy are the energies of cell with and with-
out the vacuum gap, respectively, and Agp, is the slab surface area in
the xz plane. To obtain the USF energies, the top half layers are dis-

placed by b /2 with respect to the bottom half layers, where bis the
Burgers vector defined above. A constrained ionic relaxation is per-
formed such that the Njy-top and Ng-bottom layers are fixed, with
Niy equals to (i) 2, (ii) 3, and (iii) 4, and atoms in the middle layers
are allowed to relax only along the y direction. The relaxation is car-
ried out until the total energy difference between two consecutive
ionic steps is smaller than 10~° eV. USF energies are then calculated
using Yus = (Eus — Es)/Aglab, Where Ey and E; are the energies of
the displaced and nondisplaced cells, respectively. In these DFT calcu-
lations, we use a I'-centered 8 X 2 X 4 k-point grid to sample the
Brillouin zone. We compute y and vy, energy values for three different
SQS models for each HEA composition and slip plane.

Supplementary Materials
This PDF file includes:
Supplementary Text S1 to S14
Figs.S1to S12

Tables S1 to S6
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