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An important theoretical ductility criterion for group V and VI metal-based refractory alloys in body-
centered cubic (bcc) lattices is the mechanical failure mode of their perfect crystals under tension along the
weakest direction [100]. Pure Mo and W fail by cleavage and are deemed intrinsically brittle. However,
first-principles calculations show that alloying with group IV or V transition metals can transform these
materials into ones that display intrinsically ductile behavior, failing in shear under [100] tension.
Remarkably, this transition can be understood as an electron filling effect with the intrinsically ductile
response the manifestation of a Jahn-Teller distortion.
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Refractory alloys based on group VI metals, molybde-
num (Mo) and tungsten (W), are attractive for many
important high-temperature applications, including critical
components in fusion reactors and turbine engines [1–3].
However, they display a ductile-brittle transition as temper-
ature drops, and their transition temperatures can be close
to or even higher than room temperature depending on
material microstructures and strain rates [4,5]. Thus, the
lack of ductility at room temperature and even moderately
high temperature is a critical bottleneck that limits large-
scale industrial applications of Mo and W alloys [1,2].
There are two aspects of a material’s ductility that can be

addressed during alloy design. Most commonly, research-
ers focus on modifying the so-called extrinsic features of
the alloy (e.g., grain size, precipitate distribution, etc.) to
passivate and blunt cracks before they propagate and lead to
failure of the macroscopic part [2,6]. One can also focus on
a second aspect of the alloy behavior, the intrinsic ductility
of its perfect crystal. From the stress perspective, disloca-
tion nucleation requires that the local shear stress on the slip
plane should be near the corresponding ideal shear strength,
while crack initiation requires that the local tensile stress
on the direction perpendicular to the cleavage plane should
be larger than the ideal tensile strength [7]. However, even
under the loading direction perpendicular to the cleavage
plane, some materials in perfect crystalline structures reach
ideal shear strength along other orientations first so that
they fail by shear deformation [8]. Under this circumstance
of “shear instability,” dislocation nucleation will be acti-
vated before crack formation, and the materials will be
intrinsically ductile.
First-principles calculations have been used to investigate

ideal tensile or shear strengths and the related shear insta-
bilities [9–15]. For bccmetals, h100i is theweakest direction
under tension [16,17]. It was found that under h100i tension
group-V transition metals V and Nb fail by shear deforma-
tion, where the tetragonal symmetry of the strained bcc
crystal is broken by the shear instability indicated in

Figs. 1(a) and 1(b) before the ideal tensile strength is reached
[11,14]. These materials are, thus, intrinsically ductile. On
the other hand, the shear instability occurs after the ideal
tensile strength is reached for both Mo and W, so they are
intrinsically brittle [10,11]. One expects that starting with an
intrinsically ductile material will lead to a more ductile final
product, and, indeed, in industrial applications group V—
based refractory alloys show better ductility and toughness
than group VI—based refractory alloys [1].
In this study, we apply first-principles calculations to

show that Mo and W based alloys can become intrinsically
ductile if their average valence electron numbers are
decreased by alloying. Moreover, detailed analyses of
the electronic structures show that the shear instability
necessary for intrinsic ductility is simply a Jahn-Teller
distortion that lowers the total energy of the alloy by
splitting the degenerate energy levels of symmetry-
related and partially occupied orbitals near the Fermi level
[Figs. 1(c) and 1(d)] [18,19].
For illustrative purpose, we use two types of supercells

to describe the change of the original bcc structure under
tension, as shown in Fig. 1(a). One is the original cubic
supercell with two atoms; the other is a tetragonal supercell
with four atoms. The [100] axis a1 in the cubic supercell is
the same as the [100] axis b1 in the tetragonal supercell,
while b2 and b3 in the tetragonal supercell are ½011�bcc and
½01̄1�bcc, respectively. After applying a fixed tensile strain
ε11 along the [100] direction, we relax the supercell along
the other directions so that all the stress tensor components
σij < 0.05 GPa, except σ11. Here, σ11 is the true stress and
ε11 is the engineering strain Δja1j=ja1ðε11 ¼ 0Þj. If this
relaxed configuration maintains tetragonal symmetry, we
say that the deformation proceeds on the tetragonal path
(TP). Increasing the strain, however, can lead to a con-
figuration displaying a shear instability [Fig. 1(b)]. Here,
the tetragonal cell is transformed to an orthorhombic
structure (jb2j ≠ jb3j). This deformation path is referred
to as the orthorhombic path (OP).
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We employed density functional theory using the Vienna
Ab initio Simulation Package (VASP) [20] and QUANTUM

ESPRESSO (QE) [21] assuming non-spin-polarized condi-
tions. VASP was used for pure metals and alloys in the B2
structure, where the body-center site in the bcc lattice is
replaced by another transition metal atom (correspondingly,
two face-center sites in the tetragonal supercell are replaced
by alloying atoms); QE was used for pure metals and alloys
in the virtual crystal approximation (VCA) scheme [22],
where pseudopotentials of two elements are averaged into a
composite pseudopotential for the study of properties of
random solid solutions. In VASP, pseudopotentials gener-
ated by the projector augmented wave method within the
generalized gradient approximation were applied [23,24].
In QE, norm-conserving pseudopotentials were generated
by the Martins-Troullier method in the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [25,26].
Norm-conserving PBE pseudopotentials for VCA calcula-
tions were generated by using the FHI98PP program with
intermediate nuclear charges [27]. For VASP, Brillouin zone
integrations were performed on a grid of 21 × 21 × 21
points for the two-atom cubic supercell and 23 × 17 × 17
points for the four-atom tetragonal supercell, respectively,
using a kinetic cutoff energy of 326 eV and a first-order
Methfessel-Paxton smearing of 0.4 eV. For QE, the same
calculations were performed in the primitive cell of only one
atom for both the TP and OP with a kinetic energy cutoff of

612 eV. The strain ε11 was added with a step size of 0.02
from 0.00 to 0.30 for both the TP and OP. The stress-strain
behaviors and failure modes from both codes agree with
each other, indicating that the deformation mechanisms
of these perfect crystal structures do not depend on the
detailed calculation methods.
The results of [100] tension along both the TP and OP for

different bcc metals are shown in Fig. 2 and Fig. S1 in the
Supplemental Material [28]. The results for pure group V
and group VI metals agree with previous studies
[10,11,14]. When ε11 is small, the stress-strain relations
along the two paths are identical. Along the TP, σ11 reaches
the value of the ideal tensile strength σIT11, which is defined
as the value of σ11 corresponding to the smallest ε11 where
ðdσ11=dε11Þ ≤ 0, and then decreases smoothly; on the other
hand, along the OP above a certain critical strain the shear
instability occurs. At these points, as shown in Fig. 2(d), a
bifurcation appears along the curves that describe the
variation of b2 and b3. For pure metals in group V the
bifurcation occurs before the saddle point along the TP
(especially for V and Nb, the shear instability occurs even
when ε11 ∼ 0.02), so σIT11 along the OP is smaller than its
counterpart along the TP. Thus, these materials would fail
in shear and they are intrinsically ductile. On the other
hand, for the pure group VI metals Mo and W, the shear
instability and the corresponding stress drop occurs only
after σ11 reaches σIT11 along the TP, so the materials would
fail by cleavage and are intrinsically brittle.

FIG. 1 (color online). (a) Body-centered cubic structures
described by two-atom cubic supercell (in blue frame with dark
blue atoms) and four-atom tetragonal supercell (in red frame).
(b) Shear deformation occurs (jb2j ≠ jb3j) when ε11 is above a
critical value, then the original ½010�bccða2Þ and ½001�bccða3Þ are
not perpendicular to each other. (c),(d) Jahn-Teller energetics for
a molecule with octahedral symmetry. The eg level is shown, with
an electron occupation corresponding to d7 (replications of the
illustrative figures in Ref. [19]).

FIG. 2 (color online). (a)–(c) Stress-strain curves for different
transition metal and alloys. (a) Pure Mo and MoCr in B2 structure
(MoCrB2). (b) MoNbB2 and MoNb constructed by VCA
(MoNbVCA). (c) Nb and MoZrB2. (d) Variations of lattice
parameters of four-atom tetragonal supercell in the OP under
different ε11 for Mo, Nb, and MoNbB2.
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We then repeated the same calculations in Mo-W alloys
with the B2 lattice structure. The results are listed in Fig. S1
in the Supplemental Material [28] and highlighted in Fig. 2
for typical examples. If alloying elements are from group
VI, such as Cr in Fig. 2(a), the alloy’s stress-strain curves
behave similarly to those of pure Mo and the alloy is
intrinsically brittle. As shown in Figs. 2(b) and 2(d), if the
metals and alloys have fewer valence electrons, such as
MoNb with an average of 5.5 valence electrons per atom,
the shear instability occurs before σIT11 along the TP, so they
are intrinsically ductile. If the metals and alloys have even
fewer valence electrons, such as MoZr with the same
number of average valence electrons per atom as Nb, they
also have almost the same stress-strain curves and shear
failure mode as those of Nb shown in Fig. 2(c).
These similarities of stress-strain curves and failure

modes suggest that these brittle-ductile transitions may
be dominated by band-filling effects. To explore this point,
we used pseudopotentials of Mo-Nb binary alloys in the
VCA scheme [22] to calculate the deformation behaviors
of MoNb, as shown in Fig. 2(b). Surprisingly, although
we used totally different calculation methods, B2-MoNb
and VCA-MoNb behave almost identically and are both
intrinsically ductile. This is strong evidence that the ideal
deformation behaviors (i.e., the ideal stress versus strain
relationship) of these alloys are insensitive to the local ionic
character, but instead depend mostly on the global elec-
tronic structure.
Previously the variations of elastic constants under

tensile strain [8,14] and resolved shear stress [11,29] were
used to explain the above shear instabilities. From the
perspective of the electronic structure, we can use the
concept of a Jahn-Teller distortion to describe the above
phenomena [18]. As shown in Figs. 1(c) and 1(d), if there
are partially occupied orbitals that are degenerate because
of molecular symmetry, the molecule will deform to break
this symmetry and thereby split the degenerate orbitals.
As a result of this splitting, the state with lower energy
becomes fully occupied, and the state with higher energy
remains empty, and the total electronic energy decreases.
A similar picture can describe a solid-state system: Lee

and Hoffmann demonstrated that if there are large numbers
of partially occupied Bloch orbitals whose k are equivalent
according to the symmetry of the crystal structure, then
a Jahn-Teller distortion can occur [19]. They used this
concept to explain the bcc-bct (body-centered tetragonal)-
fcc (face-centered cubic) transition for transition metals
and found that such transitions depend on the number of
electrons, whose variations can shift the Fermi energy level
in band structures and density of states (DOS) in order
to change the population of symmetry-equivalent orbitals
close to the Fermi level.
Lee and Hoffmann only investigated the lattice structures

at equilibrium states. We study the alloys under tensions
that can change the band structure and shift the Fermi level.

Figure 3 and Figs. S2 and S3 of the Supplemental Material
[28] show the band structures of pure Mo, W, B2-MoNb,
VCA-MoNb and B2-WTa in four-atom tetragonal super-
cells for various ε11. To clarify the effects of the symmetry-
equivalent Bloch orbitals, the band structures are plotted
along a k-space path with tetragonal symmetry [Figs. 1(a)
and 3(a)]. We highlight the 12th band since it is close
to the Fermi level and drives the Jahn-Teller distortion.
In the tetragonal path, X2 (½0 1

2
0�) and X3 (½00 1

2
�) are

symmetrically identical [Fig. 3(a)] so that their correspond-
ing eigenvalues are the same [Fig. 3(b)]. As shown in
Fig. 3(c), the 12th band for pure Mo has eigenenergies
of ∼1 eV below the Fermi level at X2 and X3 when
ε11 ¼ 0.10. As ε11 continues to increase, these eigenener-
gies shift up towards the Fermi level so that more and
more symmetry-equivalent orbitals surrounding X2 and
X3 become partially occupied. At the critical strain

FIG. 3 (color online). (a) Symmetric k points in the reciprocal
space based on four-atom tetragonal supercells for band structure
plots. (b) Band structures of Mo in four-atom tetragonal supercell
at equilibrium. The 12th band is highlighted in red color with
dots. (c),(d) The 12th band of Mo and MoNbVCA four-atom
tetragonal supercells under different ε11, respectively. The hori-
zontal axes from different ε11 are stretched to match the symmetry
k points when ε11 ¼ 0. (e),(f) Density of states (DOS) for Mo
and MoNbVCA under different ε11.
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(ε11 ¼ 0.18), the Jahn-Teller distortion occurs breaking
the symmetry of X2 and X3. The eigenenergies of the
12th band surrounding X2 decrease and the corresponding
orbitals are fully occupied, but eigenenergies of the 12th
band surrounding X3 increase and some related orbitals
are unoccupied.
As shown in Fig. 3(d) and Fig. S3 of the Supplemental

Material [28], this symmetry-breaking phenomenon
becomes more significant in VCA-MoNb and B2-MoNb.
Both have similar band structures under increasing ε11.
When ε11 ¼ 0.10, the 12th band at X2 and X3 of the VCA-
MoNb four-atom tetragonal supercells is just ∼0.2 eV
below the Fermi level. When ε11 ¼ 0.14 ∼ 0.16, the
Jahn-Teller distortion occurs. Decreasing the number of
electrons shifts the Fermi level down relative to the band
structure, so less strain is required to make the 12th band
partially occupied surrounding X2 and X3, and the shear
instability occurs earlier relative to σIT11 along the TP. In
addition, the band structures along the symmetric paths in
the first Brillouin zones of one-atom primitive cells [30] are
plotted in Figs. S4 and S5 of the Supplemental Material
[28], where the same concentration-dependent Jahn-Teller
distortion can also be observed for pure Mo and VCA
MoNb. A similar trend is found for the DOS of pure Mo
and VCA-MoNb in Figs. 3(e) and 3(f). For pure Mo at the
equilibrium state, the Fermi level is located between two
peaks so the DOS at the Fermi level is very small. Shifting
the band structure by removing electrons and/or increasing
ε11 can increase the DOS near the Fermi level, and thus
increases the driving force for the Jahn-Teller distortion.
After the distortion, DOS peaks just below and above the
Fermi level shift further away from the Fermi level to
decrease energies.
To model these band-filling effects, we can use the VCA

scheme to construct pseudopotentials for Mo binary alloys
with various concentrations and estimate the critical con-
centration for the intrinsic brittle-intrinsic ductile transition.
The stress-strain curves and band structures of VCA
Mo1−xNbx (x ¼ 0.0; 0.1;…; 0.5) are plotted (details in
Figs. S6 and S7 of the Supplemental Material [28]). As
the Nb concentration increases, the strain corresponding to
σIT11 increases (decreases) gradually for the TP (OP),
respectively. For Mo0.8Nb0.2, its critical ε11 corresponding
to σIT11 along the OP (0.16) is already smaller than its
counterpart in the TP (0.18) because of the shear instability,
which indicates that only an ∼0.2 electron decrease per
atom can make Mo alloys intrinsically ductile. If we further
replace Nb by Ti or Zr that have two fewer valence
electrons than Mo, the transition concentration could be
as low as ∼10 mol%. This composition might be stabilized
through high temperature melting followed by a fast
quench [31]. Our calculations suggest that these alloys
may be more ductile than pure Mo.
We considered the possibility that the ideal strength, and

therefore the intrinsic brittleness or intrinsic ductility, is

determined by a phonon instability [32]. We calculated the
phonon dispersion relations for the Mo1−xNbx alloys under
[100] tension (details in Fig. S8 of theSupplementalMaterial
[28]). The results show that soft modes with imaginary
frequencies appear only after the elastic tensile or shear
failure. This confirms that the intrinsic brittle-intrinsic
ductile transition is indeed determined by the transition of
the elastic instability mode from tensile to shear failure.
We also emphasize that the predictions are made for
T ¼ 0 K. In reality thermal fluctuation might also affect the
dislocation nucleation events [33], and dislocation mobility
and grain boundaries are other important factors that also
control the ductile-brittle transition [5,34]. Nevertheless, the
current agreement between experimental trends and simu-
lation results for groupVandVImetals strongly support that
the intrinsic ductility determined by first-principles calcu-
lations is a good initial criterion to explain the ductility and
toughness of real alloys [1,10,11,14].
In summary, the intrinsic ductility (brittleness) of bcc

refractory metals is assessed by whether shear instability
occurs before (after) ideal tensile stress along the sym-
metric tetragonal path under ½100� tension. Tensile strain
alters the band structures of these alloys, and changes the
position of the Fermi level relative to a group of highly
degenerate Bloch states. Once these states are partially
filled, a solid-state Jahn-Teller distortion breaks the tetrago-
nal symmetry, splitting the states and inducing the shear
instability. Alloying additions, to the extent that they shift
the Fermi level, can be used to tune the critical strain for
the shear instability and the corresponding intrinsic failure
mode. This concept not only yields a systematic strategy
and quantitative criterion to design ductile bcc refractory
alloys, but also provide a beautiful example where well-
established theories in chemistry can be extended to explain
phenomena in material mechanical properties.
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