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Despite exhibiting the highest melting point of all metals, the technological use of tungsten is hampered

by its room-temperature brittleness. Alloying with Re significantly ductilizes the material which has been

assigned to modified properties of the 1=2h111i screw dislocation. Using density functional theory, we

show that alloying induces a transition from a symmetric to an asymmetric core and a reduction in Peierls

stress. This combination ductilizes the alloy as the number of available slip planes is increased and the

critical stress needed to start plastic deformation is lowered.
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Tungsten is the metal with the highest melting point and
is of prominent importance for technological applications
where components are facing high temperatures. A major
drawback in this connection is, however, the room-
temperature brittleness which imposes severe limits on
the formability of this material and its resistance to me-
chanical load. This problem is common to all the group
VIA metals, tungsten, molybdenum, and chromium, and it
has been long recognized that it can be decisively reduced
by alloying with rhenium [1,2]. Despite the big techno-
logical relevance of this ‘‘Re ductilizing effect’’ its appli-
cation is limited by the fact that Re is a very rare metal.
Hence, to achieve the same result with alternative elements
or methods, a full understanding of this effect is inevitable.

The physical origins behind the Re-induced ductiliza-
tion have been heavily debated and several possible
mechanisms have been discussed [2–5]. Among these,
(i) solid solution softening which is supposed to originate
from an improved mobility of 1=2h111i screw dislocations
[3,6,7] and (ii) change in slip plane from f110g to f112g
[4,8], play a key role, as the former reduces the critical
stress level necessary to start plastic deformation while the
latter increases the number of available slip planes from 6
to 12. In this Letter, we show that the two effects can be
explained based on changes in the interatomic bonding
arising from the filling of the d band. Using functional
theory (DFT) calculations we demonstrate that, upon al-
loying, the 1=2h111i dislocation exhibits a transition from
a symmetric to an asymmetric core which causes the
change in preferred slip plane. Furthermore, we prove the
softening of the material by direct calculation of the critical
stress which has to be applied to move the dislocation at
0 K (Peierls stress �P).

W-Re alloys are modeled in two different ways: in the
supercell approach, a certain amount of W atoms is sub-
stituted by Re atoms at specific atomic sites. Alternatively,
we also employ the virtual crystal approximation (VCA)
[9] where W and Re atoms are substituted by one effective
type of atom of intermediate nuclear and electronic charge.
This approach has already been successfully applied to

model crystal stability and vibrations in W-Re alloys
[10]. The two methods complement each other as the
former provides information for a specific Re distribution
while the latter mimics an average over many
configurations.
VCA calculations are carried out with the quantum-

ESPRESSO package [11] using norm conserving pseudopo-

tentials in the Troullier-Martins scheme. They were con-
structed for the 5d, 6s, and 6p channels for effective Re
concentrations of c ¼ 0, 0.12, 0.25, and 0.50. Supercell
calculations are performed with the VASP code [12] using
the projector augmented plane waves method. The Perdew-
Burke-Ernzerhof exchange-correlation functional was
used throughout this work. Above c ¼ 0:25, the alloy
undergoes a phase transition from bcc to a � phase. We,
nevertheless, consider c ¼ 0:50 as the bcc lattice is still
dynamically stable [10] and the influence of Re is dis-
played very clearly.
Re is a direct neighbor of W in the periodic table, and its

influences on the elastic properties are well established.
From considerations based on filling the d band of the
transition metals one expects a decrease in lattice parame-
ter a0 and an increase in bulk modulus, B and elastic
anisotropy, A [13]. The latter is defined as A ¼ C44=C

0
where C0 ¼ 1=2ðC11 � C12Þ and C44 are elastic constants
which measure the resistance against different types of
shear. In Table I these quantities are given as obtained
from VCA and supercell calculations. Besides small devi-
ations between the two approaches, both reproduce the
expected trend for a0, B, and A. Hence, the alloying-
induced changes in the elastic properties, which are very
important for dislocation calculations, are well captured by
the present methodology.
To model the 1=2h111i screw dislocations, we employ a

periodic quadrupole arrangement which has been proven to
reliably describe core structures, energies, and Peierls
stresses [14–17]. Two dislocations with antiparallel
Burgers vector are inserted into unit cells characterized
by the following lattice vectors: ~a1 ¼ ru½11�2�, ~a2 ¼
1=2ðru½11�2� þ su½�110�Þ, ~a3 ¼ u½111�, where u½11�2�, u½�110�,
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and u½111� are basis vectors connecting two atoms of the bcc

lattice along the specified direction. The parameters r and s
are varied between r ¼ 3, 5, 7 and s ¼ 5, 9, 11 to explore
size effects. The number of atoms in the unit cell are,
hence, 45, 135, and 231. The starting dislocation geometry
is set up in the energetic most favorable ‘‘easy-core’’
structure and is calculated on the basis of linear isotropic
elasticity according to Ref. [16] to ensure a proper regu-
larization of the conditionally convergent sum of displace-
ments. Stress is applied by straining the unit cell, i.e., by
modification of ~a2 to ~a02 ¼ ~a2 þ f ~a3 [15,17]. With f ¼ 0:5
no external strain is applied [14,16,17] while smaller val-
ues induce �yz strain and, consequently, �yz stress which,

according to the Peach-Köhler force, drives the dislocation
along the ½11�2� direction. Note that, in case of anisotro-
picity, �yz strain induces not just �yz stress but also �xy

stress which can exert a force on the edge components of
the dislocation [18]. However, �xy=�yz ¼ 0:06 for the

25% alloy and, hence, this influence is neglected. For
each stress level, the structure is relaxed with the DFT

codes until forces are smaller than 0:01 eV= �A. A 2� 4�
8, 1� 2� 8 and 1� 2� 8 k-point grid was used for the
unit cells containing, 45, 135, and 231 atoms, respectively,
and a first order Methfessel-Paxton broadening scheme
with 0.2 eV broadening was employed. The plane wave
energy cutoff was 16.4 Rydberg for the VASP calculations
and 30 Rydberg for the ESPRESSO calculations.

The core structure of the relaxed dislocation under zero
applied stress is represented in Fig. 1(a) for the 135-atom
unit cell, where the circles represent W atoms as they
appear when looking onto the (111) surface. The disloca-
tion geometry is evidenced by a differential displacement
map [19]. The length of the arrows is proportional to the
relative shift of two neighboring atoms along the surface
normal when inserting the dislocation in the perfect crystal.
An arrow connecting two neighboring atoms represents a
shift of 1=3 Burgers vector. In agreement with recent bond
order potential (BOP) calculations for W [20,21] we obtain
a symmetric core for all unit cells, i.e., the dislocation

spreads equally along the six h112i directions [shown in
Fig. 1(b)]. This is most clearly seen by the arrows on the
gray triangle being all of equal length.
Alloying with Re leads to changes in interatomic bond-

ing which has decisive consequences for the core structure.
As revealed by the VCA calculations at c ¼ 0:25 and c ¼
0:5 [Figs. 1(c) and 1(d)] the core displays a pronounced
asymmetry in the h112i directions demonstrating a transi-
tion from a symmetric to an asymmetric core structure. The
asymmetry is seen to be more pronounced for higher Re
content. At c ¼ 0:12, an intermediate form of core asym-
metry [22] was found as the dislocation is symmetric at
zero applied stress but transforms to an asymmetric core
when applying stress (smaller than the Peierls stress).
This transition observed with the VCA is confirmed by

the supercell calculations. The supercell is built by stack-
ing two 135-atom unit cells (which were used for the VCA
calculations) along the [111] direction. Starting from the
relaxed structure obtained for c ¼ 0, 68 out of the 270
atoms are substituted with Re atoms in random fashion to
obtain c ¼ 0:25. Then, the geometry is optimized resulting
in core structures as illustrated in Figs. 1(e) and 1(f).

FIG. 1. (a) Illustration of the dislocation structure for c ¼ 0.
(b) Representation of crystallographic directions. (c) and
(d) Dislocation structure for c ¼ 0:25 and c ¼ 0:50 when using
the VCA. (e) and (f) Core structures as obtained from supercell
calculations at c ¼ 0:25 for different Re distributions (see text).
W atoms are illustrated by smaller empty circles while Re atoms
are represented by the bigger filled circles.

TABLE I. Lattice parameter a0 (Å), bulk modulus B, shear
moduli C0 and C44 (all moduli in GPa) and anisotropy A as a
function of Re concentration c.

c a0 B C0 C44 A

Experiment [13] 0.00 3.165 316 165 164 0.99

0.10 321 156 171 1.13

VCA 0.00 3.187 300 160 149 0.93

0.12 3.177 308 138 144 1.04

0.25 3.166 317 124 142 1.14

0.50 3.147 330 117 164 1.41

Supercell 0.00 3.189 303 159 146 0.92

0.12 3.180 310 139 141 1.01

0.50 3.153 329 110 170 1.54
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Differential displacements are shown for the upper unit cell
only as the ones belonging to the lower one are basically
identical. The results of two different Re distributions are
shown: one, where the core exhibits a higher Re content,
and another onewhere the core is less densely populated by
Re. Besides irregularities arising from the random struc-
tures, the asymmetric pattern is found in both cores and is
more pronounced for the Re-rich core. Hence, whether
modeling the alloy in a homogeneous way through the
VCA, or when considering specific W-Re configurations
by supercell calculations, the transition from a symmetric
to an asymmetric core is demonstrated by the present
calculations.

Symmetric and asymmetric cores have been discussed
extensively in literature [18,19,23,24] and small variations
in the description of the interatomic bond can be decisive
[25,26]. While empirical potentials predicted an asymmet-
ric core for group VI bcc metals [18,19], BOP [20–22] and
DFT calculations [27–29] systematically revealed sym-
metric core structures. Criteria have been proposed to
predict the core structure by means of more basic quantities
such as interrow potentials [25] or � surfaces [18]. The
latter is based on the variation in energy when cutting a
crystal along the ð�110Þ or ð11�2Þ planes and displacing the
two parts along the [111] direction. Several works
[14,22,24,29] could confirm a criterion which states that
the core is asymmetric if 2�ðb=6Þ> �ðb=3Þ and symmet-
ric otherwise.

As shown in the Fig. 2(a) the ð�110Þ � surface along the
[111] direction as calculated from VCA is reduced for
increasing Re concentrations indicative of a pronounced

reduction in ideal shear strength. The qualitative shape,
however, is remarkably insensitive to c as revealed by
Fig. 2(b). Hence, the above mentioned criterion is not
satisfied for any concentration up to c ¼ 0:50. Analogous
observations are made for the ð11�2Þ � surface (not shown).
Thus, the transition observed for the core symmetry is not
reflected along the [111] direction of the � surfaces.
However, exploring the full ð�110Þ � surface a clear trend
emerges [see Figs. 2(c) and 2(d)]. Close to the minimum
(black) the contour plot at c ¼ 0 reveals a circular shape
while for higher concentrations an elliptical distortion
occurs. As has already been pointed out [18] such a feature
can be expected to induce a transition from a symmetric to
an asymmetric core because of the evolution of strong edge
components. Indeed, when performing a structural optimi-
zation of the dislocation by fixing the x-y components of
the atomic positions, the energetic stabilization in the 135
unit cell gained from the asymmetry at c ¼ 0:50 is rather
weak, i.e., just 0.02 eV. However, when allowing for edge
components, the gain of 0.72 eV is substantial. Hence, we
conclude that edge components play a dominant role for
the transition from the symmetric to the asymmetric core.
Importantly, this transition has a strong influence on the

dislocation slip plane. While symmetric cores move in
f110g planes uniformly, asymmetric cores move in these
planes in a zigzag manner [23] which changes the overall
slip plane to f112g. Indeed, this change in slip plane upon
alloying has been observed for all group VI metals [4,8]
which is an indirect experimental evidence for this tran-
sition and strongly supports our theoretical findings.
Not just the slip plane, but also the Peierls stress �P is

affected by Re addition. �P is calculated as outlined in
Refs. [15,17] according to which external stress is applied
in discrete steps by straining the unit cell (see above).
Small values distort the dislocations reversibly, i.e., when
removing the stress the dislocation would return to its
original position. When the stress reaches �P the disloca-
tion moves irreversibly to a neighboring position. The
values obtained for pure W as calculated with VASP are
given in Table II together with the error due to discretiza-
tion ��P. �P shows a dependence on unit cell size, com-
parable to what was found in Ref. [15]. We attribute this
dependency to the mutual attraction of the dislocations and

FIG. 2. (a) Illustration of the ð�110Þ � surfaces along the [111]
direction for different Re concentrations c. In (b) the curves are
normalized. Full ð�110Þ � surfaces at c ¼ 0 and c ¼ 0:5 are
shown in (c) and (d), respectively. The x axis is along the
[110] direction while the y axis is along the ½00�1� direction.
Contour lines are spaced at 0:022 eV �A�2.

TABLE II. Peierls stress �P, error due to discretization ��P

and corrected Peierls stress �corr
P (all in GPa) for different

number of atoms in the unit cell n and Re concentrations c.

n c �P ��P �corr
P

45 0.00 1.88 0.07 2.85

135 0.00 2.37 0.05 2.75

231 0.00 2.74 0.07 2.88

135 0.00 2.09 0.05 2.49

135 0.12 1.66 0.10 2.09

135 0.25 1.42 0.05 1.84
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add this additional contribution�s to the externally applied
stress. A corrected Peierls stress can, hence, be given as
�corr

P ¼ �P þ �s. We calculate �s by differentiating the
elastic energy of the periodic dipole structure EelðdÞ with
respect to the distance d, �s ¼ ½1=b � �EelðdÞ

�d �d¼d�. The

stress is evaluated at the distance where the derivative is

assumed to be highest, i.e., d� ¼ a0=24
1=2 and EelðdÞ is

calculated on the basis of anisotropic linear elasticity [16].
As seen in Table II, �corr

P converges more rapidly with unit
cell size and leads to a Peierls stress of about 2.8 GPa for
pure W. With quantum ESPRESSO we obtain the slightly
lower value of 2.5 GPa which we attribute to the somewhat
different methodology. These results lie within a range of
values which have been obtained in previous investigations
for W using different types of BOPs [20,21].

VCA calculations show a gradual decrease of the Peierls
stress with increasing Re content (Table II). Note that for
asymmetric core structures, negative or positive strain can
lead to different Peierls stresses. At c ¼ 0:25 we found,
however, a very similar value of �corr

P ¼ 1:78ð10Þ GPa
when reversing strain. Experimentally �P has been found
to amount to 1.58, 1.41, 1.01, and 0.66 GPa for c ¼ 0, 0.02,
0.07, and 0.25, respectively [3]. The absolute values of the
experimental Peierls stresses are consistently lower than
the theoretical ones which is a quite general phenome-
non [30]. However, the experimental values show a con-
sistent decrease of �P in good agreement with our calcu-
lations. The reason for the reduction in Peierls stress is
most likely not the symmetric to asymmetric transition as
previous studies [26] have shown that asymmetric cores
tend to lead to higher �P as compared to symmetric ones
when keeping elastic properties constant. We rather attrib-
ute the effect to the reduced resistance in shear occurring
due to Re alloying as we observed before. This is also
consistent with what has been proposed in Refs. [2,5] by
means of more general arguments based on filling of the
d band.

In conclusion, our DFT calculations show that alloying
Re into W modifies the basic properties of the 1=2h111i
screw dislocation. It leads to a transition from a symmetric
to an asymmetric core and to a reduction in Peierls stress.
This implies a change in the preferred slip plane and soft-
ening of the alloy as is observed experimentally. These two
findings are crucial for the Re ductilization effect as the
former increases the number of available slip planes and
the latter reduces the stress level required to initiate plastic
deformation. Hence, our calculations demonstrate that the
origins for this effect are intrinsic to the alloy and stem
from the filling of the d band which modifies the inter-
atomic bonding. Because of their isoelectronic structures,

similar results for the other group VIA metals, Cr and Mo,
can be expected.
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