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ARTICLE OPEN

High energy barriers for edge dislocation motion in
body-centered cubic high entropy alloys
R. E. Kubilay 1�, A. Ghafarollahi1, F. Maresca2 and W. A. Curtin1

Recent theory proposes that edge dislocations in random body-centered cubic (BCC) high entropy alloys have high barriers for
motion, conveying high strengths up to high temperatures. Here, the energy barriers for edge motion are computed for two model
alloys, NbTaV and MoNbTaW as represented by interatomic potentials, using the Nudged Elastic Band method and compared to
theoretical predictions. The average magnitude of the barriers and the average spacing of the barriers along the glide direction
agree well with the analytical theory, with no adjustable parameters. The evolution of the barriers versus applied stress is modeled,
and the mean strength is in reasonable agreement with the predicted zero-temperature strength. These �ndings validate the
analytic theory. A reduced analytic model based on solute mis�t volumes is then applied to Hf-Mo-Nb-Ta-Ti-Zr and Mo-Nb-Ta-Ti-V-
W alloys, rationalizing the observed signi�cant strength increases at room temperature and 1000 �C upon addition of solutes with
large mis�t into a base alloy. The analytic theory for edge motion is thus a powerful validated tool for guiding alloy selection.
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INTRODUCTION
High-entropy alloys (HEAs) are multicomponent alloys with non-
dilute concentrations of most or all of the alloying elements.
Various HEAs have impressive mechanical properties such as high
yield strength at room temperature, high ultimate strength, high
ductility, high fracture toughness, or high strength retention at
very high temperatures1–6. Of primary interest here is the high
strength retention in the refractory BCC HEAs such as MoNbTaW
and MoNbTaVW. High strength retention might suggest a solute
drag mechanism, but the high strengths starting from low T and
the high vacancy formation (see Table 2) and migration energies
preclude standard solute drag at typical experimental strain rates
(estimates can be made using theories such as that found in ref. 7).
The high strength and strength retention at high T thus requires
that the barriers to dislocation glide are substantial. Recent
theory8 has predicted that edge dislocations in these BCC HEAs
encounter such high barriers due to the random �uctuations in
local environments in the complex alloy. This prediction is unusual
because it is commonly assumed that screw dislocations control
plastic �ow in BCC alloys. However, simulations of edge
dislocation motion on model alloys at T = 0 K show high strengths
comparable to those predicted by the parameter-free theory.
Application of the edge dislocation model to real alloys also shows
good agreement for the strength versus temperature, including
the observed high strength retention at temperatures up to
1600 �C. Recent experiments support the key role of edge
dislocations in strengthening of some BCC HEAs9. The theory
makes other predictions that have been validated by atomistic
simulations. Here, we report detailed transition-state computa-
tions of the atomistic barriers for edge dislocation glide in two
model alloys, NbTaV and MoNbTaW, as represented using
interatomic potentials that have been shown to be accurate for
this problem, and show broad agreement with the theory. We
then apply a reduced analytic theory to several further HEAs
recently reported in the literature. We show that the signi�cant
strengthening due to the addition or substitution of Mo into

HfNbTaTiZr and of V into MoNbTaW and MoNbTaTiW can be
quantitatively captured using the theory for edge dislocations. The
loss of strength in the former alloys at 1200 �C is correlated with
the estimated vacancy formation energy, but no mechanism has
yet been identi�ed. Overall, the analytic theory based on large
barriers to edge dislocation motion, validated here, provides a
path for preliminary alloy selection for high strength and high
strength retention at high temperatures.

RESULTS AND DISCUSSION
Solute strengthening theory
We �rst brie�y review the theory for yield strength for edge
dislocations in a random BCC alloy, as presented in ref. 8. A
dislocation in a random alloy minimizes its total energy by
becoming wavy over some characteristic length scales �c
(wavelength ~ 5.6�c) and wc/2 (amplitude). The waviness forms
because the dislocation exists in a rough potential energy
landscape and so �nds local regions of favorable random
concentration �uctuations that lower the dislocation energy, but
at the energetic cost of an increased dislocation line length. In the
wavy structure, the dislocation resides in lower energy in
segments of length �c and faces barriers created by unfavorable
regions at distance wc along the glide direction. Stress and/or
thermal activation are needed to overcome these energy barriers
and generate plastic �ow by dislocation glide. The detailed
derivations in the theory are given in ref. 8 and only the relevant
results are stated here.

The theory considers an N-component random alloy composed
of atom types n = 1, . . . N each at concentration cn. The solute/
dislocation interaction energy of a type-n solute at position (xi, yj)
relative to an edge dislocation aligned along z is denoted as Un(xi,
yj). The theory then considers a generic wavy dislocation
characterized by unknown length scales � and w. The �uctuations
in dislocation energy caused by the interactions with the random
solutes are characterized by the standard deviation of the energy
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of a unit Burgers vector b as the dislocation glides a distance w
along the x-direction,

� ~EpðwÞ ¼
X

i;j;n
cn Unðxi � w; yjÞ � Unðxi; yjÞ

� � 2
" # 1

2

: (1)

From this solute/dislocation energy per unit length and the elastic
energy cost to create the waviness due to the dislocation line
tension � , the characteristic wavelength scale �c(w) as a function of
the amplitude w is obtained by minimizing the total energy with
respect to �. The required stochastic analysis is discussed in ref. 8

with the �nal result

�cðwÞ ¼1:73
� 2w4b
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Here, the coef�cient 1.73 is derived, not �tted, in the analysis8. The
characteristic amplitude parameter wc is then computed by
minimizing the total energy versus w, which reduces to the
solution of

d� ~EpðwÞ=dw ¼ � ~EpðwÞ=2w: (3)

The characteristic energy barrier facing a segment of length �c that
lies in a local favorable energy minimum is then derived to be

� Eb ¼ 1:11
w2

c �� ~E2
pðwcÞ

b

 ! 1
3

(4)

where again the coef�cient 1.11 is derived. At an applied resolved
shear stress �, this characteristic barrier is overcome by a
combination of thermal activation and the work � �b�cx done on
the length �c segment as it glides a distance x relative to the
minimum energy position. For a sinusoidal energy landscape, the
stress-dependent energy barrier is well approximated within 1%
error over the whole stress regime by

� Eð�Þ ¼� Eb 1 �
�

�y0

� � 3
2

(5)

where �y0 is the zero-temperature �ow stress, given as

�y0 ¼
�
2

� Eb

b�cðwcÞwc
¼ 1:01

� ~E4
pðwcÞ

� b5w5
c
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3

: (6)

The above results are all analytical, requiring only the solute/
dislocation interaction energies, the dislocation line tension, and
the Burgers vector. The line tension is taken to be � ¼
1
12 �f 110gh111i b

2 where �{110}� 111� is the alloy shear modulus for
shear on the {110} glide plane in the � 111� direction of glide.

In this paper, the theory is quantitatively assessed against
carefully-executed direct numerical simulations of the barriers
encountered by dislocation motion through true random alloys.
However, one cannot simply insert a dislocation of arbitrary line
length into a simulation cell and follow its motion under stress.
The characteristic waviness associated with �c must be captured,
which requires the use of a very long line length L >> �c. This is
computationally costly. A second strategy is to use a line length of
precisely L = �c. According to the theory, such a segment should
remain essentially straight because the line tension prevents the
dislocation from becoming wavy on smaller scales. A dislocation
segment of length �c is then predicted to encounter an energy
landscape along the glide direction that consists of local minima
and maxima at an average spacing of wc and with an average
energy difference (barrier) of � Eb. We adopt the second strategy
below and use the Nudged Elastic Band method to explicitly
compute the energy landscape and con�gurations of a dislocation
of length �c in the random alloy (see “Methods”). This study thus
reveals the statistical distribution and average value for both wc

and � Eb, from which the distribution of barriers and the strength
�y0 can then be determined.

Material properties
We study two model BCC random alloys, NbTaV and MoNbTaW. In
these alloys, we compute the solute/dislocation interaction energy
Un(xi, yj) of a type-n solute using the Zhou et al. EAM-type
interatomic potentials10,11. The Zhou et al. potentials have been
reasonably validated for this problem8. More importantly, their
accuracy for real alloys is irrelevant for the present paper—we will
compare simulation and theory on these well-de�ned model
alloys. For the given alloy composition, we �rst construct the
homogenized reference average-atom (A-atom) interatomic
potential from the underlying atom-speci�c potentials12. The
A-atom potential accurately and automatically encodes, with no
�tting, all the average properties (elastic constants, lattice
constant, stacking fault energies, etc.) of the true random alloy.
Any individual atom type n can be substituted into any position in
any con�guration of the A-atom material to accurately obtain the
energy of the n atom at that position averaged over all possible
con�gurations of atoms in all surrounding positions. The
interaction between the n and A atoms thus encodes all the
average solute-solute interactions in the alloy. Using this feature of
the A-atom potential, an edge dislocation of Burgers vector a
� 111� /2 is created in the homogeneous A-atom material using
standard methods in a large simulation cell. A solute of type n
then replaces an A-atom at position (xi, yj) near the dislocation,
and the energy of the system is measured. The interaction energy
Un(xi, yj) is this energy minus the energy of the type n solute in the
dislocation-free crystalline A-atom BCC material. Use of the
A-atom neglects explicit solute-solute interactions in the alloy
but recent theory13 that includes such solute-solute interactions
shows this effect to be small especially in strong alloys. Moreover,
explicit results for MoNbTaW using both Zhou EAM potentials and
�rst-principles methods show that solute-solute interactions have
a negligible effect on strength in this alloy13.

The solute/dislocation interaction energies for two solutes in
each of the two alloys studied are shown in Fig. 1, as examples.
The individual energies are not large, typically 0.15 eV or less, and
are close to the elasticity estimate Un(xi, yj) = � p(xi, yj)� Vn where p
(xi, yj) is the dislocation pressure �eld at (xi, yj) and � Vn is the mis�t
volume of a type-n solute in the alloy. Although the individual
interaction energies are small, the collective random �uctuations
of the solutes over the scale (�c, wc) creates large barriers for the
dislocation motion as shown below.

Results from NEB simulations
From the interaction energies for all solutes in each alloy, the
theory predicts the characteristic length scales (�c, wc), the energy
barrier � Eb, and the zero-temperature yield stress �y0 as shown in
Table 1. Direct simulations of long edge dislocations inserted into
the random alloy and relaxed at T = 0 K were previously
performed by Maresca and Curtin8 and the length scales (�c, wc)
were then derived from examination of the correlation function
along the long wavy dislocation. These values are shown in Table
1 and agree well with the theoretical values. Here we compare the
direct NEB results to the theory predictions.

We �rst present results for the NbTaV random alloy (see
“Methods”). Figure 2 shows the entire energy landscape. Many
local minima and maxima are found, as expected, indicated by
blue and red dots, respectively. From the two random realizations
of total length 2500 � , N = 71 maxima are found. The average
barrier � Eb is found to be 1.95 eV, matching the theoretical value
very well (see Table 1). The relatively large standard deviation for
the barriers is expected. The average barrier spacing that
corresponds to wc is wNEB

c ¼ L=2N ¼ 17:7 � . Several very small
barriers (<0.2 eV) that span a few angstrom are disregarded;
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including these decreases � Eb and wc by 7% and 6.5%,
respectively, thus having little effect on �y0. As seen in Table 1,
the value of wc is somewhat larger than both the predicted value
and the value deduced from the correlations along an individual
relaxed dislocation. We have no explanation for the differences in
wc, which affects the NEB-derived strength (see below), but have
performed further convergence checks in the NEB to verify that no
signi�cant barriers were missed in the calculations. We do note
that the standard deviation of wc is rather large and encompasses
the theoretical value.

The theory predicts that the dislocation line at length L = �c
should remain essentially straight. Figure 3 shows the atomistic
con�gurations of 12 successive minimum-energy dislocations
along the glide plane using Common Neighbor Analysis in OVITO
for visualization14,15. The cores are spread on the glide plane, as
expected (see Fig. 1), and variations from a straight dislocation are
quite minimal. As noted by Varvenne et al.16, the theory based on
line tension does not apply for �uctuations at the scale of the
atomic spacing. So roughness on the atomic scale can exist but is
outside the scope of the theory. It was argued in Varvenne et al.

that such roughness leads to small energy barriers that are easily
overcome at �nite temperature, so that strength at �nite T is
mainly controlled by the larger-scale barrier over glide distance
wc.

The theory also assumes that the dislocation remains essentially
straight as it moves through the energy landscape from minimum
to maximum and then back to the next local minimum. Figure 4a,
c shows typical examples of the dislocation con�gurations
corresponding to different average dislocation position along
the minimum energy path between two adjacent minima, for two
different barriers. The dislocation again remains fairly straight as it
moves over the distance 2wc, in agreement with the theory.

Similar results are found for the MoNbTaW alloy. Each individual
NEB simulation provides a distance between adjacent minima and
the path between them, with an associated energy barrier. Over
100 NEB simulations, the mean of the local minima/maxima
spacing wc and mean of the energy barrier � Eb are both shown in
Table 1. Very good agreement is found between our NEB
simulations, the parameter-free theory, and direct atomistic
simulations of long wavy dislocations. A typical example of the
NEB path and atomistic con�gurations along the path are shown
in Fig. 5 for MoNbTaW. As found for NbTaV, the dislocation
segment remains quite straight as it moves through the barrier
from initial to �nal con�guration (see Fig. 5). Similar behavior is
found for the other individual con�gurations.

The above results for both NbTaV and MoNbTaW demonstrate
both qualitatively and quantitatively the features emerging from
predictions of the theory. For a dislocation segment length �xed
at the theoretical value of �c, the NEB studies �nd that (i) the
average energy barriers are very large (� 2 eV) in very good
agreement with the predicted barriers, (ii) the dislocation energy
landscape corresponds to minima and maxima separated by a
typical spacing wc that is comparable to the theory, and (iii) the
dislocation segments of length �c remain quite straight through-
out their entire migration through the rough energy landscape.
The essentially 1-dimensional energy landscape postulated and
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Fig. 1 Solute/edge dislocation interaction energies (in meV). Nb solutes and V solutes in the average-atom NbTaV alloy (top row), Mo
solutes and Ta solutes in the average-atom MoNbTaW alloy (bottom row).

Table 1. Characteristic length scale and energy barrier, mean(�) ±
standard deviation(�) of the corresponding distributions, as measured
by direct NEB simulations and as predicted by theory8 for two model
alloys.

Alloy Method �c (� ) wc (� ) � Eb (eV) �y0 (MPa)

Theory8 27.6 12.0 1.949 517
NbTaV Direct MS8 28.7 10.0 � 496

NEB—this work � 17.7 ± 9.1 1.95 ± 1.23 293
Theory8 43.6 12.1 2.645 422

MoNbTaW Direct MS8 51.8 9.1 � 470
NEB—this work � 11.3 ± 4.5 2.43 ± 1.33 410
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