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In this work we present simulations of thermally-activated screw dislocation motion in Nb-
Ta-V alloys for two distinct scenarios, one where kink propagation is solely driven by
chemical energy changes, i.e., thermodynamic energy differences, and another one where
a migration barrier of 1.0 eV is added to such changes. The simulations have been
performed using a kinetic Monte Carlo model for screw dislocation kinetics modified for
complex lattice-level chemical environments. At low stresses, we find that dislocation
motion in the case with no barrier is controlled by long waiting times due to slow nucleation
rates and extremely fast kink propagation. Conversely, at high stress, the distribution of
sampled time steps for both kink-pair nucleation and kink propagation events are
comparable, resulting in continuous motion and faster velocities. In the case of the
1.0-eV kink propagation energy barrier, at low stresses kink motion becomes the rate-
limiting step, leading to slow dynamics and large kink lateral pileups, while at high stresses
both kink pair nucleation and kink propagation coexist on similar time scales. In the end,
dislocation velocities differ by more than four orders of magnitude between both scenarios,
emphasizing the need to have accurate calculations of kink energy barriers in the complex
chemical environments inherent to these alloys.
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1 INTRODUCTION

Among the several hundred or so different high-entropy alloy (HEA) combinations currently in
existence (Kozak et al., 2015; Senkov et al., 2015; Gao et al., 2018), refractory multi-element alloys
(RMEA) are a special type composed of four or more refractory metal elements (Nb, Mo, Ta, V, W,
Cr, Hf, Zr). While compositionally complex, these systems generally crystallize into a simple body-
centered cubic (bcc) phase, found to be stable up to very high temperatures (Senkov et al., 2011;
Zou et al., 2014; Dobbelstein et al., 2016; Körmann and Sluiter, 2016; Yao et al., 2016; Yao et al.,
2017; Senkov et al., 2018; Kube et al., 2019). RMEA display sluggish self-diffusion rates (Chang
et al., 2014; Beke and Erdaglyi, 2015; Zhao et al., 2017; Roy et al., 2021) and, similar to their pure
bcc metal counterparts, suffer from a lack of ductility at low temperatures (Senkov et al., 2011; Soni
et al., 2018). However, they retain high mechanical strength and ductility at high temperature,
making them attractive candidates for structural applications in the power, aerospace, or nuclear
sectors (Miracle et al., 2014; Xia et al., 2015, 2016; Kumar et al., 2016; Yeh and Lin, 2018). Figure 1
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shows compression test results for the Nb25Mo25Ta25W25

system, clearly illustrating both of the points just discussed.
While the deformationmechanisms of bccmetals and their alloys

are relatively well understood, theories that explain the behavior
observed in body-centered cubic RMEA have only recently begun to
be developed (Rao et al., 2019; Maresca and Curtin, 2020a; Maresca
and Curtin, 2020b; Yin and Curtin, 2020). These theories are built
around the idea that each atom in the alloy can be regarded as a
solute atom in an effective matrix defined by the average properties
of the constituent elements. As such, every single atom in the lattice
contributes to (solution) hardening, potentially resulting in a large
strengthening effect (often referred to as “cocktail” effect). At the
same time, these local chemical fluctuations enhance the
concentration of equilibrium kinks on screw dislocation lines,
potentially reducing the importance of kink-pair nucleation and
shifting it instead to kink lateral motion (Zhou et al., 2021). This
signifies a departure from “classical” bcc metal plasticity, which is
known to be controlled by the thermally-activated glide of 1/2〈111〉
screw dislocations on close-packed planes (Gilbert et al., 2011;
Stukowski et al., 2015; Cereceda et al., 2016). A natural
consequence of the proliferation of kink pairs along a screw
dislocation line is the enhanced formation of cross kinks,
i.e., adjacent kinks on different glide planes (Marian et al., 2004).
Cross-kinks are non-glissile structures (see Figure 2) that can be
resolved either conservatively, by closing on themselves by the
subsequent nucleation of kinks on complementary slip planes, or
non-conservatively by emission of point defects. In both cases, this
can lead to considerable self-pinning, whichmay also help explain the
high-temperature strength of RMEA.

A crucial factor to investigate plastic deformation in these
systems is to understand dislocation motion and its dependence
on deformation conditions. Molecular dynamics (MD) is a
natural choice to carry out these studies provided that
accurate interatomic potentials are available. While RMEA
present an exceptionally challenging paradigm from the

standpoint of fitting traditional potentials, recent machine-
learned force fields for complex multi-element alloys are
gradually enabling more accurate atomistic simulations (Zhou
et al., 2019; Li et al., 2020; Rickman et al., 2020). For example,
recent MD simulations based on these potentials have revealed a
complex relationship between dislocation motion and the
existence of short-range order in Nb-Mo-Ta-W alloys (Yin
et al., 2021). However, MD simulations are still subjected to
the usual time and length scale limitations, which often overlook
the importance of thermally-activated mechanisms and their role
in dislocation motion.

In a previous work, we have developed a kinetic Monte
Carlo (kMC) model to simulate screw dislocation motion in
Nb-Ta-V alloys (Zhou et al., 2021). The model is built by
adding dislocation-solute interaction energies to a pure bcc
metal description of kink-pair nucleation and kink
propagation rates (Stukowski et al., 2015). These interaction
energies are pre-computed by using first-principles atomistic
methods in supercells containing dislocations with the
appropriate alloy composition (Ghafarollahi et al., 2019).
Here, we conduct stress-driven simulations of screw
dislocation motion as a function of temperature to calculate
dislocation velocities and study the relevant mechanisms.
While the kMC model makes use of a number of
approximations, it allows us to explore the features of slip
associated with three-dimensional behavior and long
dislocation lines. Thus, this model is a first attempt to
embed some of the complexites of the highly-random alloy
into a mesoscale framework with the aim of capturing time and
length scales more suitable for experiments, as compared
to MD.

The paper is organized as follows. First, we provide the
theoretical framework for the kinetic Monte Carlo model. This
is followed by a description of the numerical implementation and
modifications of the kMC simulator to adapt it to the alloy of
choice. Next we calculate dislocation velocities in the alloy as a
function of temperature and stress. We finalize the paper with a
discussion of the results and the conclusions.

2 METHODS: KINETIC MONTE CARLO
MODELOFSCREWDISLOCATIONMOTION
IN A MULTIELEMENT ALLOY
2.1 Pure Metal Formulation
As discussed above, plasticity in bcc metals is governed by the
motion of screw dislocations on close-packed planes.

FIGURE 1 | Engineering strain versus engineering stress curves for the
Nb25Mo25Ta25W25 alloy obtained during compression testing at elevated
temperature [from Senkov et al. (2011)] (Reprinted with permission from
Elsevier).

FIGURE 2 | Simulated steady-state configuration of a screw dislocation
line at 600 K in a Nb-Ta-V alloy showing the presence of kinks and cross-kinks
at zero stress [from Zhou et al. (2021)].
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Generally, this motion is understood to occur over a periodic
energy landscape known as the Peierls potential UP. UP is
typically quite stiff, resulting in high critical (Peierls) stresses,
τP, (Weinberger et al., 2013; Dezerald et al., 2015), and at low-
to-medium homologous temperatures slip proceeds via
thermally-activated nucleation of steps on the dislocation
line, known as kink pairs, and their subsequent sideward
relaxation. Kink-pair nucleation is a rare event, i.e., one
that occurs with a low probability over the scale of atomic
vibrations. Thus, methods with high temporal resolution such
as molecular dynamics are not suitable for simulating the
long-term kinetics of the system. Instead, kinetic Monte Carlo
evolves the system efficiently through a sequence of
thermalized states connected by transitions that define
“events”. In kMC, one simply specifies the transition rates
of different events, which represent the probabilities per unit
time that they will occur, and then time evolves in discrete
increments. With this approach, the atomistic features of the
dislocation core, such as atomic vibrations and local
distortions, are not directly resolved, but their effective
kinetic behavior is condensed into physical transition rates
that can be characterized atomistically. This is what allows us
to explore mesoscopic length and time scales. Adaptations of
the kMC method to simulate thermally-activated screw
dislocation motion have been successfully applied to pure
bcc crystals (Cai et al., 2001; Stukowski et al., 2015) and dilute
alloys (Zhao and Marian, 2018; Shinzato et al., 2019; Zhao
et al., 2020).

The kink-pair nucleation rate for a segment i of length ℓi (note
that the total screw length line L is conserved: L � ∑iℓi) is
expressed as a function of stress and temperature as
(Stukowski et al., 2015):

ωkp i τi, T( ) � ]0
ℓi − w

b
exp −ΔHkp τi( )

kT
( ) (1)

where τi and T are the local resolved shear stress and the absolute
temperature, respectively, ]0 is an attempt frequency, ℓi is the
dislocation segment length, w is the total width extent of a kink
pair, b is the Burgers vector’s modulus, and ΔHkp is the kink-pair
activation enthalpy. ℓi is itself delimited by kinks on both sides,
while w includes the distance between kinks, λkp, at the point of
nucleation plus the spread, a, of each kink, i.e., w � λkp + 2a. The
above expression is only defined for positive nucleation lengths,
(ℓi − w) > 0, with segments shorter than w being discarded for the
purposes of calculating ωkp. In pure bcc metals, a common
expression for ΔHkp is the one proposed by Kocks et al. (1975):

ΔHkp τ( ) � ΔH0 1 − τ

τP
( )p( )

q

(2)

where ΔH0 is the sum of the energies of two infinitely-separated
opposite kinks, and p and q are fitting parameters. We have
extended this expression to account for non-Schmid effects on
dislocation glide in past works (Stukowski et al., 2015; Cereceda
et al., 2016; Po et al., 2016), and dilute solid solution interactions
(Zhao and Marian, 2018; Zhao et al., 2020). For their part, kinks
move a distance δy � vkδt ± ξ

�����
2Dkδt

√
during a given time

increment δt, where vk and Dk are the kink velocity and
diffusivity, respectively, and ξ is a uniform random number. vk
and Dk represent mechanically-driven (stress-dependent) and
diffusive (stress-independent) contributions to the kink
motion. Generally, δt is chosen as the “waiting” time for kink
pair nucleation, such that the position of existing kinks (if any) is
updated prior to the next nucleation event. To avoid unphysically
long kink propagation events, δy is typically capped to some
distance on the order of w. Due to the finite spread, a, of
individual kinks, kink pairs are considered to have a
trapezoidal shape, rather than a rectangular one, for the
purpose of calculating elastic stresses. However, during
visualization kinks are represented as straight (i.e., pure edge)
segments for simplicity.

Kink segments are identified by their non-screw character,
i.e., when |t ·s| < 1, where t and s � b/b are the line tangent and the
slip direction, respectively. Kinks are tracked in space and time
throughout the simulation by monitoring their vectors t, s
(constant), and n � s×t (representing the glide plane). Two
kinks mutually annihilate if 1) they have opposite line
directions (projected along the glide direction), 2) they share a
common n vector, and 3) they are within an interaction distance a
of one another. When all three conditions are met, the two kink
segments are eliminated and the screw dislocation line is
reconnected on the Peierls valley common to both.

The underlying topology supporting dislocation and kink
segments is a discrete bcc lattice oriented along the [111]
direction. The crystal model thus includes all possible lattice
point locations, which in this work are assigned a chemical
descriptor to represent multi-element systems. Simulations can
be done with periodic boundary conditions or with finite-sized
lines. Unless otherwise noted, here we use finite dislocation lines
of length L � 1000b pinned at both ends to mimic the operation of
a Frank-Read source in the material. Shear stress is applied such
that the (110) plane is always the maximum resolved shear stress
(MRSS) plane.

τi in Eqs. 1 and 2 is calculated as the Schmid stress:

τ � s · σ xi( ) · n (3)

where σ(xi) is the local stress tensor at the location xi of
segment i. As explained by Stukowski et al. (2015), σ takes
contributions from the applied stress as well as from the elastic
stresses due to all unique segments i along the dislocation line.
The only component of the applied stress tensor that produces
a nonzero resolved shear stress with the lattice orientation
considered in our model is the xz component. Thus, in this
work, the stress τyz is a fixed input parameter that is added to
the local elastic stresses everywhere in the simulation volume.
In the forthcoming graphs and plots, we simply refer to this
stress as the applied stress “τ.”

2.2 Environment-Dependent Kink Pair
Nucleation and Kink Propagation Rates
The model employed to describe a multicomponent alloy
involves the superposition of an effective substrate (often
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referred to as the “average” alloy) whose properties are taken
as the compositional average of each of the individual element
properties, and a set of lattice atoms representative of the
chemical composition of the alloy. As such, Eq. 1 is modified
to capture this new physical system and its effect on the
dislocation kinetics. The details of these modifications have
been discussed in depth by Zhou et al. (2021) and are only
briefly reviewed here.

The kink-pair nucleation enthalpy in the alloy is written as a
sum that includes “solute” interaction energies:

ΔHkp τ;T( ) � ΔH0 + ΔEint
x→x+h( ) 1 − τ

τP
( )p( )

q

(4)

where ΔH0 is the formation energy of a pair of isolated
complementary kinks in the average alloy (average across all
constituent elements), ΔEint

x→x+h is the change of “chemical”
energy across one Peierls valley (i.e., between x and x + h)
on a given dislocation segment i (with length ℓi), τP is the Peierls

stress of the average alloy, and p and q are fitting parameters.
The ΔEint

x→x+h represent excess energies in the translation of
segments of the dislocation from one location to another. As
such, they are calculated for a specific spatial arrangement of
lattice atoms, which reflects the composition of the random
alloy. In our case, we start from a pre-generated hexagonal
prism with fixed size that does not change throughout the
simulation. Figure 3 shows the minimum prism size that
captures all the non-MRSS {110} glide planes available to the
dislocation segment for the calculation of the corresponding
rates. Within these prisms,

ΔEint
x→x+h � ∑

j

qje
int
j |x+h −∑

i

qie
int
i |x (5)

where eintj are the solute (of type j) interaction energies and qj
is the number of solutes of type j surrounding the dislocation
core along that segment. Note that ΔEint

x→x+h may be positive or
negative, indicating a favorable or unfavorable effect on kink-
pair nucleation, respectively. To account for correlated
transitions, both forward and backward nucleation rates are
considered for each viable glide plane.

In alloys, kink motion is itself thermally activated and thus
treated also as an Arrhenius process with a propagation rate
equal to:

ωk τ, T( ) � ]1 exp −ΔEk + ΔEint
y→y+b − τΔΩk

kT
( ) (6)

where ]1 is an attempt frequency not necessarily equal to ]0,
ΔEk is the kink migration barrier, and ΔEint

y→y+b is the excess
energy that results when kinks move an amount b along the y
(i.e., [111]) direction. ΔΩk is an activation volume, which here
is taken to be the average of the excess atomic volume of Nb,
Ta, and V with respect to the average alloy (Zhou et al., 2021).
Defined in this fashion, ωk represents the hopping rate of a
kink segment going from a position y to another y + b. ΔEint

y→y+b
is obtained as the excess energy resulting from the sideward
translation of a kink along the [111] direction, from position y
to y + b, i.e.:

ΔEint
y→y±b � ∑

k

einti |y+b ∓ einti |y( ) (7)

FIGURE 3 | Minimal atomic environment around a dislocation line
required to calculate kink event rates. The image is a view of the dislocation
core along the [111] direction, showing two possible transitions to next
Peierls valleys on different {110} planes. The dashed polygons
represent the maximum extent of dislocation-atom interactions as indicated
in Table 1.

TABLE 1 |Dislocation core solute-interaction energies (solute in average-atommatrix). Site numbers are given in relation to the diagram on the right column. All energies in eV
[from Maresca and Curtin (2020a)]. Negative values indicate attraction.

Site eint
Nb eint

Ta eint
V Diagram

1 −0.0121 0.013 −0.0043
2 −0.0063 0.0164 −0.0137
3 0.0113 0.0028 −0.0147
4 0.0016 0.0035 −0.0047
5 0.006 0 −0.0059
6 0.0036 0.0008 −0.0041
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The kink interaction energies are calculated over the entire
length of the kink spread a, as illustrated in Zhou et al. (2021).
Here too, we calculate rates for forward and backward jumps to
account for correlated motion (hence the ± sign). Contrary to
Eq. 5, ΔEint

y→y±b is calculated only for the glide plane on which
the kink in question lies. Similarly, however, it can be positive or
negative, indicating attraction towards the next atomic position
or repulsion from it.

The computed values for all the eint for the Nb-V-Ta alloy in
relation to the dislocation core are given in Table 1. In this work,
it is assumed that kinks are segments close to the screw
orientation (based on values of a � 12b) and thus we use the
same interaction energies calculated for screw cores. Values for
the average alloy are given in Table 2 as averages from the known
values of Nb, Ta, and V. Screw dislocation-specific properties,
such as the single kink spread a, and the coefficients p and q have
been obtained using a line tension model using the elastic
constants for the average alloy, as demonstrated by He et al.
(2019). Those constants, together with the rest of the relevant
parameters are given in Table 3.

Equations 4, 6 are then sampled according to the kMC
algorithm for any available dislocation segment with length
greater than w and for all existing kinks.

3 RESULTS

3.1 Case ΔEk = 0
Following our previous work in Zhou et al. (2021), we first carry
out simulations assuming no migration barrier for kink
propagation, i.e., ΔEk � 0 in Eq. 6. As indicated in the
previous section, we work with dislocations lines of length
1000b along the screw direction. One crucial aspect of the
simulations is that screw dislocations in the Nb-Ta-V system
are not perfectly straight at zero stress, as shown, e.g., in Figure 2.
For this reason, all lines are first equilibrated at the corresponding

TABLE 3 | Additional material parameters for the “average” material.

Symbol Value Units

a 12 b
λkp 12 b
p 0.83 −

q 1.40 −

ρd 1014 m−2

FIGURE 4 | Dislocation center-of-mass position as a function of time
for a few exemplary temperatures and stresses. (A) At a stress of
500 MPa, the dislocation is seen to go through a rapid transient before
stabilizing into a steady state from which velocities are obtained. At
low stress (50 MPa), the dislocation is seen to spend stationary periods
waiting for a nucleation event (horizontal time periods marked with
continuous horizontal lines), punctuated by fast motion. In those cases,
the velocities are taken from the entire d-t curves as shown for (B) 300 K
and (C) 600 K.

TABLE 2 | Material constants for the individual constituent elements of the
equiatomic NbTaV alloy. FromWeinberger et al. (2013), Dezerald et al. (2015).

Symbol a0 [Å] μ [GPa] ν τP [GPa] ΔH0 [eV]

V 3.00 47 0.37 1.20 0.89
Nb 3.32 38 0.40 0.89 1.28
Ta 3.31 69 0.34 1.03 1.17

“average” 3.21 51 0.37 1.04 1.11
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temperature at zero stress, and the resulting line structures are
then used as the initial configurations for the stress-driven
simulations.

For each (τ, T) point, the position of the dislocation is taken as
that of the center of mass of all distinct segments i along the glide
direction. This average position d is plotted versus time t and the
velocities are extracted from the linear d-t regions. Figure 4 shows
three exemplary cases, one at high stress, Figure 4A, and two at
low stresses, Figure 4B,C. Clear differences can be seen in all
cases. At high stress, the dislocations go through a fast transient
associated with the propagation of existing kink pairs along the
line in the original configuration, and then moderate their
velocity once kink-pair nucleation events become more likely.
In these cases, we take the velocity after the initial transient has
passed. At low stress, the dislocations are seen to intercalate
stationary periods waiting for a nucleation event (horizontal time
periods marked with continuous orange lines), punctuated by fast
motion in between those. In those cases, the velocities are taken
from the entire d-t curves.

The reason for the above differences lies in the distribution of
time steps sampled in the kMC algorithm, which are reflective of
the chemical environment variations. Figure 5A shows the

histogram of sampled time steps, δt, during the course of the
simulations at 300 K and 50 MPa. While kink propagation time
steps (inverse of rates obtained from Eq. 6) are narrowly
distributed between 10–12 and 10–10 s, kink nucleation events
(inverse of Eq. 1) are spread over an extraordinarily large interval
ranging from 10–14 to 103 s. This points to the wide variability in
rates obtained via Eq. 1, i.e., to the strong effect of ΔEint

x→x+h on the
final values of ωkp when τ and T are small. Although the
distribution of time steps for kink-pair nucleation events
appears bimodal, it is likely that for the specific simulation
shown, 300 K and 50 MPa, the gap shown in the figure
between 10–9 and 10–8 s does not have a
particular physical meaning and is simply a region of poor
sampling.

As the figure shows, the tails of the histogram at 50 MPa and
300 K span 16 orders of magnitude in time. As well,
notwithstanding the logarithmic scale, the histogram of δt is
relatively flat, indicating that the tails of the distribution are
sampled with probabilities that do not differ dramatically from
the mode of the distribution (≈0.01 s). This is the reason behind
the occurrence of long waiting periods in Figure 4B. The curves
in Figure 4C, showing the d-t evolution for 600 K and 50 MPa,
further substantiate this notion of long waiting times at low
stresses, even at temperatures as high as 600 K.

By contrast, Figure 5B shows the histogram of time steps at
900 K and 50 MPa, all lying in a narrower interval between 10–15

and 10–10 s. This is a manifestation of very high event rates and no
waiting time, resulting in “smooth” d-t curves such as those
shown in Figure 4A.

Plots of the screw dislocation velocities as a function of stress
and temperature for the ΔEk � 0 case are shown in Figure 6. As
the graphs show, the dislocation velocities display a clear
temperature dependence at low stresses, while approaching
1,200 MPa the velocities seem to converge towards a value of
1.0 m ·s−1. At T � 300 K, the dislocation is virtually stationary
below 100 MPa, with velocities less than 1 Å per second due to the
long waiting periods discussed above. The region below this value
is shaded in the figure, as it would correspond to creep rates and is
thus irrelevant for glide-controlled strength studies. All the v-τ
curves follow power laws of the type v(τ) � A(T)τn, where A is a
temperature-dependent prefactor and n is the power law

FIGURE 5 | Histogram of sampled time steps throughout the course of a simulation at (A) 300 K and 50 MPa and (B) 900 K and 50 MPa. While kink propagation
time steps are narrowly distributed between 10–12 and 10–10 s, kink nucleation events are spread over an extraordinarily large interval ranging from 10–12 to 104 s.

FIGURE 6 | Screw dislocation velocities as a function of stress and
temperature for the ΔEk � 0 case. The shaded region indicates velocities of
less than 1 Å per second, which would result in strain rates of less than 10–6
s−1, assumed in this work to be the creep limit and, thus, irrelevant for
glide deformation purposes.
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exponent. In this case, no clear temperature correlation for A was
found, while nwas seen to gradually decrease from 6.8 at 300 K to
0.7 at 1200 K.

3.2 Case ΔEk = 1.0 eV
Next, we make ΔEk in Eq. 6 equal to 1.0 eV using the exact same
conditions as in the previous section. Note that, although not directly
applicable, this value is not inconsistent with energies obtained for
edge dislocations in similar systems (Kubilay et al., 2021).

In this case, the extra kink migration energy leads to slow
propagation rates, which shifts the distribution of δt towards long
times, as shown in Figure 7. At low temperatures and moderate
stresses (simulation at 300 K and 500 MPa, left-hand panel), a
clear gap exists between the distribution of kink-pair nucleation
times and kink propagation ones (the former clustering narrowly
around 1,000 s and the latter ranging from fs to ms). In contrast,
at T � 900 K and τ � 50 MPa, the effect of temperature on kink
propagation rates can be clearly appreciated with a six-order-of-
magnitude decrease in the histogram of time steps. Interestingly,
kink-pair nucleation rates are much less sensitive to temperature
and stress changes.

As expected with these sluggish kink propagation rates, the
resulting dislocation velocities are overall much slower than for
ΔEk � 0. Figure 8 gives the stress and temperature dependence of
the screw dislocation velocity for ΔEk � 1.0 eV. The figure reveals a
strong temperature dependence (note the logarithmic scale for the-v
axis) with the v-τ relations also well described by power laws such as
those for the ΔEk � 0 case. In this case, n oscillates between 0.84 for
the 300 K case, and 1.4 for the 1200 K case, but a clear temperature
dependence cannot be extracted. For its part,A is well described by an
exponential of the type:

A T( ) � 4.8 × 10−15e0.16T m · s−1[ ]
Our results essentially indicate that for ΔEk � 1.0 eV, the rate-

limiting step is lateral kink propagation. This is particularly the
case at low temperatures, where one has to wait up to thousands
of seconds for kinks to move, which results in extremely low
dislocation velocities. At higher temperatures, kink-pair
nucleation and kink propagation times overlap around the
nanosecond range, with neither clearly becoming the rate-
limiting step. Dislocation velocities are then seen to increase
by many orders of magnitude.

FIGURE 7 | Histogram of sampled time steps throughout the course of (A) a low-temperature, low-stress simulation (300 K and 500 MPa), and (B) high-
temperature, low-stress (900 K, 50 MPa). In contrast with Figure 5, kink propagation time steps represent the largest among all sampled time steps in both cases.

FIGURE 8 | Screw dislocation velocities as a function of stress and temperature for the ΔEk � 1.0 eV case. The shaded region indicates velocities of less than 1 Å
per second, which would result in strain rates of less than 10–6 s−1, assumed in this work to be the creep limit and, thus, irrelevant for glide deformation purposes.
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A qualitative discussion of these results is provided next.

4 DISCUSSION

The mechanisms behind high temperature strength in chemically
complex alloys are still under investigation, with inconclusive
evidence about whether it is mainly screw or edge dislocations
what controls deformation (Couzinié et al., 2015; Couzinié and
Dirras, 2019; Bu et al., 2021; Lee et al., 2021). While reasons can be
found in favor of both mechanisms, some gaps in our microscopic
understanding of dislocation processes still exist, preventing us from
having a complete picture of dislocation dynamics in thesematerials.
One such gap is the detailed characterization of the energy landscape
over which single kinks propagate along the screw dislocation
direction. Given the nonscrew character of kink steps, one might
be tempted to treat them as quasi-edge segments for which some
information has recently become available (Kubilay et al., 2021).
While this is not strictly correct, one can get an idea of the range of
values that might be expected for the energy barriers encountered by
kinks during motion. This work is an attempt to understand and
quantify the effect of such barriers on net screw dislocation motion

by adopting two extreme cases for these barriers: 0.0 and 1.0 eV. Our
model takes atomistic information as a primary source of parameter
data, and uses it to extend the physics to realistic line lengths and
time scales. As such, our approach is as accurate as the data used as
input and–as importantly–as the number of different mechanisms
captured in its formulation.

Bearing this in mind, our results show that the two scenarios
contemplated here lead to strikingly different behaviors.

1) In general, screw dislocation velocities are very low. By way of
comparison, dislocation velocities in pure tungsten at
1,000 MPa in a similar temperature range as that
considered here were on average approximately 100 m ·s−1
(Stukowski et al., 2015), compared to less than 1.0 m ·s−1.

2) WhenΔEk � 0, dislocation velocities are on average four to five
orders of magnitude higher than for ΔEk � 1.0 eV.

3) With no kink barrier, dislocation velocities converge for all
temperatures at high stresses, while with ΔEk � 1.0 the v-τ
relations displays a clear separation with temperature that is
maintained for all stresses.

FIGURE 9 | Snapshots at long times of dislocation substructures under
500 MPa of applied stress showing a profusion of cross kinks and trailing loops.
Segments lying ondifferent {110} planes are colored accordingly (color reference
shown). The dark blue plane is the MRSS plane. The straight black dashed
line indicates the position of the center of mass of the dislocation.

FIGURE 10 | Screw dislocation configuration for the ΔEk � 1.0 eV case
at 300 K and 50 MPa. Color coding is the same is for Figure 9. The gray
dashed line represents the two ends of the dislocation line, connected through
periodic boundaries.
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Points 1 and 2 from the list above are consistent with the high
strength generally measured in RMEA at low homologous
temperature. However, what we are after explaining is less the
intrinsic high temperature of these alloys (after all, they are made
of heavy refractory elements, all strong by definition) but the
retention of strength at high temperature. Thus, it is interesting to
notice that the model with zero kink migration energy shows that
the velocities become temperature independent at high stresses
(at or above 1,000 MPa in Figure 6). Indeed, at high stress and
with kink propagation not being the rate-limiting step, the
profusion of kink pair nucleation events and cross-kinks
makes temperature a secondary factor. This ultimately leads to
velocities whose primary dependence is on stress, not
temperature. The mechanism is illustrated in Figure 9, where
similar dislocation structures can be observed at 300 and 900 K,
both for τ � 500 MPa. Very rugged lines with an abundance of
cross kinks and trailing loops are generated in both cases.

The situation is different when ΔEk � 1.0 eV because both kink
propagation and kink-pair nucleation coexist as thermally-
activated processes. In that case, then, a clear temperature
dependence persists regardless of how high the stress gets.
Thus, while dislocation line configurations similar to those
shown in Figure 9 are also seen when ΔEk � 1.0 eV, they are
strongly dependent on temperature conditions. Figure 10 shows
the line configuration in this case for T � 300 K and τ � 50 MPa,
with profuse generation of trailing defects and significant line
roughness as well. Such abundance of “nonscrew” segments on
the line results in very slow progress under stress,
and–consequently–low dislocation velocities, making it
potentially a contributing factor for high temperature strength.

The behavior just described would suggest that a temperature
independent strengthmight occur when the kink propagation energy
is low (approaching zero perhaps). This prompts the question of why
would this then not happen as well in pure bcc metals where kink
propagation is basically athermal (in fact viscous, as described in
Section 2.1). The answer is that, while kink-pair nucleation is
unquestionably a thermally-activated process in pure metals, it is
not so in RMEA. In fact, it is this lack of a clearly temperature-
dominated process in RMEA at high stress what leads to a
temperature insensitization of its mechanical response. Thus, while
not discounting contributions from other dislocation types and other
mechanisms, our results might indicate that dislocation motion is
characterized by small kink propagation energy barriers. Detailed
atomistic studies of these barriers will elucidate whether that is indeed
the case.

Finally, in all cases studied here, the v-τ relations are well
described by power laws of the type v(T, τ) � A(T)τn. This clearly
represents a deviation from purely thermally-activated behavior,
as rationalized above. However, interestingly, studies have shown
that when pure bcc metals are pushed beyond the thermally-
activated limit, the dislocation velocities display strongly
nonlinear dependences with stress that are well captured by
power laws. In fact, exponents of up to 40 have been
measured in pure Fe (Altshuler and Christian, 1967). Thus, in
a certain sense, the Nb-V-Ta alloy behaves at all temperatures and
stresses as some “regular” bcc metals are found to behave at high
temperatures and high stresses.

5 CONCLUSION

We finalize with some of the most important conclusions:

1) We have developed a kinetic Monte Carlo model of thermally
activated screw dislocation kinetics in the equiatomic Nb-Ta-
V alloy. The model includes an extensive atomistic envelope
around the dislocation to calculate all the necessary
interaction energies from the surrounding atomic
configurations. These environments ensure that correlated
transitions are properly accounted for, and that a
statistically significant material volume is sampled.

2) We have studied the relationship between dislocation velocities
with stress and temperature in the range 0 ∼1,000 MPa and
300 ∼1200 K using stress-controlled simulations. We have
considered two distinct scenarios, one where the kink
propagation energy is zero, and another one where it is 1.0 eV.

3) In general, screwdislocation velocities are very low, never surpassing
1.0m·s−1 even at high stress and/or temperature. With no kink
propagation energy, dislocation velocities are on average four to five
orders of magnitude higher than when it is 1.0 eV.

4) With no kink barrier, dislocation velocities converge for all
temperatures at high stresses, while with for 1.0 eV the v-τ
relations displays a clear separation with temperature that is
maintained for all stresses. This may give us a hint in terms of
what kink propagation energy barriers to expect to observe a
weak temperature dependence of the alloy strength.

5) In all cases, dislocation lines develop a very rough structure,
characterized by a profusion of kinks on multiple slip systems,
cross kinks, trailing loops, and bulging.
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