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ABSTRACT

Refractory multi-element alloys (RMEA) with body-centered cubic (bcc) structure have been the object
of much research over the last decade due to their high potential as candidate materials for high-
temperature applications. Most of these alloys display a remarkable strength at high temperatures, which
cannot be explained by the standard model of bcc plasticity based on thermally-activated screw disloca-
tion motion. Several works have pointed to chemical energy fluctuations as an essential aspect of RMEA
strength that is not captured by standard models. In this work, we quantify the contribution of screw dis-
locations to the strength of equiatomic Nb-Ta-V alloys using a kinetic Monte Carlo model fitted to solu-
tion energetics obtained from atomistic calculations. In agreement with molecular dynamics simulations,
we find that chemical energy fluctuations along the dislocation line lead to measurable concentrations
of kinks in equilibrium in a wide temperature range. A fraction of these form cross-kink configurations,
which are ultimately found to control screw dislocation motion and material strength. Our simulations
(i) confirm that the evolution of cross kinks and self-pinning are strong contributors to the so-called
‘cocktail’ effect in this alloy at low temperature, and (ii) substantiate the notion that screw dislocation
plasticity alone cannot explain the high temperature strength of bcc RMEA.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Since their inception in the 1990s [1,2], high entropy alloys
(HEA) have attracted a great deal of attention due to a unique
combination of properties seldom found in other material types
[3-11]. This makes them potentially very attractive as candidate
materials for a number of technological applications with harsh
environments such as elevated temperatures, irradiation, or corro-
sion [12-15]. The basic idea behind creating alloys of this type is
to combine a number of elements (typically four or more) in simi-
lar proportions to achieve solid solution phase stability through the
large configurational entropy of the system. Due to the large chem-
ical and configurational space available to create these materials,
several hundred different HEA combinations now exist, each with
their own distinct compositions, structure, and properties [16-18].
The large volume of research on the topic over the last decade has
resulted in a fast-evolving field full of new findings, unexplained
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results, and unresolved controversies. The reader is referred to the
numerous reviews and monographs published over the last sev-
eral years for more details [3-10,19,20]. Note that, while the term
‘multicomponent’ or ‘multielement’ alloys is sometimes preferred
in the literature over ‘high-entropy’ alloys (particularly when the
number of elemental constituents is less than five), here we use
both interchangeably.

Among the different materials proposed, refractory multi-
element alloys (RMEA) are a special class of alloys composed of
typically 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 [9,21-27]. RMEA dis-
play sluggish self-diffusion rates [28-31] and, similar to their pure
bcc metal counterparts, suffer from a lack of ductility at low tem-
peratures [21,32]. However, they retain high strength and ductility
at high temperature, making them attractive candidates for struc-
tural applications in the power, aerospace, or nuclear sector [12-
14,19,33].

While the deformation mechanisms of bcc metals and their
alloys are relatively well understood, theories that explain the
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Fig. 1. Schematic depiction of an arbitrarily kinked screw dislocation line showing kink-pairs on two different {110} planes. The arrows indicate the direction of motion of
kinks under an applied stress that creates a force on the dislocation in the [112] direction. The dashed segments depict a cross-kink. Shaded quadrilaterals represent the
area swept by the dislocation on different glide planes when a kink pair is produced. The length of the kink step is exaggerated for ease of visualization (reproduced from

ref. [39] with permision from Elsevier).

behavior observed in body-centered cubic RMEA have only recently
begun to be developed [34-37]. 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 concen-
tration of equilibrium kinks on screw dislocation lines, potentially
reducing the importance of kink-pair nucleation and shifting it in-
stead to kink lateral motion. This signifies a departure from ‘clas-
sical’ bcc metal plasticity, which is known to be controlled by the
thermally-activated glide of 1/2(111) screw dislocations on close-
packed planes by way of kink-pair nucleation and propagation [38-
40]. As well, phenomena connected to non-MRSS glide, such as
anomalous slip, pencil glide, etc [41,42], all of which are known
to occur in bcc metals, may be exacerbated in chemically-complex
systems such as RMEA.

One lingering question that results from these theories, how-
ever, is whether local compositional variations can be sub-
sumed into simple statistical distributions based on the set of
solute-dislocation core interaction energies. These interaction en-
ergies can be accurately calculated using first-principles methods
[35,43,44] and are indicative of the attractive or repulsive nature of
the interaction between lattice atoms and dislocation cores. A col-
lateral effect of the interactions of dislocations with lattice atoms is
the potential enhanced formation of so-called cross kinks, i.e. col-
lisions of kinks on different glide planes [45] that result in non-
glissile structures (see Figure 1). Aided by the existence of a large
density of lattice mismatch points along the dislocation line, kinks
may slow their lateral motion or become arrested, thus increasing
the likelihood of kink collisions and cross-kinks. This could result
in considerable self-pinning, which may also help explain the be-
havior of certain RMEA.

To investigate the above points and to complement existing sta-
tistical theories, in this paper we simulate the motion of screw dis-
locations in a discrete bcc lattice representing a multielement al-
loy using a kinetic Monte Carlo (kMC) model developed originally
for pure and dilute bcc systems [46-48]. Specifically, we study an
equiatomic Nb-V-Ta alloy to take advantage of existing interaction
energy calculations [49]. 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 disloca-
tion lines. Thus, this work is a first attempt to embed some of the
complexity 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 theoret-
ical framework for the kinetic Monte Carlo model. This is followed
by a description of the numerical implementation and modifica-
tions of the kMC simulator to adapt it to the alloy of choice. Next
we present results of the strength of the alloy as a function of tem-
perature and strain rate. We finalize the paper with a discussion of
the results and the conclusions.

2. Kinetic Monte Carlo model of screw dislocation meotion 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. Generally,
this motion is understood to occur over a periodic energy land-
scape known as the Peierls potential Up. Up is typically quite stiff,
resulting in high critical (Peierls) stresses, tp, [50,51], 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 nucle-
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ation is a rare event, i.e., one that occurs with a low probability
over the scale of atomic vibrations. Thus, methods with high tem-
poral 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
KkMC, one simply specifies the transition rates of different events,
which represent the probability 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 vibra-
tions and local distortions, are not directly resolved, but their ef-
fective 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 [39,52] and di-
lute alloys [47,48,53].

The kink-pair nucleation rate for a segment i of length ¢; (note
that the total screw length line L is conserved: L =3};¢;) is ex-
pressed as a function of stress and temperature as [39]:

Wi (T3, T) = g Li—w exp <_M‘P’(m> (1)

b kT

where 7; and T are the local resolved shear stress and the tem-
perature, respectively, vy is an attempt frequency, ¢; is the dislo-
cation segment length, w is the total width extent of a kink pair,
b is the Burgers vector’s modulus, and AHyy, is the kink-pair acti-
vation enthalpy. ¢; is itself delimited by kinks on both sides, while
w includes the distance between kinks, A, at the point of nu-
cleation plus the spread, a, of each kink, ie., w= A, + 2a. The
above expression is only defined for positive nucleation lengths,
(¢; —w) > 0, with segments shorter than w being discarded for the
purposes of calculating wyg,. In pure bee metals, a common expres-
sion for AHy, is the one proposed by Kocks et al. [54]:

AHy(T) = AHO(I - (%)p)q

where AHj is the sum of the energies of two infinitely-separated
opposite kinks, and p and q are fitting parameters. We have ex-
tended this expression to account for non-Schmid effects on dis-
location glide in past works [39,40,55], and dilute solid solution
interactions [47,48]. For their part, kinks move a distance §y =
v 8t £&,/2D, 6t during a given time increment §t, where v, and
D, are the kink velocity and diffusivity, respectively, and & is a
uniform random number. v}, and D represent mechanically-driven
(stress-dependent) and diffusive (stress-independent) contributions
to the kink motion. Generally, §t 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 un-
physically long kink propagation events, dy is typically capped at
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 calculat-
ing elastic stresses. However, during visualization kinks are repre-
sented as straight (i.e., pure edge) segments for simplicity.

Kink segments are identified by their non-screw character, i.e.,
when |- 5] < 1, where £ and §'= 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 £, § (con-
stant), and = §'x { (representing the glide plane). Two kinks mu-
tually annihilate if (i) they have opposite line directions (projected
along the glide direction), (ii) they share a common 7 vector, and
(iii) 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.
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The underlying topology supporting dislocation and kink seg-
ments is a discrete bcc lattice oriented along the [111] direction, as
shown in Figure 1. The figure shows a schematic depiction of a dis-
location of total length L containing several kink pairs and a cross-
kink (dashed segments). The crystal model thus includes all possi-
ble lattice point locations in case they are needed for specific cal-
culations, which is the case in 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 = 500b 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 (cf. Fig. 1).

2.2. Strain rate-controlled simulations

The dependence of the applied stress with strain rate (in tensor
form) can be written as:
o (t) =C(Eot — °(1)) (2)

where C is the elasticity matrix, &g is the prescribed strain rate
tensor, and &P is the accumulated plastic strain tensor. Assuming
small plastic deformations, the tensor &f evolves as:

6.P(tmﬂ) — eP(tm) +5€P(tm+1) (3)
567(0) = (W)(f)pdmm (4)

with p, being the dislocation density (constant), L the total dislo-
cation line length, and §A the area swept by the dislocation during
a given 8t = t™*1 — ™ time interval (between kMC steps m and
m+ 1). The Schmid tensor 1/2(§® M+ A ®$) is used to obtain the
appropriate projection of A.

The only component of &€ that produces a nonzero resolved
shear stress in the present geometry is a shear strain rate of the xz
type. Consequently, the relevant applied stress component is ob-
tained as:

sz(t) = 2“((é0)xzt - 852) (5)

and, accordingly, f,(t™+1) = e, (t™) + 8¢k, (t™+1). Thus, in the
present setup, the plastic strain update is reduced to:
p _ PaltybéA

86y = —51 (6)
where ny is the component of the plane normal resolved along the
glide direction. 8A is calculated depending on whether the event is
a kink pair nucleation event, or the propagation of a kink. In each
case, the area swept at a given time is written as:

(7)

SA — hw, kink pair nucleation
" | h8y, kink displacement

Thus, in this approach, the stress 7y, is a time-varying output 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 ‘t’.

As egs. (5) and eq. (6) indicate, the value of the shear stress
depends parametrically on the dislocation density. However, this is
a weak dependence as we have carefully confirmed in independent
tests'. Nonetheless, pg has a quantitative impact on the value of T
and all simulation results should be interpreted in the context of
the dislocation density considered.

T By way of example, in a set of strain-rate-controlled simulations at 10~3 s~! in
pure W at 300 K where p; was varied between 10" and 10" m~2, t was seen to
decrease by 30%, from 800 to 650 MPa.
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2.3. Environment-dependent kink pair nucleation and kink
propagation rates

As explained above, the model employed to describe a mul-
ticomponent alloy involves the superposition of an effective sub-
strate (often 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) must be modi-
fied to capture this new physical system and its effect on the dislo-
cation kinetics. The principal modifications to the model are listed
below:

1. Segment-segment elastic interactions are considered at the sub-
strate level using the elastic constants of the average alloy.

2. We assume that all interactions between dislocation segments
and lattice atoms are additive and pairwise, i.e., their interac-
tion energy depends only on the chemical identity of the atom
in question, regardless of the broader local chemical environ-
ment [35,56].

3. The kink-pair nucleation enthalpy is written as a sum that in-
cludes ‘solute’ interaction energies:

. N
Mg (Trss) = (AHy + A, ) (1- (22)7) (8)
where AH, is the formation energy of a pair of isolated com-
plementary kinks in the average alloy (average across all con-
stituent elements), AE}(‘EX 1S the change of ‘chemical’ energy
across one Peierls valley (i.e. between x and x + h) on a given
dislocation segment i (with length ¢;), tp is the Peierls stress of
the average alloy, and p and q are fitting parameters.
4. In alloys, kink motion is itself thermally activated and thus
treated also as an Arrhenius process with activation energy
equal to AE”“ i i.e. the excess energy that results when kinks

move an amount b along the y (i.e., [111]) direction:

AE;/merb TRSSAQI{>

kT

i (Trss; T) = vy exp <— 9)
where v; is an attempt frequency not necessarily equal to vg.
Defined in this fashion, wy(T) represents the hopping rate of
a kink segment going from a position y to another y + b. Note
that, as defined, AE‘me may be negative (and, often, small,
such that AE;‘ierb « kT), in which case the advancement (or
recoil) of the kink by a distance b is executed without needing
to compute its thermally-activated rate. As defined, eq. (9) de-
fines a unidimensional hopping rate and thus replaces D, (in-
troduced in Sec. 2.1) for kink propagation. With this, (7) is
modified to A = hb.

Equations (8) and (9) are then sampled according to the kMC
algorithm for any available dislocation segment with length greater
than w and for all existing kinks. In these two equations, the de-
pendence on stress is through the resolved shear stress (RSS), Tgss,
which is a scalar quantity that represents the local projection of
the total stress tensor o on the glide plane of the dislocation, in-
cluding non-Schmid effects if appropriate. o contains contributions
from the externally applied stress and from the different disloca-
tion segment stress fields, as described in refs. [39,57]. Our model
can efficiently calculate long-range stresses originating from dis-
location segments, both using isotropic and anisotropic elasticity
theory [57,58].

2.3.1. Calculation of interaction energies for kink-pair nucleation
AEM . and AE;“_Ey . Tepresent excess energies in translating

segments of the dislocation from one location to another. As such,

they are calculated for a specific spatial arrangement of lattice
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Table 1

Dislocation core solute-interaction energies (solute in average-atom matrix). Site
numbers are given in relation to the diagram on the right column (adapted from
ref. [49]). All energies in eV (from ref. [49]). Negative values indicate attraction.

Site B en ey' 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

atoms, which must reflect the chemical complexity of the alloy at
hand. In our case, we start from a pre-generated hexagonal prism
with fixed size that does not change throughout the simulation.
While the size of the prism is arbitrary, here we work with en-
vironments sufficiently large to enclose lattice atoms that are 6t-
nearest neighbors to the dislocation core (atoms with the label ‘6’
in Table 1). These prisms are populated with Nb, Ta, and V atoms
by random sampling the compositional proportions in the alloy
(33.3% for each chemical species in our case)?. Figure 2 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. In our case, we use sizes corresponding to
a distance of 20 Peierls valleys (20h) from the original dislocation
position. These contain in excess of 630,000 atoms for L = 500b.
For line relaxations we use L= 5000b and 12h, which contain a
total of 455,000 lattice points. Each lattice site within the prism is
assigned a chemical element with a probability equal to the rela-
tive alloy composition and the total interaction energy is computed

as:
- el
i X

BB = Dl
where e‘jm are the solute (of type j) interaction energies and q; is
the number of solutes of type j surrounding the dislocation core
along that segment. Note that AE}(‘EX o May be positive or nega-
tive, indicating a favorable or unfavorable effect on kink-pair nucle-
ation, respectively. To account for correlated transitions, both for-
ward and backward nucleation rates are considered for each viable
glide plane.

(10)

2.3.2. Interaction energies for kink-pair propagation events
Likewise, AE;}iy 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.:
) (11)
y

AE”iyib Z (e}nt
k

The kink interaction energies are calculated over the entire length
of the kink spread a. The relevant configuration is illustrated in
Fig. 2 (bottom) as a shaded area encompassing 12 slices of width
b represented by the subindex i in eq. (11). For ease of visualiza-
tion, only the atoms surrounding the initial and final Peierls valleys
are shown. Here too, we calculate rates for forward and backward
jumps to account for correlated motion (hence the + sign). The
energies for both types of jumps are obtained by considering the
extra atoms inside slices of width b to the left and to the right of
the kink, such that a kink spread of 12b is always maintained. Note
that, for trapezoidal kinks (with fixed dislocation character), the in-
teraction energy change is given only by the relative energy differ-
ence between the two slices at the two ends of the kink. Stress

* ei.“t
yib

2 Note that a ‘numerically’ random system does not necessarily correspond to
thermalized RMEA lattices, as discussed in Sec. 4.2.
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Fig. 2. Minimal atomic environment around a dislocation line required to calculate kink event rates as described in Sec. 2.3.1. The top 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. The bottom image represents the spread of a single kink along the [111] direction with the shaded area indicating the
region over which the interaction energy in eq. (11) is calculated. For clarity, only atoms immediately surrounding the two adjacent Peierls valleys are shown.

Table 2
Material constants for the individual constituent elements of the
equiatomic NbTaV alloy. From refs. [59,60].

Symbol ao [A] @ [GPa] v 7 [GPa]  AHy [eV]
\% 3.00 47 0.37 1.20 0.89
Nb 332 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

biases this directionality by way of a suitable activation volume
(AL, in eq. (9)). Here we take A2, to be the deviation of the lo-
cal atomic volume in the lattice with respect to the atomic volume
of the average alloy, i.e.:

3 3

AR=3 Y A% AQ _ 8~ Bl gy, v
k 3 — o> o s s s

2

with all the lattice parameters ay given in Table 2. Contrary to eq.
(10), AE}ﬁyib is calculated only for the glide plane on which the
kink in question lies. Similarly, however, it can be positive or neg-
ative, indicating attraction towards the next atomic position or re-
pulsion from it.

The computed values for all the e 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.

Table 3
Additional material parameters
for the ‘average’ material.

Symbol  Value Units
a 12 b

Akp 12 b

p 0.83 -

q 1.40 -

P 14x10% m2

Screw dislocation-specific properties, such as the single kink
spread a, and the coefficients p and g have been obtained using
a line tension model using the elastic constants for the average al-
loy, as demonstrated in He et al. [61]. Those constants, together
with the rest of the relevant parameters are given in Table 3.

To illustrate the differences between using eq. (1) with a fixed
value of AHy (for the average alloy) and when AHy is given by eq.
(8) (multicomponent system), in Figure 3 we plot the distribution
of time steps sampled over 10 ns of simulation for the average ma-
terial and for the equiatomic Nb-V-Ta alloy. These time steps, dt,
were obtained as the inverse of wy, yielded by eq. (1) for disloca-
tion lines with a length of 100b, at 300 K, and 200 MPa of applied
stress.

As the figure shows, the chemical spatial heterogeneity in the
alloy leads to a broadened &t spectrum compared to the average
material, which has all its values within a narrow interval near
10~* s. We emphasize that these simulations have been performed
for numerical evaluation only, and have little physical relevance
per se.
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Fig. 3. Time step distributions for the average material and the equiatomic Nb-V-Ta alloy for 10 ns of simulations at 300 K and an applied stress of 200 MPa. Compared to
the (uniform) average alloy, a broadened distribution is obtained for the multielement alloy.
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Fig. 4. (a) Time evolution of the number of kink pairs during stress-free relaxation of initially-straight dislocation lines of length 5000b. (b) Time-dependent stress-time
curves at 300 K for strain rates of & = 10~3 and 102 s~'. Dashed lines indicate the average stress values extracted from the curves. The x-axis is expressed as strain & = &gt

to allow for comparison of both graphs on the same scale.

3. Results
3.1. Stress-free dislocation line relaxations

A recent series of atomistic simulations has confirmed that
the ground state of screw dislocations in a number of multiele-
ment alloys displays an intrinsically rough structure [35,62-64] not
found in simulations of pure metals or dilute alloys [39,47,48].
This is important because dislocation lines with a high intrinsic
density of kinks could be potentially activated without kink-pair
nucleation, which may significantly lower the effective activation
stress. However, a direct consequence of this ‘roughening’ is an
enhanced probability for the formation of cross-kinks, which have
been linked to self-pinning as an extra contribution to dislocation
hardening and alloy strength [48,65]. Within our kMC method, all
of these processes can be simulated concurrently so that we can
study their relative importance in a wide parametric space.

First we carry out simulations of thermal relaxation of initially-
straight dislocation lines to calculate the density of kink pairs in
equilibrium neq. For this analysis, lines of length 5000b with peri-
odic boundary conditions were used. Steady state is reached when
the number of kink pairs converges in time at a given temperature,
as shown in Figure 4a. Steady state is then defined in a numerical

sense, not in a strictly thermodynamic one. Nevertheless, kink-pair
numbers and total energy are directly correlated by the underlying
energy model in kMC. Results for neq are shown in Figure 5 with
two characteristic snapshots shown in Figure 6. Two temperature
regimes can be clearly distinguished in the figure. At low T (blue
markers), the data points are best fit by the Arrhenius expression
Neq = 2.5 x 1073 exp (—0.02/kT), i.e., with an activation energy of
0.02 eV, while at high temperatures (black dots), the best fit is
given by neq = 1.5 x 10~ ! exp (—0.20/kT) (in units of b~1). Error
bars are representative of the standard deviation obtained from 15
independent simulations at each temperature.

Because neq represents the equilibrium steady-state concentra-
tion of kink pairs as a function of temperature, these energies have
the meaning of average kink-pair potential energies, I::kp. While it
cannot be said that they are equivalent to ensemble averages in the
thermodynamic sense (i.e., internal energies, see comment about
convergence above), we believe that these energies accurately re-
flect the cost of forming a kink pair in the real alloy.

Snapshots of two resulting line configurations in steady state at
1000 and 1500 K are shown in Figs. 6a and 6b, respectively. The
lines relax to their equilibrium structures consisting of multiply-
kinked segments on several different glide planes. Cross-kinks can
be seen to form spontaneously in the absence of any applied stress
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Fig. 5. Equilibrium concentration of kink pairs per unit length in Burgers vector
units, neq as a function of (inverse) temperature for 5000b-long segments in the
Nb-V-Ta alloy. Two regimes can be clearly appreciated, each characterized by Ar-
rhenius fits with energies of 0.02 and 0.20 eV at low and high temperatures, re-
spectively. Orange dots represent the equilibrium concentration of cross-kinks as a
function of T. Error bars are representative of the standard variation obtained from
15 independent simulations at each temperature.

(note that elastic stresses due to kinks and screw segments exist
even without applied stresses).

Further analysis of the conditions at high and low temperatures
indicates that the distinctive feature separating the two regimes
is indeed the presence of cross-kinks. Analysis of the concentra-
tion of cross-kinks (which is a subset of the total concentration of
kinks/kink pairs), plotted as orange dots in Fig. 5, confirms that it
agrees well with the variation of neq with T at high temperatures.
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An independent Arrhenius fit to the cross-kink data points in the
figure yields an energy of 0.37 eV. Thus, at high temperatures, Ey,=
0.20 eV reflects a coexistence of kink pairs with Ekp:0.0Z eV and

cross-kinks with E4=0.37 eV. At temperatures below 600 K, the
thermal concentration of kinks is not sufficiently large to support
a measurable concentration of cross-kinks.

3.2. Strain rate sensitivity and temperature dependence of alloy
strength

Next we investigate the temperature and strain-rate depen-
dence of the alloy strength using the steady-state line configura-
tions obtained in the previous section as the starting structures.
Following the procedure discussed in Sec. 2.2, we prescribe the
strain rate and measure the average stress of the system. Figure 4b
shows the time-dependent response of the shear stress at two il-
lustrative strain rates and T = 300 K. A crucial aspect of these sim-
ulations is to use the structures obtained in Sec. 3.1 to initialize the
RMEA system, which is thus seeded with kinks/kink pairs/cross-
kinks from the outset. The average stresses as a function of &g at
room temperature are shown in Figure 7 for the elementary el-
ements Nb, Ta, and V, the average alloy, and the Nb-Ta-V alloy.
Remarkably, the Nb-Ta-V system displays a higher strength at all
strain rates than the rest of the materials considered (this is what
has come to be known as ‘cocktail’ effect [66,67]). The reason be-
hind this relative high strength of these complex alloys at room
temperature is again found in the dynamic behavior of the dislo-
cation, which is governed not by kink-pair nucleation but by kink
propagation and the formation and dissolution of cross kinks.

The temperature dependence of the stress in eq. (5) at a refer-
ence strain rate of 10~3 s~ for the real alloy is given in Figure 8.
The curves show a noticeable softening as T increases, starting
with a value of 181 MPa at 300 K, down to a saturation level of

600 K
(a)
1000 K ’_-_H
|
A —
P N /hﬁ—‘
P
| <&
—"'T:‘_ _+'Cross-kink

(b)

Fig. 6. Dislocation configurations after thermalization at (a) 1000 and, (b), 1500 K. Cross-kinks emerge spontaneously during the equilibration at both temperatures, as well
as kink-pairs on several different slip planes (color-coded accordingly). The scale marker in (a) is common to both (a) and (b).
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Fig. 7. Strain-rate dependence of the resolved stress at 300 K. Remarkably, the alloy
strength exceeds that of Nb, the strongest of the individual alloy components. The
associated strain-rate sensitivity exponents are shown next to each curve. m = 0.06
for the Nb-V-Ta alloy.
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Fig. 8. Temperature dependence of the dislocation stress in the Nb-Ta-V alloy at a
reference strain rate of 10~ s~'. The values in MPa at 900, 1200, and 1800 K are
indicated in the figure.

approximately 0.7 MPa above 600 K. The shaded area in the figure
represents the strength of the average alloy, while the dashed line
corresponds to the expression:

7(T) = to(1 — cT)"

where 13, ¢, and n are fitting constants whose least-squares re-
gression values are 550 MPa, 0.001 K-! and 2.8, respectively.
While it is difficult to make a direct association between these
parameters and actual physical constants, the above expression can
be obtained by inverting a standard thermally-activated screw dis-
location velocity function where ty represents the Peierls stress
[47]. Inspection of our simulations, however, suggests that the dy-
namic process taking place in the low temperature region is self-
pinning, i.e., local formation of sessile locks on the dislocation line
due to cross-kinks. Thus, 7y can be construed as the stress needed
to overcome cross-kinks by creating debris loops (an illustrative
animation is attached to this paper as Supplementary Information).
For its part, the athermal regime begins above 900 K, and is
characterized by a constant value of 7, ~ 0.7 ~0.8 MPa. Interest-
ingly, the operating mechanism is this regime is the lateral migra-
tion of cross-kinks, leading to their dissolution (see attached ani-
mation in the Supplementary Information). The role played by each
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of these mechanisms in the dislocation’s stress response is ana-
lyzed in depth next.

3.3. Role of cross-kinks

The picture that emanates from Secs. 3.1 and 3.2 is that cross
kinks control screw dislocation glide at low and intermediate tem-
peratures. Without them, the intrinsic lattice resistance is nullified
by chemical interactions between lattice atoms and screw disloca-
tion cores. Consequently, the contribution of screw dislocations to
the strength of the alloy is governed by the stress required to re-
solve (or ‘dissolve’) these cross kinks.

The resolution of cross kinks can occur via (i) interactions of
several kinks on multiple complementary slip planes resulting in
the formation of closed loops, or (ii) by cross kink diffusion along
the dislocation line resulting in mutual annihilation®. Between 300
and 600 K, mechanism (i) is preferentially observed, which leads
to a relatively high alloy strength. A visual example of self-pinning
at 400 K and 10-3 s~ is shown in Figure 9, where the process of
formation of trailing prismatic loops is captured.

Above 600 K, however, cross kinks can also disappear by mutual
annihilation. Figure 10 contains a sequence of simulation snapshots
showing the cancellation of two oppositely-signed cross-kinks at
900 K and 10-3 s~1. The sequence shows two cross-kinks mov-
ing laterally towards one another, driven by stress and temper-
ature. Our simulations indicate that this process is more preva-
lent at temperatures of 900 K and above, when these cross-kink
‘dipoles’ are more common. This is hardly observed in pure met-
als, where the stress needed to move a cross kink is typically ex-
ceedingly high. In this mechanism, kink motion becomes the rate-
limiting step, even though the required stresses are quite low [G8].

The lateral motion of a cross-kink requires that one of the
two kinks involved must move against the action of the applied
stress. This of course negates the very strengthening effect by
which cross-kinks are effective obstacles to further dislocation pro-
gression due to the opposing directions of their constituent kinks.
However, our simulations demonstrate that at high temperatures
this does indeed occur, facilitated by three main conflating factors:
(i) the low applied stresses (~0.8 MPa), (ii) the elastic attraction
between the two kinks in a cross-kink, and (iii) the spatial fluc-
tuations of the energy landscape, which introduces opportunities
for a kink to move against the applied stress direction. Factors (i)
and (ii) can of course exist in pure metals (or dilute alloys), and
thus the differentiating feature of this mechanism is (iii). Overall,
the motion of these cross-kinks resembles a diffusive process in
which cross-kinks fluctuate between forward and backward jumps,
as shown in the animation provided in the Supplementary Infor-
mation. While the stresses required are < 1 MPa, this mechanism
confers the Nb-Ta-V alloy with some extra strength not existent in
pure or dilute bcc alloys.

4. Discussion
4.1. Physical model

The underlying physical model in this study is based on past
works [36,69] that assume that a multielement alloy can be de-
composed into a substrate or matrix that possesses the average
properties of its elementary constituents and on which every lat-
tice atom constitutes a solute atom. Much in the manner of pure

3 Note that both of these mechanisms are conservative, i.e., no transport of matter
is required to activate them. The possibility of cross-kink dragging along the glide
direction due to non-conservative point defect diffusion exists (akin to jog-dragging
in fcc crystals). Although this mechanism is not captured by our model, it is reason-
able to presume that it is less likely than the other ones due to the large energies
required.
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Fig. 9. Sequence of simulation snapshots showing the formation of closed loops from reactions among cross-kinks at 400 K and 10-3 s~!. Different colors represent segments
lying on different planes. Red-colored kinks lie on the MRSS plane. The scale marker provided in the first image is common to all snapshots. An animation showing excerpts

of this behavior is provided as Supplementary Information.
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/ 10a, //
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Fig. 10. Sequence of simulation snapshots showing the annihilation of two cross-kinks at 900 K and 10~ s~!. This occurs under stresses of approximately 0.7 MPa. The
kinetic process includes a diffusional component, which makes kinks follow random walks along both directions of the dislocation line. Red-colored kinks lie on the MRSS
plane. The scale marker provided is common to all images. An animation showing excerpts of this behavior is provided as Supplementary Information.

bcc metals, the ‘average’ alloy displays a relatively high kink-pair
activation energy and a low resistance to single kink motion. How-
ever, the spatial complexity of compositional fluctuations in the
true alloy affects the material in three principal ways:

1. The ground state of a dislocation line is characterized by
an intrinsic roughness manifested by a high concentration of
kink pairs coexisting at every given moment on multiple glide
planes.

2. The effective kink-pair energy all but vanishes in the multiele-
ment alloy at low temperatures (0.02 eV) and is significantly
reduced at higher T (0.20 eV).

3. Cross-kinks exist in significant (equilibrium) concentrations at
temperatures above 600 K. These cross-kinks govern the subse-
quent dynamic behavior of the alloy during deformation.

All these effects confer a very particular nature to the Nb-Ta-V
alloy that cannot be surmised from pure material properties. In-
deed, looked through the lens of standard bcc behavior, a low ef-

fective kink-pair energy would be expected to result in a soft re-
sponse at all temperatures (albeit this effect can be partially com-
pensated by limiting kink mobility, e.g., via solute-kink interactions
[47]), which is in opposition of what is observed here.
Spontaneous kink-pair nucleation make the alloy amenable to
glide on multiple non-MRSS planes of the [111] zone [70,71], lead-
ing to an enhanced cross kink formation and self-pinning via de-
bris loop formation. Ultimately, this self-pinning is behind the
extra strength of these alloys at low temperature. Cross-kink-
dominated kinetics is specific to long screw dislocations in bcc
metals, and thus cannot be studied using small supercells with
electronic structure methods. Molecular dynamics simulations of
screw dislocations in bcc materials do capture cross-kink forma-
tion and closure. However, due to their overdriven* nature, even
at relatively low temperatures and stresses [45,64,72,73], it is dif-

4 This refers to the inability to sample thermally-activated processes on realistic
time scales.
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ficult to discern whether self-pinning due to cross kink kinetics is
truly an intrinsic dynamic modality of screw dislocation glide or
an artifact of the simulation conditions.

By contrast, our kMC model is designed to sample among all
available processes in the dislocation with the correct probability.
This allows us to (i) study dislocation kinetics as a sequence of
non-overlapping events that accurately represent steady state, and
(ii) access more realistic timescales than MD studies. Our simula-
tions reveal a picture in which cross-kinks unequivocally govern
dislocations’ slip activity, leading to a marked temperature depen-
dence of the alloy strength, characterized by self-pinning at low
temperature and cross-kink diffusion and annihilation at high tem-
perature. In summary, our results indicate that cross-kink dynam-
ics is responsible for the cocktail effect in these systems, an ob-
servation that can only be accessed by simulating long dislocation
lines gliding on multiple glide planes (currently beyond the capa-
bilities of direct atomistic methods).

4.2. Discussion on model limitations and physical assumptions

As all kMC simulations, the present model is predicated on the
rare event (i.e., thermally-activated) nature of a set of physical pro-
cesses describing dislocation evolution. For this, the system fol-
lows a dynamic trajectory between a set of connected thermalized
(equilibrated) states. Generally, it is accepted that physical pro-
cesses characterized by deep energy wells separated by high en-
ergy barriers fit this classification. However, the minute kink-pair
nucleation energies found in some cases in the true alloy lead to
differences between adjacent states that can hardly qualify them as
time-uncorrelated. This emphasizes the need to capture atomistic
environments around the dislocation core that provide as much
crystal detail as possible, to ensure an accurate calculation of in-
teraction energies and transition rates. In any case, this problem
of ‘shallow barriers’ does not in general invalidate the utility of
KkMC calculations, as has been noted and dealt with in the liter-
ature [68,74-76].

Another approximation worth mentioning is the manner in
which single kink interaction energies are computed. Here we as-
sume that the total interaction energy of a kink segment spread
over a distance a = 12b is determined by all the atoms in the
chemical environment created around it (as shown in Fig. 2). How-
ever, in the current kMC implementation, the calculation of the
interaction energy disregards the non-screw character of kinks,
which is simply calculated in the same manner as for the kink-pair
interaction energy. Moreover, we assume that changes in interac-
tion energies during kink motion can be reduced to the difference
between the energy of the next atomic slice entered by the kink in
its motion (refer to Fig. 2(b)) and the slice left behind, i.e., the in-
teraction energy difference is solely determined by the end slices
of the kink atomic envelope. Detailed comparisons with theoreti-
cal and atomistic simulations will elucidate if this is a satisfactory
approximation.

Finally, there are two points worth mentioning related to the
alloy configurations in the crystal lattice. First, our method be-
longs to the general class of ‘lattice’ kinetic Monte Carlo meth-
ods. In the absence of atomic relaxations, our approach cannot
furnish transition energy barriers, relying instead on equilibrium
state energy differences and/or pre-computed barriers. As such,
some of the transitions simulated here may yield a different time
scale than predicted in our simulations. Ongoing molecular stat-
ics calculations of detailed compositionally-dependent transition
energies will help us understand the importance of these limita-
tions. Second, it has been noted that multicomponent alloys con-
taining the elements Mo, Nb, Ta, V, W, i.e,, of which ours can
be considered a subset, display non-negligible short-range order
(SRO) up to 1000 K [77,78]. SRO can be made to emerge from
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crystal relaxation simulations by a number of different techniques
such as, among others, Monte Carlo structural optimizations based
on cluster-expansion Hamiltonians [77,79] or by generating spe-
cial quasirandom structures subjected to configurational constraints
[80,81]. Quantitatively, SRO adds a hardening component to dislo-
cation glide due to lattice forces that opposes the destruction of
local order due to slip [82,83]. At present, this effect is beyond the
scope of this paper.

4.3. Significance of the results in the context of present research on
refractory multi-element alloys

The evidence from numerous MD studies in several RMEA con-
sistently points to a ground state of screw dislocations character-
ized by rough line shapes [35,62,64,84]. Such states are likely to
be micro-states, i.e., reflective of the length scale over which com-
positional fluctuations take place, which is on the order of one
atomic distance. Indeed, such roughness is not captured experi-
mentally with conventional microscopy [71,85]. Our kMC model
is able to capture this intrinsic roughness naturally from the
underlying atomistic model, as shown in Figs. 5 and 6, with
good qualitative agreement with atomistic configurations. This
adds confidence to the approach in anticipation of the dynamic
simulations.

What is clearly observed in experiments at room temperature
is the telltale signature of self-pinning by cross-kink resolution, i.e.
trailing debris formed in the wake of moving dislocations [85]. This
is an encouraging sign in the direction of qualitative validation of
theoretical models of RMEA strength. Cross-kink formation is fa-
vored by a number of different factors, of which spontaneous kink-
pair formation is only one. Recent evidence of a screw dislocation
core dissociation [81,84,86,87], in contrast with the compact cores
displayed in pure bcc metals [50,51], also suggests enhanced path-
ways for the formation of kinks on non-MRSS planes. Our model
naturally captures kink pair nucleation and glide on all 110-type
planes of the [111] zone, as sampled from the activation rate de-
termined by the applied shear stress from eq. (5). Thus, our simu-
lations naturally enable the kinetics needed for cross-kink forma-
tion.

It is worth mentioning that, while our strain-rate-driven simu-
lations correspond to lines with a length of L =500b (~140 nm)
—consistent with the value of p; used here-, we have shown in
past studies [39] that in the cross-kink dominated regime the dis-
location velocity becomes length-independent. This suggests that,
to the extent that the dislocation source length is determined by
the forest dislocation density, the alloy strength at low temper-
ature may be independent of the amount of strain hardening in
these alloys. Future experiments may be able of proving or dis-
proving such conjecture, but this shows how modeling and simu-
lation can guide and motivate further experimental examination in
RMEA.

4.4. Beyond a thermally activated model of screw dislocation motion
in RMEA

Our results clearly indicate that screw dislocations are un-
likely to be the source of the unusually-high strength in multi-
element alloys at high temperature (specifically Nb-Ta-V in this
case). It has been hypothesized that edge dislocations are respon-
sible for the high temperature strength in RMEA [36]. It is well
known that edge dislocations begin to contribute to a material’s
strength in a temperature range where their mobilities equalize
with those of screw dislocations [88]. In pure bcc metals, phonon
drag dampens edge dislocation mobility to the level of screw dis-
locations as the temperature increases [55,89]. In RMEA, additional
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mechanisms exist that can contribute to this slowdown. More im-
portantly, however, is that these mechanisms are not diminished
by temperature in the same way that screw dislocation mobil-
ity is [36], so that they can take over when screw dislocations
can no longer provide the level of strength displayed in these
alloys.

Another alternative can yet be conceived from consideration
of the low kink-pair energies obtained here. This may put screw
dislocations directly in the phonon-drag region of the stress-
velocity space at moderate and high temperatures [55], within
which their behavior qualitatively resembles that of edge disloca-
tions and where the kMC approach can no longer be used. Thus,
the possibility of screw dislocations substantially contributing to
the material’s strength at high temperature should not be dis-
counted. As always, further research is needed to explore these
possibilities.

In all, our findings are but one piece in a complex puzzle need-
ing to be solved to understand the mechanical behavior of RMEA.
Similarly, the kMC method employed here —-with all its advantages
and limitations— should be regarded as one of many techniques,
including of course experiments, that should be applied in con-
junction to resolve the details of the response of these promising
materials.

5. Conclusions

We finish with our main 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 en-
vironments ensure that correlated transitions are properly ac-
counted for, and that a statistically significant material volume
is sampled.

2. The strength of the alloy due to screw dislocations decreases
sharply with temperature, ranging from 181 MPa at 300 K to
0.8 MPa at and above 900 K.

3. At room temperature, the alloy is stronger than its individual
pure constituents and than the ‘average’ alloy (obtained by av-
eraging the material properties of Nb, Ta, and V). Its strain rate
sensitivity exponent is m = 0.06.

4, Our simulations reveal a picture by which cross-kinks unequiv-
ocally govern screw dislocation activity, leading to a marked
temperature dependence of the alloy strength. Alloy strength is
characterized by self-pinning at low temperature and cross-kink
diffusion and annihilation at high temperature.

5. The alloy strength remains unchanged above 900 K. This is
consistent with a saturated (constant) kink diffusivity in that
temperature range, which is characterized by rough dislocation
lines with significant concentrations of cross kinks.
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