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ABSTRACT

Plastic deformation of refractory multi-principal element alloys (RMPEAs) is known to differ greatly from those of refractory pure metals.
The fundamental cause is the different dislocation dynamics in the two types of metals. In this Letter, we use atomistic simulations to quan-
tify dislocation glide in two RMPEAs: MoNbTi and NbTiZr. Edge and screw dislocations on the {110} and {112} slip planes are studied. A
series of dislocation line lengths, ranging from 1nm to 50 nm, are employed to elucidate the line-length-dependence. To serve as references,
the same simulations are performed on pure metals. For the RMPEAs, the dependence of critical stresses on length becomes undetectable
within the statistical dispersion for dislocations longer than 25 nm, as a result of the change in dislocation behavior. This length is in good
agreement with those predicted by analytical models. Compared to the pure metals, the critical stress anisotropy among different slip planes
and character angles is substantially reduced, providing an explanation for the homogeneous plasticity in RMPEAs observed in prior
experiments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0080849

Dislocation gliding in body-centered cubic (BCC) pure metals
has been studied extensively. At low temperatures, a long screw dislo-
cation (> 1nm) is known to glide via the kink-pair mechanism.1

Kink-pair migration was also found during long edge dislocation glid-
ing in BCC Fe2–5 and Mo,6 yet with less pronounced kinks. For exam-
ple, on the {110} plane in Fe, the kink width on an edge dislocation,
0.7 or 1.5 nm,2,3 is smaller than that on a screw dislocation, 4, 4.8, 5, or
6 nm.3,7–10 For edge dislocations in Fe, the kinks on {112} planes are
more pronounced than those on {110} planes.4,5 Since a longer dislo-
cation (tens of nm) can contain more kinks, its critical resolved shear
stress (CRSS) is usually lower than that of a short one (�1 nm) of the
same character.11 For the same length, the CRSS of a screw dislocation
is at least one order of magnitude higher than that of its edge counter-
part.12 A practical result of all these dislocation behaviors is that plas-
ticity in BCC pure metals at low temperatures is mainly controlled by
the gliding of screw dislocations.

The motion of long dislocations in BCC refractory multi-
principal element alloys (RMPEAs)13 is more complicated. First, sub-
ject to zero applied stress, the static screw dislocation core in RMPEAs
can be compact or non-compact, depending on the local chemical

environment.14–16 This contrasts the compact static core structure of
the screw dislocation in multiple BCC pure metals.17,18 As a result of
the chemistry-dependent core structure, partial kinks are spread on
varying {110} planes along the screw dislocation line. Consequently,
screw dislocation glide in RMPEA is controlled by cross kinks, i.e., col-
lision of kinks on different glide planes,19,20 instead of kink-pair for-
mation as in BCC pure metals. Wavy screw dislocations in RMPEAs
have been confirmed by transmission electron microscopy (TEM)
experiments.21 Edge dislocation glide in RMPEAs is also significantly
affected by kinks,22 which are much more pronounced than those in
BCC pure metals. Therefore, the screw-to-edge ratio in CRSS is signifi-
cantly lowered in RMPEAs and BCC concentrated binary alloys: In
MoNb3, NbTi2Zr, and NbTiZr, respectively, atomistic simulations or
experiments found that the ratios in the CRSS between the long screw
and long edge dislocations are 2, 6.3, and 2.12,23,24 These results suggest
that both edge and screw dislocations play an important role in the
plasticity of BCC concentrated alloys.25,26

The kinks on long dislocations in both BCC pure metals and
RMPEAs indicate that the dislocation lines in simulations need to
be at least several times longer than the kink width for the
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dislocation dynamics to be length-independent, i.e., free of any
length-related artifact.22 In what follows, we term this minimum
length as the characteristic length of the dislocation, Lc. Physically,
Lc is the minimum length that can represent key dynamic features
of a long dislocation, and so simulations of dislocations shorter
than Lc are not very meaningful. Analytical models predicted that,
for screw dislocations in NbxTi1�2xZrx RMPEAs, Lc ¼ 22–36nm;27

for edge dislocations, in MoNbTaVW family and NbTaV RMPEAs,
respectively, Lc ¼ 16–25 and 12nm,22,23 with the former validated
by atomistic simulations. The fact that Lc is generally smaller for
edge dislocations than screw ones is consistent with the former’s
narrower kinks. However, it remains unknown whether a disloca-
tion’s CRSS would converge to a near constant when it is longer
than Lc. The main goal of this Letter is to answer this question
through systematic atomistic simulations.

3D simulation cells, illustrated in Fig. 1, are constructed with
three chemical elements randomly assigned to BCC lattice sites. In Fig.
S1 of the supplementary material, selected atomistic structures in
NbTiZr are presented and the Warren–Cowley parameters are found
to be small, confirming the very low degree of chemical short-range
order (CSRO) in our models. A single dislocation is built into each cell
by applying the corresponding isotropic elastic displacement fields to
all atoms.28,29 Edge and screw dislocations on {110} and {112} planes
are studied, except the {110} screw dislocation because it may be
unstable in either BCC pure metals18 or RMPEAs.30,31 We remark that
most prior atomistic simulations of long dislocation gliding in
RMPEAs only considered slips on {110} planes, with a few exceptions
that studied slips on {112}27,32 and {123}32 planes. On the other hand,
a TEM study in MoNbTi32 found that slips on high-order planes, such
as {112}, {123}, and {134}, predominate. As will be shown later, the
characteristic length of the edge dislocation is the same for {110} and
{112} planes. Hence, we expect that the characteristic length would be
similar for the higher-order planes, i.e., {123} and {134}.

Periodic boundary conditions are applied on the x and z directions,
while the y boundaries are non-periodic. This configuration, called
“periodic array of dislocations,” was found to provide a better estimate
of the Peierls stress in Nb than other configurations.33 Let Lx, Ly, and Lz
be the edge lengths of the cell along the three directions, respectively.
For all cells, Lx � 40 nm and Ly � 50 nm, following Ref. 34. The dislo-
cation line length L0 ¼ Lz . To study the effects of L0, we choose seven
Lz: 1, 5, 10, 20, 30, 40, and 50nm. Accordingly, the smallest and largest
cells, respectively, contain about 0.09� 106 and 6.5� 106 atoms.

The embedded-atom method potentials used in our recent
work30,32,37 are employed here to describe the interatomic interactions
in the two alloys, two artificial pure metals, and one natural pure
metal, Nb. For each dislocation on each slip plane in each alloy, five
random atomic distributions of the three elements are studied and
their mean and standard deviation in the critical stresses are reported.
This number is sufficiently large, compared to the 3–538,39 and 312

random structures, respectively, used to study dislocation gliding in
face-centered cubic (FCC) FeNi and BCC NbTiZr. We will not study
the effects of the CSRO on dislocation behaviors, which were recently
investigated in several BCC MPEAs.40–43 For each pure metal, only
one atomic structure is used for each dislocation. The two artificial
pure metals—homogeneous MoNbTi and homogeneous NbTiZr—are
simulated via A-atom potentials,37 and the results are denoted by
MoNbTiA and NbTiZrA, respectively.

FIG. 1. Simulation box setup for (a) an edge and (b) a screw dislocation. In each
subfigure, the dislocation line, Burgers vector, slip plane, and shearing directions
are indicated by a green line, a red arrow, a light-brown parallelogram, and two
blue arrows, respectively.
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Atomistic simulations are carried out using LAMMPS.44 First, a
dynamic relaxation step was conducted for 10 ps using an NPT
ensemble at 5K and zero strain with a time step size of 1 fs. Then, a
shear strain tensor D� with one component being non-zero is applied
to each cell and with all other eight strain components set to zero. For
a screw and an edge dislocation, respectively, the non-zero strain com-
ponents are D�yz and D�xy . In all cases, the strain rate is 107 s�1. The
constant applied strain rate loading mode was shown to be a better
choice in critical stress calculations than the constant applied stress
loading mode.34 On the {112} plane, the dislocation, either edge or
screw, moves along the twinning direction.33 Along the y axis, the sim-
ulation cell is divided into three types of regions: two boundary
regions, two buffer regions, and a central region which contains the
dislocation. During the deformation, atoms within the boundary
regions are continuously displaced to create shearing. An NVT ensem-
ble is adopted in the buffer regions to keep a constant temperature of
5K while an NVE ensemble is applied to the remaining three
regions.34 The low temperature is selected because we want to focus
on the line-length-dependence without the additional influence of

temperature. To account for the thermal fluctuation, three different
temperature damping parameters are used for each case in Nb.
Simulations stop when the non-zero strain component reaches 0.035
and 0.05, respectively, for the edge and screw dislocations, which are
sufficient for the dislocation to move through the entire simulation cell
at least once. Effects of some model settings are analyzed in Sec. II of
the supplementary material.

Figure 2(a) presents stress–strain curves measured based on glide
of dislocations (L0 ¼ 50 nm) in NbTiZr. Figures 2(b)–2(d) show that,
subject to zero strain, both edge and screw dislocations possess a wavy
configuration as a result of the complex energy landscapes,45 in con-
trast to the straight dislocations in pure metals.32,46 On each stress–
strain curve, multiple local maxima and minima exist. In pure metals,
the first local stress maximum is a result of the entire dislocation line
moving.18,33 However, in NbTiZr, the first local peak stress, i.e., points
B1, C1, and D1 in Fig. 2(a), correspond to the bow-out of a short
segment from its original position [gray atoms in Figs. 2(b)–2(d)]. We
refer to this first local peak stress as the “initial CRSS (ICRSS).” As the
strain increases, the remaining segments of the dislocation move as

FIG. 2. (a) Stress–strain curves measured based on the deformed simulation cells that contain either an edge or a screw dislocation. (b) A {110} edge dislocation subject to
zero strain (origin in (a)) is formed by gray atoms, while those corresponding to points B1, B2, and B3 in (a) consist of red atoms. Atoms at BCC lattice sites, identified by the
polyhedral template matching method,35 are deleted to aid visualization of the defects. (c) and (d) are similar to (b), except that the green and blue atoms, respectively, form
an edge and a screw dislocation on the {112} plane. In (b)–(d), atomistic structures are visualized using OVITO36 while views are illustrated by the axes in (b); the first snap-
shots, where some kinks are pointed to by arrows, are taken right after the first peaks (points B1, C1, and D1), before which the dislocations did not move at all. All results in
this figure are based on L0 ¼ 50 nm in NbTiZr.
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well. However, in most cases, the dislocation arrests after gliding over a
short distance, e.g., at points B2, C2, and D2 in Fig. 2(a). Higher stresses,
e.g., the stresses at points B3, C3, and D3, are then required to drive
the dislocation to move further. The morphology of the gliding dis-
location is wavy and constantly changing due to the local chemical
composition fluctuations, as shown in Figs. S2–S4 in the supple-
mentary material and as confirmed by our recent phase-field dislo-
cation dynamics simulations in MoNbTi.47,48 Eventually, at a
sufficiently high stress, the dislocation glides through the entire
simulation cell. This critical stress, e.g., at points B4, C4, and D4 in
Fig. 2(a), is the CRSS.

While Fig. 2 is for NbTiZr only, we find that stress–strain
responses (Fig. S8 in the supplementary material) and dislocation
behaviors in MoNbTi are similar. Also, in both RMPEAs, when
L0 > 5 nm (a similar critical length was found in Fe),49 the gliding
screw dislocation leaves behind a large amount of vacancies and inter-
stitials on the slip plane, while the gliding edge dislocation on either
slip plane does not for any L0. Since the screw dislocation does not
cross slip on the {112} plane, the former phenomenon is a result
of the collision of cross kinks and has been observed in prior atom-
istic simulations and TEM studies of gliding screw dislocation or
dislocation loop expansion in Co16.67Fe36.67Ni16.67Ti30,

14,40,46

HfNbTiZr,21 NbTaV,27 and NbTiZr,12,40 but much less pronounced
in MoNbTaW.42,46 Note that the formation of debris in the wake of
a gliding screw dislocation may be unique to BCC MPEAs, since it
has not been observed in FCC MPEAs.50,51

Values of all CRSS and ICRSS in both RMPEAs are presented in
Figs. 3(a) and 3(b). We first compare some of them with those in the lit-
erature. For an edge dislocation on the {110} plane with L0 ¼ 50 nm in
NbTiZr, the CRSS is 250MPa, which agrees well with 280MPa mea-
sured by prior atomistic simulations12 of the same dislocation with the
same length at the same temperature (5K). On the {112} plane in
MoNbTi, when L0 ¼ 50 nm, the calculated CRSS for an edge and a
screw dislocation at 5K are 498 and 1034MPa, respectively, both of
which are, as expected, higher than the CRSS measured by a room tem-
perature TEM study, 455MPa.32 Generally, for the same type of disloca-
tions, the critical stresses in MoNbTi are about twice those in NbTiZr.

Regarding the dislocation line length L0-dependence, both CRSS
and ICRSS decrease sharply when L0 increases from 1 to 5nm. The
decrease in the critical stress is associated with the change from no
kink formed (when L0 ¼ 1 nm) to a single kink-pair formed on the
dislocation (when L0 ¼ 5 nm). Then, when L0 ¼ 10–20nm, two or
three narrowly spaced kink-pairs were formed, and both critical
stresses decrease further. As L0 increases further, however, both CRSS

FIG. 3. Line-length-dependent CRSS and ICRSS (denoted by superscript “init”) of edge (subscript “E”) and screw (subscript “S”) dislocations on the {110} or {112} planes in
(a) MoNbTi, (b) NbTiZr, as well as (d) three pure metals: homogeneous MoNbTi, homogeneous NbTiZr, and Nb. (c) The differences between CRSS and ICRSS in the two
RMPEAs. In (a) and (b), the error bars represent the standard deviations among five random atomic distributions. In (d), the error bars for Nb represent the standard deviations
among results based on three temperature damping parameters used in the NVT ensemble.
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and ICRSS become length insensitive within the statistical dispersion,
and the stress oscillation is reduced (Fig. S8 in the supplementary
material). At these L0, widely spaced kink-pairs were formed, as indi-
cated by arrows in Figs. 2(b)–2(d). Taken together, our atomistic simu-
lations determine that, in MoNbTi, the characteristic length Lc ¼ 25
nm for both edge and screw dislocations and in NbTiZr, Lc ¼ 15 and
25 nm, respectively, for edge and screw dislocations.

Recently, Maresca and Curtin proposed analytical models to esti-
mate the characteristic length of the edge (superscript “E”)23 and screw
(superscript “S”)27 dislocations in BCCMPEAs, i.e.,

LEc ¼ 5:6fEc ¼ 5:6� 1:726
l2b9

144ðD~EpÞ2

" #1
3

; (1)

LSc ¼ 5:1fSc ¼ 5:1� 1:173
Ek

D~Ep

 !2

b; (2)

where fc is the characteristic length for kink formation, b is the magni-
tude of the Burgers vector, l is the isotropic shear modulus, Ek is the
kink formation energy, and D~Ep is the net dislocation/solute interac-
tion energy over adjacent Peierls valleys. Values of the last four param-
eters in two RMPEAs are taken from Refs. 27 and 37 and are
summarized in Table I. Values of Ek and D~Ep for MoNbTi are taken
from those for Mo0.69Nb0.31,

27 which has the same atomic size mis-
match52 as MoNbTi. Substituting these parameters into Eqs. (1) and

(2) yields fc and Lc, whose values are presented in Table I. While ana-
lytically derived Lc is for CRSS only, its values, 7.67–22.7 nm, agree
well with that from present atomistic simulations for both CRSS and
ICRSS, 15 or 25 nm.

The differences between CRSS and ICRSS, Drc, are summarized
in Fig. 3(c). In the same RMPEA, the screw dislocation generally pos-
sesses a higher Drc than the edge one. When L0 ¼ 50 nm,
Drc ¼ 68–75MPa in MoNbTi and 34–105MPa in NbTiZr, sugges-
ting that CRSS is 7%–68% higher than ICRSS.

In the three pure metals, the first local peak stresses are taken as
the CRSS, which are much less dependent on L0, as shown in Fig. 3(d),
suggesting that Lc is near zero. Note that Eqs. (1) and (2) are only
applicable to alloys where the dislocation/solute interactions are strong
as they are in the two RMEPAs of interest, not pure metals. Once the
CRSS is reached, the dislocation glides continuously. In most cases,
the CRSS in Nb is lower than that in MoNbTiA but higher than that in
NbTiZrA. In addition, compared with their alloy counterparts, artificial
pure metals have much lower CRSS due to their lack of lattice distor-
tion. For example, for a screw dislocation on the {112} plane with
L0 ¼ 50 nm, the CRSS in MoNbTi and MoNbTiA is 1034 and
554MPa, respectively. For an edge dislocation of the same length on
the same slip plane, the two CRSS are 498 and 21MPa, respectively.

Our recent work on local slip resistances (LSR) of short disloca-
tions (L0 � 1 nm) found that differences in LSR among various glide
planes and character angles were much lower in five RMPEAs than in
their A-atom counterparts and six constituent BCC metals: Cr, Mo,
Nb, Ta, V, and W.30,31 Here, we explore whether this is also the case
for the CRSS of long dislocations. To this purpose, two quantities are
calculated to exhibit the slip resistance anisotropy. The first one is the
ratio of the CRSS on the {112} plane to that on the {110} plane, both
for the edge dislocation. The second quantity is the ratio of the CRSS
of a screw dislocation to that of an edge dislocation, both on the {112}
plane. Figure 4 shows that both ratios are lower in the two RMPEAs
than in the three pure metals and that these ratios are largely insensi-
tive to L0. In particular, when L0 ¼ 50 nm, the second ratios are 2.08
and 2.42, respectively, in MoNbTi and NbTiZr. Prior atomistic simula-
tions of long dislocation gliding calculated the screw-to-edge ratio in
CRSS on {110} planes, finding it to be 2 in both MoNb3

23 and
NbTiZr.12

TABLE I. Columns 2–5 are input parameters used in Eqs. (1) and (2) for the two
RMPEAs, including the Burgers vector magnitude b (in nm), isotropic shear modulus
in Hills form l (in GPa), kink formation energy Ek (in meV), and the net dislocation/
solute interaction energy over adjacent Peierls valleys D~E p (in meV). Columns 6–9
are outputs of Eqs. (1) and (2): characteristic length for kink formation, fc (in nm),
and characteristic length for CRSS, Lc (in nm), of edge (superscript “E”) and screw
(superscript “S”) dislocations.

b l Ek D~Ep fEc fSc LEc LSc

MoNbTi 0.28 66.38 559.87 159.5 1.37 4.05 7.67 20.66
NbTiZr 0.294 33.61 255 71 1.72 4.45 9.63 22.7

FIG. 4. (a) The {112}-to-{110} ratio in the CRSS of the edge dislocation and (b) the screw-to-edge ratio in the CRSS on the {112} plane in two RMPEAs and three pure metals.
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In this Letter, we conduct atomistic simulations to calculate the
CRSS and ICRSS for dislocation glide in two RMPEAs: MoNbTi and
NbTiZr. Edge dislocations on both {110} and {112} slip planes, as well
as screw dislocations on the {112} plane, are considered. As references,
the CRSS of the same dislocations in homogeneous MoNbTi, homoge-
neous NbTiZr, and Nb are also calculated. In each case, seven disloca-
tion line lengths, varying from 1 to 50nm, are chosen. Main findings
are summarized as follows:

(1) In RMPEAs, small dislocation segments bow out when the
ICRSS is reached. As the strain increases further, the entire dis-
location line moves, but may be later arrested, until a higher
stress, i.e., CRSS, is applied to drive the dislocation to move
continuously in the lattice.

(2) In RMPEAs, the gliding screw dislocation leaves behind a large
number of vacancies and interstitials, as a result of the collision
of cross kinks. This phenomenon does not occur in the wake of
a gliding edge dislocation.

(3) In RMPEAs, the dependence of CRSS and ICRSS on length
becomes undetectable within the statistical dispersion once the
dislocation line is longer than 25 nm, as a result of the change
in dislocation behavior.

(4) The CRSS anisotropy, quantifying the differences in CRSS
among slip modes, is greatly reduced in RMPEAs than
pure metals, providing direct evidence of the homoge-
neous plasticity in RMPEAs observed in prior TEM
experiments.32

Despite the large differences in the critical stresses between the
two RMPEAs, their stress–strain responses, CRSS anisotropy, charac-
teristic dislocation lengths, and dislocation behaviors are similar.
These findings, thus, could likely apply to other three-element
RMPEAs. Future work may consider line-length-dependent disloca-
tion mobility, which has been studied in an FCC concentrated alloy53

but not in any RMPEAs.

See the supplementary material for information as referred to in
the main text.
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