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a b s t r a c t 

In this work, we calculate the local slip resistances (LSRs) in equal-molar MoNbTi multi-principal ele- 

ment alloy via molecular static simulations. We consider dislocations of either screw or edge character 

gliding on four types of slip planes, {110}, {112}, {123}, and {134}, in either forward or backward sense 

of the 111 slip direction. As references, we also compute the Peierls stresses of the same dislocations in 

two natural reference metals, Mo and Nb, and a synthetic one, the mean-field, A -atom potential-based 

MoNbTi. Further, we compare the LSRs with the corresponding ideal shear strengths that do not account 

for the lattice distortions induced by dislocation cores. We show that for neither dislocation character is 

the LSR on the {110} plane the lowest in MoNbTi, in contrast to Mo and Nb. For edge dislocations, slip on 

the {134} plane is the easiest, but for the screw dislocations, it is the hardest. For screw dislocations, the 

{112} glide plane is the most favored, while for edge dislocations, it is the least favored. We also find that 

the screw-to-edge ratio in the slip resistance is reduced by one order of magnitude in MoNbTi compared 

to that of any pure reference metal for the same type of slip plane. These results suggest that, in contrast 

to pure body-centered cubic (BCC) metals, BCC MPEAs could deform by a multiplicity of slip modes due 

to the lower screw-to-edge ratios and the lower LSRs for edge dislocations on the three higher order 

planes. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Multi-principal element alloys (MPEAs) are alloys that form 

olid solution phases and consist of three or more principal metal- 

ic elements [1,2] . Improving the structural integrity of MPEAs re- 

uires knowledge of their plastic deformation. Due to the similarity 

n the underlying body-centered cubic (BCC) lattice between pure 

etals and MPEAs, plasticity in both types of crystals is primarily 

aused by dislocation slip [3] . Therefore, knowledge of dislocation 

otion and processes, such as the critical activation stresses and 

referred glide planes, is valuable for understanding the plastic re- 

ponse of MPEAs. 

In pure metals, the Peierls stress is a good measure of the crit- 

cal resolved shear stress for a straight dislocation line to glide in 

n otherwise defect-free infinite crystal. Peierls [4] defined a peak 

nergetic barrier for a straight dislocation to move from one lat- 
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ice point to another and from the associated work done, a thresh- 

ld stress, or Peierls stress, can be determined. By definition, the 

eierls stress is invariant with respect to the dislocation length 

nd the location at which the dislocation lies. As long as there are 

o other nearby defects or surfaces, stresses exceeding the Peierls 

tress are, in principle, deemed sufficient for continued glide of the 

islocation [5] . 

Dislocations in pure BCC metals exhibit many characteristics 

hat are not usually seen in metals with the other common cubic 

tructure: face-centered cubic (FCC) [6,7] . In BCC metals, disloca- 

ions glide on multiple glide planes, such as {110}, {112}, and {123}, 

haring the same Burgers vector (a 0 / 2) 〈 111 〉 , where a 0 is the lat-

ice parameter [8] . The {112} glide planes, in particular, are known 

o have a twinning/anti-twinning asymmetry [9] . This asymme- 

ry in twinning was shown to result in asymmetry in the Peierls 

tress, of both edge [10,11] and screw [12,13] dislocations. In the 

ame BCC metal, on the same glide plane, the Peierls stress of the 

crew dislocation is usually much higher than those of the non- 

crew ones. Among four BCC refractory metals — Mo, Nb, Ta, and 

 — the slip resistance of a screw dislocation on {110} plane at 

 few K has been estimated to be 18–31 times higher than those 

f an edge dislocation on the same plane in the same metal [14] .

https://doi.org/10.1016/j.actamat.2020.10.042
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
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Table 1 

For an edge or a screw dislocation, four PAD models are con- 

structed. Summarized here are the crystallographic orientations. 

{110} {112} {123} {134} 

Screw x [ ̄1 ̄1 2] [ ̄1 10] [ ̄5 41] [ ̄5 7 ̄2 ] 

y [1 ̄1 0] [ ̄1 ̄1 2] [ ̄1 ̄2 3] [ ̄3 ̄1 4] 

z [111] [111] [111] [111] 

Edge x [111] [111] [111] [111] 

y [1 ̄1 0] [ ̄1 ̄1 2] [ ̄1 ̄2 3] [ ̄3 ̄1 4] 

z [11 ̄2 ] [1 ̄1 0] [5 ̄4 ̄1 ] [5 ̄7 2] 
onsequently, the plasticity of BCC pure metals at low tempera- 

ures is mainly controlled by the glide of screw dislocations, which 

ove by kink-pair formation and migration and not by simulta- 

eous motion of an entire line [15] . Last, the screw dislocations in 

CC metals can display a non-Schmid response, wherein their glide 

s influenced by non-resolved-shear-stress components [16,17] . 

Unlike pure metals, MPEAs have atomic-scale fluctuations in 

hemical compositions that lead to sluggish diffusion [18] and se- 

ere lattice distortion [19] . In many recent studies, the question 

as been raised on whether the conventional understanding of dis- 

ocation glide based on single-element metals could be translated 

o MPEAs. Recently, it was observed in experiments and atom- 

stic simulations that both edge and screw dislocations can play 

n important role in the plasticity of BCC MPEAs. For example, in 

bTi 2 Zr and NbTiZr MPEAs, respectively, the ratios in the mobility 

etween the edge and screw dislocations are found to be 6.3 by 

xperiments [20] and 2 by molecular dynamics (MD) simulations 

21] . The ratio in Co 16 . 67 Fe 36 . 67 Ni 16 . 67 Ti 30 MPEAs was estimated by 

D simulations to be 1.1–1.2 [22] . Likewise, in MoNbTaW MPEAs, 

sing MD calculations at a few K, the ratio was found to be 2.76 

14] . Note that all these investigations only considered slips on 

110} planes. 

On the one hand, dislocation motion is mostly affected by the 

toms inside and in the vicinity of the dislocation core. On the 

ther hand, the atomic-scale compositional fluctuations in MPEAs 

an lead to frequent variation in the atomic type in the region 

 dislocation may glide through. Consequently, unlike in a pure 

etal, the critical stress for a short dislocation to glide in an MPEA 

epends on the position of the dislocation. To compare the critical 

tress in MPEAs with the Peierls stress in pure metals, analogous 

efinitions have been proposed. Some modeling studies, e.g., those 

n MoNbTaW MPEAs, retained the names “Peierls stress” [14] and 

Peierls barrier” [23] to describe respectively, the critical stress and 

nergy barrier for a short screw dislocation (0.6–2.2 nm) to move 

y a short distance ( ≈ 0 . 4 nm). Maresca and Curtin [24] proposed

hat the energy barrier for a long screw dislocation in MPEAs 

o move from one energy valley to another at low temperatures 

quals the intrinsic Peierls barrier plus the barrier created by the 

olute potential energy minus any annihilation of kinks. In a re- 

ent paper, molecular static (MS) calculations were employed to 

alculate the critical stress to move a short, straight dislocation in 

oNbTi [25] . The resulting critical stress to glide was referred to as 

he local slip resistance (LSR). Unlike in a pure metal, in which the 

eierls stress is deterministic, the LSR varies statistically with the 

islocation’s location in the plane and from plane to plane. Like 

he Peierls stress, the LSR is associated with a short dislocation 

egment of characteristic length that remains straight as it moves, 

nlike long dislocations that can assume a wavy morphology. This 

nit strength aptly assesses the effect of the local chemical vari- 

tion and atomically distorted environment on the slip resistance 

eparate from line tension. Recently, it was reported that the LSR 

or glide on the {110} plane can vary significantly among paral- 

el planes in manynominally random BCC MPEAs [26,27] . A similar 

odel with a short dislocation line length ( ≈ 0 . 6 nm) was recently 

mployed to study the effects of the short-range order on disloca- 

ion core energy in MoNbTaW [23] . 

Most prior ab initio [23] and atomistic simulations 

21,22,24,28,29] in BCC MPEAs have primarily focused on glide in 

he {110} 〈 111 〉 family. Yet even in pure BCC metals, slip on planes

ith higher orders can be as prevalent as those on {110} planes 

30] . Take MS calculations in Fe as an example. A wide range 

f Peierls stresses, even for the same type of dislocation on the 

ame type of slip plane, were reported as a result of the different 

nteratomic potentials used. Peierls stresses of an edge dislocation 

re 25–322 MPa on the {110} plane, [31–33] , 129–805 MPa on 

he {112} plane [10,34] , and 25–550 MPa on the {123} plane [35] .
69 
eierls stresses of a screw dislocation are generally much higher: 

00–2334 MPa on the {110} plane [36–39] , 1771–5715 MPa on 

he {112} plane [36] , and 90 0–210 0 MPa on the {123} plane [35] .

ecent experimental results on MoNbTi identified that dislocation 

lips on the higher order planes, including {112}, {123} and {134}, 

lay a more important role in plastic deformation than that on the 

110} planes [25] . 

In this work, we analyze the LSR values on {110}, {112}, {123} 

nd {134} planes in the equal-molar MoNbTi MPEA. We compare 

he mean and standard deviation of LSR across different types of 

lip planes, correlate all LSR values with newly calculated ideal 

hear strengths, and identify the effects of compositional fluctu- 

tion and lattice distortion on LSR. To elucidate the differences re- 

ulting from the atomic scale fluctuations in composition and con- 

guration, characteristic of MPEAs, we also calculate the Peierls 

tress in suitable reference materials, each of which contains one 

tomic type and hence bears no chemical compositional fluctua- 

ion. Three pure metals are considered as references — two are 

atural, Mo and Nb, and the third one is synthetic, a pure metal 

omprised of atoms with the average properties of MoNbTi, en- 

bled by an A -atom potential. Ti is not considered as a reference 

etal because it has a hexagonal-close packed structure at am- 

ient conditions. Due to their dissimilar atomic core structures, 

he LSRs of both edge and screw dislocations are calculated. We 

how that for neither screw nor edge dislocations, is the LSR on 

he {110} plane the lowest in MoNbTi, in contrast to Mo and Nb. 

or edge dislocations, the slip on the {134} plane is the easiest but 

or the screw dislocations, it is, on average, the hardest. For screw 

islocations the {112} glide plane is the most favored while for 

dge dislocations it is the least favored. For the same type of glide 

lane, the LSRs for edge dislocations in MoNbTi are one to two 

rders of magnitude larger than the Peierls stress in the A -atom 

otential-based material. To explain the remarkable strengthening, 

he present analysis points to a combined effect of the lattice dis- 

ortion and compositional fluctuation that cannot be captured by 

onsidering each factor alone. 

. Methodologies 

Random solid solution MPEAs are created for LSR calculations 

s special quasirandom structures (SQS) [40] using ATAT [41] . In 

ach SQS, the y axis is normal to one of the four types of slip

lanes: {110}, {112}, {123}, and {134} planes (see Table 1 ). The four 

QSs, denoted as SQS 110 , SQS 112 , SQS 123 , and SQS 134 , respectively, 

ontain 12, 24, 28, and 26 distinct atomic planes along the y axis. 

o account for all atomic planes within the same SQS, a series 

f derivative SQSs are built. For example, for SQS 134 , 26 SQSs 
† 
134 

re constructed by sequentially moving the top atomic planes in 

QS 134 to the bottom, so that the mid-slip-planes (between the 

3th and 14th atomic planes) of these SQSs 
† 
134 

differ in local atomic 

nvironment. The same method is employed to build 12 SQSs 
† 
110 

, 

4 SQSs 
† 
112 

, and 28 SQSs 
† 
123 

. 

Next, a set of 3D simulation cells is constructed by replicating 

ach SQS † along the x and y directions, respectively, as illustrated 
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Fig. 1. Simulation box set-up for an edge ( θ = 90 ◦) or a screw ( θ = 0 ◦) dislocation. 

The dislocation line, Burgers vector, and slip plane are indicated by green line, red 

arrow, and a light-brown parallelogram, respectively. The simulation cell is built by 

repeating any SQS † (only SQS † 
110 

is shown here) along the x and y directions, as 

indicated by the blue arrows. Red, green, and grey atoms are, respectively, Mo, Nb, 

and Ti. 
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n Fig. 1 . The crystallographic orientations of the three orthogonal 

irections of these cells for the four structures are summarized in 

able 1 . Periodic boundary conditions are applied on the x and z

irections, while the y boundaries are traction-free. A single dis- 

ocation of edge or screw character is built into each cell by ap- 

lying the corresponding isotropic elastic displacement fields to all 

toms [42,43] . This configuration is known as the periodic array of 

islocations (PAD) and was used in prior atomistic simulations to 

btain Peierls stresses in BCC crystals, such as Fe [32,37,44] and Ta 

45] . The center of the dislocation is situated at the mid-slip-plane 

n each cell [46,47] . As a result, even for the same type of slip

lane (normal to the y axis), the local atomic environment around 

he dislocation core differs among the cells. For the three orthog- 

nal edge lengths of the cell, L x , L y , and L z , we set L x = 40 nm,

 y = 50 nm, and L z ≈ 1 nm. In each cell, we assigned atoms within

 mc from the top and bottom y boundaries as “y -boundary layers”, 

here r mc = max [ r c ] is the maximum cutoff distance of the inter- 

tomic potentials among all elements. 

To deform the simulation cells to move the dislocation, an in- 

remental strain tensor �ε with one component being non-zero is 

pplied to the simulation cell. For screw and edge dislocations, re- 

pectively, | �εyz | = 10 −6 and | �εyx | = 10 −5 . The other eight com-

onents of �ε are set to zero. In each case, when the non-zero 

omponent is positive and negative, respectively, the dislocation is 

riven “forward” or along the positive x direction, and “backward”

r along the negative x direction. For instance, for edge disloca- 

ions on the (1 ̄1 0) , ( ̄1 ̄1 2) , ( ̄1 ̄2 3) , and ( ̄3 ̄1 4) planes, the forward

irection is [111] and the backward direction is [ ̄1 ̄1 ̄1 ] . Note that 

rior MS simulations demonstrated that this simulation cell size is 

ufficiently large and the strain increment is sufficiently small to 

emove size effects on the Peierls stress of an edge dislocation on 

he {110} plane in Fe [32] . 

After each strain increment, the dislocated system is relaxed via 

he conjugate gradient scheme and the fast inertial relaxation en- 

ine [48] . During the energy minimization step, atoms in the y - 

oundary layers are allowed to relax only along two non-shear di- 

ections, which are x and y for the screw dislocation and y and 

for the edge dislocation. The remaining atoms are free to relax 

long all three directions. The LSR σL is measured as the minimum 

irial stress of the system at which the dislocation moves at least 

 nm from its original position. The dislocation line is sufficiently 

hort that all points on the lines move together and the line re- 

ains straight during glide and no kink-pair forms. The same pro- 

edure is followed to obtain the Peierls stresses σ for the refer- 
P 

70 
nce metals, Mo, Nb, and the A -atom potential-based MoNbTi, the 

ast of which will be denoted as MoNbTi A in what follows. 

MS simulations are carried out using LAMMPS [49] and atom- 

stic structures are visualized using OVITO [50] . Two recently val- 

dated embedded-atom method (EAM) interatomic potentials in 

oNbTi [51] are used, including an alloy potential and an A -atom 

otential. The alloy potential represents an MPEA with varying el- 

ments from one BCC lattice site to another. The A -atom poten- 

ial, on the other hand, is used to create a synthetic pure metal 

oNbTi A , wherein all atoms are of the same type, with no chem- 

cal disorder or lattice distortion but retaining almost the same 

lastic moduli and lattice parameter as MoNbTi. In developing the 

lloy potential, the cutoff distances r c for Mo, Nb, and Ti, respec- 

ively, are 3.86 Å, 4.04 Å, and 4.15 Å. Hence, r mc = 4 . 15 Å. For the

 -atom potential, r c = 4 . 02 Å, which is the arithmetic mean cut-

ff of the three constituent metals. The lattice parameter a 0 for 

oNbTi from the alloy and A -atom materials is 3.234 Å. In compar- 

son, the constituent EAM potentials for Mo [52] and Nb [53] pro- 

uce a 0 = 3 . 135 Å and 3.3 Å, respectively. In all cases, the magni-

ude of the Burgers vector of a dislocation b = 

√ 

3 a 0 / 2 . 

As discussed in Sec. 1 , a long dislocation in an MPEA usually at- 

ains a wavy configuration, suggesting that the slip resistance spa- 

ially varies along the line. A part or parts of the dislocation line 

ows out, and therefore, the slip resistance is a combination of line 

ension and LSR. Further, the wavy dislocation segment loses its 

riginal screw/edge character as a result of glide. The LSR, as de- 

ned, pertains to dislocations of characteristic length, rather than 

islocations of arbitrarily long lengths. The dislocation of approxi- 

ately one periodic length remains straight as it glides, preserving 

ts dislocation character. Since there is no bow out, we can separate 

he local resistance from local effects of line tension. Further, long 

crew segments move by kink pairs, which are comprised of short 

crew and edge segments. Hence, the LSRs for screw and edge dis- 

ocations can shed light on the variable motion of kink pairs in an 

PEA. Later, in Sec. 4.3 , we remark on the implications of these 

ndings on dislocation dynamics in MoNbTi, as well as other BCC 

PEAs. 

. Results 

.1. Peierls stresses in Mo, Nb, and MoNbTi A 

To first establish reference values, we calculate the Peierls 

tresses σP for edge and screw dislocations in pure reference ma- 

erials, Mo, Nb, and MoNbTi A , on all four slip planes: {110}, {112}, 

123}, and {134}, and for both forward and backward senses in the 

lip direction 〈 111 〉 . 
The Peierls stresses for edge dislocations are calculable in all 

ases and their values are presented in Table 2 . Three interesting 

ndings arise. First, for the same type of slip plane, the Peierls 

tress in MoNbTi A is significantly lower than those in Mo and Nb. 

or the {110} and {112} planes, σP in MoNbTi A are approximately 

alf those in Nb and an order of magnitude lower than those in 

o. For the {123} and {134} planes, σP in MoNbTi A are an order 

f magnitude lower than those in Nb and two orders of magni- 

ude lower than those in Mo. Second, for each type of slip plane, 

ll three metals exhibit the same rank order in σP , wherein σP is 

he highest on the {112} plane and the lowest on the {110} plane. 

or the two higher order planes, {123} and {134}, σP lie in between 

nd are nearly equal in value in both Nb and MoNbTi A (but not in

o). Last, all types of slip planes, except the {110} plane, exhibit 

lide-direction asymmetry. The asymmetry ratios in σP range be- 

ween 1 and 2. For the {112} planes, in particular, the forward and 

ackward directions are known as the “twinning” (T) and “anti- 

winning” (AT) directions, respectively [9] . In Fe, for instance, prior 

S simulations reported an AT/T ratio in the Peierls stress of about 
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Table 2 

Means ( ̄σL ) and standard deviations ( s L ) of the LSR (in MPa) of dislocations in MoNbTi on four types of slip planes along both forward and 

backward directions. The minimum σ min 
L and maximum LSR σ max 

L for each type of dislocation on the same type of slip plane in MoNbTi 

are also presented. On the {112} planes, the two directions are also known as twinning (T) and anti-twinning (AT) directions, respectively. 

Peierls stresses ( σP ) of the same type of dislocations in Mo, Nb, and A -atom potential-based MoNbTi (subscript A ) are shown as references. 

Cases in which the screw dislocation gliding is unstable are presented as “-”. 

Plane Dislocation Direction Mo Nb MoNbTi A MoNbTi 

σP σP σP σ̄L s L s L / ̄σL σ min 
L σ max 

L 

{110} Screw forward - - - 1738 132 0.08 1425 1831 

Screw backward - - - 1419 295 0.21 1058 1979 

Edge forward 50 6 3 353 209 0.59 21 863 

Edge backward 50 6 3 326 180 0.55 85 613 

{112} Screw forward (T) 2496 859 763 972 414 0.43 337 1728 

Screw backward (AT) 3842 - 1170 1525 927 0.61 8 3622 

Edge forward (T) 533 118 49 998 591 0.59 17 2080 

Edge backward (AT) 734 99 46 793 352 0.44 161 1426 

{123} Screw forward - - - 1532 244 0.16 837 1755 

Screw backward - - - 1979 3 0.002 1975 1983 

Edge forward 160 12 2 226 234 1.04 6 902 

Edge backward 117 13 1 292 316 1.08 12 1017 

{134} Screw forward - - - 1791 410 0.23 1512 2655 

Screw backward - - - 2947 490 0.17 2712 3878 

Edge forward 111 13 1 242 223 0.92 39 833 

Edge backward 69 12 2 157 110 0.7 40 558 

Fig. 2. Values of LSR σL associated with (a) edge and (b) screw dislocations on the {110} planes in MoNbTi. The vertical dashed line in (a) indicates the Peierls stress of an 

edge dislocation in MoNbTi A . 
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.1 for an edge dislocation on the {112} plane [10] . Here, the ratios

re 1.38, 0.84, and 0.94 in Mo, Nb, and MoNbTi A , respectively. 

For screw dislocations, however, the Peierls stresses are incal- 

ulable in most cases. For the {110}, {123}, and {134} planes, when 

 shear strain is applied, along either the forward or the backward 

irection, the screw dislocation cross slips onto the {112} plane. 

n addition, when the strain is applied on the {112} plane in the 

ackward direction, the screw dislocation in Nb (but not in Mo or 

oNbTi A ) cross slips onto a non-parallel {112} plane. As a result, 

he Peierls stresses for screw dislocations are only calculable for 

he {112} planes in Mo and MoNbTi A in both directions and in Nb 

n the forward direction. Table 2 summarizes all Peierls stresses, 

here we designate the unstable gliding cases with “-”. 

The instabilities in screw dislocation glide are discussed in 

ppendix A and are attributed to the incorrect screw dislocation 

ore structures. Here, the EAM potentials used for Mo [52] and 

b [53] were selected since they constitute the alloy potential for 

oNbTi. As such, the Peierls stresses of pure metals are used solely 

s a basis for comparison with LSRs of MoNbTi. The goal is not to 

ffer precise values for the Peierls stresses in Mo and Nb, which 

ould be better obtained via machine learning-based interatomic 

otentials [14,54] or density functional theory (DFT). In particular, 
71 
FT has been applied to these two natural pure metals but mostly 

or the {110} screw dislocation, with the Peierls stress in Mo being 

350 MPa [55] , 1600 MPa [56] , 1800 MPa [57] , 2420 MPa [ 89 ], or

085 MPa [12] , and that in Nb being 740 MPa [56] . 

To summarize, among the calculable Peierls stresses, MoNbTi A 
as lower σP compared to the constituent metals Mo and Nb for 

he same type of dislocation and slip plane. However, as will be 

hown next, the actual alloy, MoNbTi, with its characteristic com- 

ositional fluctuations, exhibits properties diametrically different 

rom MoNbTi A . 

.2. Local slip resistances in MoNbTi 

Fig. 2 presents distributions of σL for edge and screw disloca- 

ions on {110} planes in MoNbTi. For both edge and screw dislo- 

ations, the values of σL vary substantially, over a large range of 

42 MPa. For comparison, the Peierls stress for the edge dislocation 

n MoNbTi A is marked by a vertical dashed line. For the screw dis- 

ocations, 16 out of 24 local chemical environments lead to calcu- 

able LSR values, indicating that chemical deviations from the pure 

etal help stabilize glide. The statistical dispersion in LSRs arises 

irectly from the differences in the chemical composition and lat- 
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Fig. 3. Values of LSR σL associated with (a,c,e) edge and (b,d,f) screw dislocations on the {112}, {123}, and {134} planes in MoNbTi. The vertical dashed lines indicate the 

corresponding Peierls stresses in MoNbTi A . 
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ice distortion from one location to the next around the dislocation 

ore and over the motion path taken by the dislocation. As a re- 

ult, LSR is not equal in the forward and backward direction for the 

ame plane. On average, the ratios in σL between the forward and 

ackward directions are 1.22 and 1.08, for screw and edge disloca- 

ions, respectively. Similar local environment-induced asymmetry 

atios, 0.89–1.02, were reported in prior MD work of an edge dis- 
72 
ocation gliding on the {111} planes in equal-molar FCC NiFe under 

ifferent applied stresses and at different temperatures [58] . Like 

he {110} planes in pure BCC metals, no glide-direction asymmetry 

s expected for the {111} planes in pure FCC metals. 

Fig. 3 presents the σL distributions of edge and screw dislo- 

ations on the three higher order planes in MoNbTi. As for the 

110} planes, these distributions exhibit outstanding statistical dis- 
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Table 3 

The ratios in the mean LSR ( ̄σL ) between the screw and edge disloca- 

tions in MoNbTi are presented, based on the data in Table 2 . The same 

ratios in the Peierls stresses ( σP ) in Mo, Nb, and A -atom potential-based 

MoNbTi (subscript A ) are shown as references. Cases in which the screw 

dislocation gliding is unstable are presented as “-”. 

Plane Direction Mo Nb MoNbTi A MoNbTi 

{110} forward/backward - - - 4.65 

{112} forward 4.68 7.28 15.57 0.97 

{112} backward 5.23 - 25.43 1.92 

{123} forward - - - 6.78 

{123} backward - - - 6.78 

{134} forward - - - 7.4 

{134} backward - - - 18.77 
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ersion, with the coefficient of variations (COVs), i.e., ratio of the 

tandard deviation to mean, over unity in some cases. For the edge 

islocations, the COV ranges from 0.44 to 1.08, with the largest 

alue associated with the backward direction on the {123} plane. 

n this particular case, the minimum and maximum LSR values, re- 

pectively, are 12 MPa and 1017 MPa, respectively, as presented in 

able 2 . For the screw dislocations, the COVs are between 0.002 

nd 0.61. Similar to the {110} planes, the glide of screw disloca- 

ions on the two highest order slip planes, {123} and {134}, can be 

tabilized. Out of the 56 and 52 total cases in {123} and {134} slip

lanes, respectively, glide of a screw dislocation was stable in 37 

nd 21 cases. 

The LSR values exhibit a twinning/anti-twinning asymmetry 

n the {112} plane. On average, the ratios of σL for the anti- 

winning direction to the twinning direction are 1.57 (screw) and 

.74 (edge), which are similar to those in MoNbTi A , which are 

.53 (screw) and 0.94 (edge). Different from MoNbTi A , the asym- 

etry ratio for the screw dislocation on a specific {112} plane in 

oNbTi can be less than unity. Out of the total 24 distinct {112} 

lanes, the twinning σL is higher than its anti-twinning counter- 

art for seven screw dislocations. This is uncharacteristic of BCC 

ure metals, in which the Peierls stress of a screw dislocation is 

lways lower along the twinning direction than the opposite di- 

ection. Evidently, the effects of compositional variation and lattice 

istortion on LSR can be sufficiently strong to reverse the intrinsic 

winning/anti-twinning asymmetry. Similarly, for edge dislocations 

n the {123} planes, while the mean value of σL is lower for the 

orward direction than for the backward direction, the asymmetry 

s reversed for some given planes. Specifically, on 11 out of the 28 

123} planes is σL higher for the forward direction than for the 

ackward direction. 

.3. Anisotropy in the slip resistance 

Studies of the LSR distributions on different types of slip planes 

rovide insight into the preferred glide systems used by dislo- 

ations in deformed MoNbTi. Comparing the full distributions of 

dge dislocations indicate a preference for easy glide on the {123} 

nd {134} planes, where most LSR values are less than 10 0 0 MPa. 

onsidering only the mean LSR values for the edge dislocation in 

able 2 , we observe their rank order from hardest to easiest to 

e σ̄ 112 
L 

> σ̄ 110 
L 

> σ̄ 123 
L 

> σ̄ 134 
L 

. In contrast, comparing the full LSR 

istributions of screw dislocations identifies a preference for glide 

n the {112} planes. The mean LSRs for screw dislocations fol- 

ow the reversed rank order from that for edge dislocations, i.e., 

¯ 134 
L 

> σ̄ 123 
L 

> σ̄ 110 
L 

> σ̄ 112 
L 

. The slip resistance rank order seen in 

he edge and screw dislocation LSRs are not the same as that in 

he Peierls stresses of edge dislocations in Mo, Nb, and MoNbTi A , 

hich is: σ 112 
P 

> σ 123 
P 

> σ 134 
P 

> σ 110 
P 

. It is commonly found that the 

eierls stress on the {110} plane is the easiest in Nb [59,60] and 

ther BCC metals [16] , and is one reason it is the most studied

lide plane to date [61] . 

As a measure for anisotropy in slip resistance, we consider the 

OV among mean LSR values of all four slip planes in both the 

orward and backward directions. This calculation entails the COV 

or a set of eight mean LSR values, i.e., 

OV = 

Standard deviation of { ̄σ s 
L } 

Mean of { ̄σ s 
L 
} (1) 

r for a pure metal, the analogous anisotropy indicator is the COV 

or a set of eight Peierls stress values, i.e., 

OV = 

Standard deviation of { σ s 
P } 

Mean of { σ s 
P 
} (2) 

here s = 1 , 2 , . . . , 8 is a slip mode associated with a specific slip

lane and a specific direction. In MoNbTi, the results are 0.33 and 
73 
.71 for the screw and edge dislocations, respectively. In contrast, 

or the Peierls stresses of the edge dislocations in pure metals, 

he corresponding COVs are 1.13, 1.31, and 1.58 in Mo, Nb, and 

oNbTi A , respectively. Evidently, the anisotropy in slip resistance 

s greatly reduced in the MPEA compared with in pure metals. 

Another measure of the slip resistance anisotropy is the ra- 

io σ̄ 112 
L / ̄σ 110 

L 
, since, as seen here and other work, in pure met- 

ls, Peierls stresses on these planes mark two extremes. Here, for 

he edge dislocations, σ 112 
P 

/σ 110 
P 

in Mo, Nb, and MoNbTi A range 

rom 10.66 to 19.67. For the edge dislocations in MoNbTi, the ra- 

ios σ̄ 112 
L 

/ ̄σ 110 
L 

are much smaller — 2.25 for the forward direction 

nd 3.06 for the backward direction. For screw dislocations, the ra- 

ios are even smaller: 0.56 and 1.07 for the forward and backward 

irections, respectively. 

Our calculations also point to reduced screw-to-edge ratios in 

he slip resistance in the MPEA than in pure metals. These ra- 

ios can serve as input parameters to continuum models, e.g., the 

hase-field dislocation model (PFDM) [62] . Table 3 presents these 

atios in all four materials. In pure metals, the ratios σ screw 

P 
/σ edge 

P 
re only available for the {112} plane due to the instabilities in 

crew dislocation gliding on other planes. For the {112} plane in 

oNbTi, the ratio σ̄ screw 

L 
/ ̄σ edge 

L 
is strikingly low, ranging from 0.97 

o 1.92, much lower than those in the {112} Peierls stresses in 

ny of the pure metals. In MoNbTi, the {123} and {134} planes 

ave the largest screw-to-edge LSR ratio, ranging from 6.78 to 

8.77. Yet still, these are lower than that in the Peierls stress 

long the backward direction on the {112} plane in MoNbTi A , for 

hich the ratio is 25.43. Low σ̄ screw 

L 
/ ̄σ edge 

L 
ratios on the {110} 

lanes have been reported previously in several BCC MPEAs, in- 

luding NbTi 2 Zr, for which the ratio measured in experiments is 

.3 [20] ; NbTiZr, for which the ratio from MD simulations is 2 

21] ; Co 16 . 67 Fe 36 . 67 Ni 16 . 67 Ti 30 , for which the ratio is 1.1–1.2, as esti-

ated by MD simulations [22] ; and MoNbTaW, for which the ratio 

s 2.73 based on MD calculations [14] . To the best of our knowl- 

dge, screw-to-edge ratios for dislocations in BCC MPEAs outside 

f the {110} planes have not been reported in the literature. 

. Discussion 

.1. Correlation of LSR values with ideal shear strengths 

Another common property used for identifying preferred slip 

odes is the ideal shear strength, T is , for the glide plane. The more 

ikely glide planes tend to possess a lower T is , which is defined as 

he maximum value of the ideal shear stress, τis , which is the gra- 

ient of the generalized stacking fault energy (GSFE) curve [63] , 

.e., 

is (d 0 ) = 

∂γgsf (d 0 ) 

∂d 0 
(3) 

 is = max [ τis (d 0 ) ] (4) 
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Table 4 

Means ( ̄T is ) and standard deviations (s is ) of the ideal shear 

strength (in GPa) in MoNbTi on the four slip planes. Ideal shear 

strengths (T is ) in Mo, Nb, and A -atom potential-based MoNbTi 

(subscript A ) are shown as references. 

Plane Mo Nb MoNbTi A MoNbTi 

T is T is T is T̄ is s is s is / ̄T is 

{110} 33.1 14.1 14.8 15.2 2.1 0.14 

{112} 58.4 24.5 25.8 27.5 3.8 0.14 

{123} 19.3 8.1 8.5 8.7 1.2 0.14 

{134} 18.9 7.9 8.4 8.5 0.8 0.09 
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Fig. 4. Normalized LSR σL /μH and normalized Peierls stress σP /μH are plotted 

with respect to normalized ideal shear strength T is /μ
H for the same specific plane 

in MoNbTi, A -atom potential-based MoNbTi (subscript A ), Mo, and Nb. μH is the 

isotropic shear modulus in Hill form. Values of μH in the four materials were pro- 

vided in Ref. [51] . E and S stand for edge and screw dislocations, respectively. For 

each specific plane, values of σL and σP for the same type of dislocation are aver- 

aged over two opposite directions. For MoNbTi, five sets of dislocations/slip planes 

are distinguished by different filled symbols and colors. For each of MoNbTi A , Mo, 

and Nb, the same partly filled symbol and color are used for all five sets of dislo- 

cations/slip planes. 
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here the rigid shift along the 〈 111 〉 direction, d 0 , is in units of b

nd ranges from 0 to 1. 

Like LSR values, the GSFE curves depend on the local chemi- 

al composition in the plane and, thus, vary substantially among 

arallel slip planes for the same type of plane in the same MPEA 

64] . Applying Eqs. (3) and (4) to the GSFE curves of MoNbTi 

rom Ref. [51] , the distributions of T is for each slip plane type can

e calculated and their means and standard deviations are pre- 

ented in Table 4 . For comparison, T is for the natural references, 

o and Nb, and the synthetic one, MoNbTi A are also calculated 

rom their respective GSFE curves, which are also from Ref. [51] . As 

xpected, T is , representing the strength of a dislocation-free crys- 

al, are two to four orders of magnitude larger than the LSRs and 

eierls stresses, which are associated with the strength of a dislo- 

ated crystal. 

Interestingly, the slip plane rank order based on T is is the same 

or MoNbTi and the three references, with {123} and {134} being 

he easiest glide planes and {112} being the hardest one. This rank 

rder is the same as that in the edge LSR, but not the screw LSR,

n MoNbTi. The concurrence can be expected since the in-plane 

deal shearing, which is along the 〈 111 〉 direction, better represents 

he motion of edge dislocations, which is along 〈 111 〉 , than that of

crew dislocations, which is along a non- 〈 111 〉 direction within the 

lip plane which, in our case, is the x axis ( Table 1 ). 

The GSFE curves and the derived values of T is reflect only the 

ompositional fluctuations on bond strengths across the plane of 

hear. The two orders of magnitude differences between the LSRs 

n MoNbTi and the Peierls stresses in MoNbTi A are not reflected in 

 is . For the same type of slip plane, the values of T is in MoNbTi A 
re almost the same as the mean values T̄ is in MoNbTi. In addition, 

 is in MoNbTi A are noticeably close to those in Nb, in contrast to 

hat MoNbTi A has much lower Peierls stresses than Nb. The failure 

f T is to replicate the profound strengthening seen in the LSR for 

he MPEA over the pure metals suggests that the properties not 

eflected in the GSFE calculation, e.g., the lattice distortion within 

 small atomic environment, are the reason why MPEAs are strong. 

While T is is not a good reflection of the strengthening effects 

n dislocation glide resistance, it is possible that T is at least scales 

n the same way as the LSR. Fig. 4 compares the distributions of 

he normalized LSR for edge and screw dislocations with those 

or the normalized T is . Despite the significant statistical variations, 

SRs are reasonably correlated with T is , with higher LSRs signify- 

ng higher T is and vice versa. This suggests that the LSR values can 

vidently give some insight into the slip plane preferences for dis- 

ocations. 

.2. Strengthening in MoNbTi 

Direct comparison of σL in MoNbTi with σP in MoNbTi A indi- 

ates that the former is the stronger material. For edge disloca- 

ions, the mean LSR value in MoNbTi is substantially larger, by one 

o two orders of magnitude, than the Peierls stress in MoNbTi A , 

or every plane type. Compared to the natural pure metals, Mo 
74 
nd Nb, the LSR values for the edge dislocations in MoNbTi are 

igher than their Peierls stresses, but not as outstanding as when 

ompared to MoNbTi A . For screw dislocations, the same compar- 

son can only be carried out for the {112} planes. The mean val- 

es of σL in MoNbTi are only 27% higher in the twinning direction 

nd 30% higher in the anti-twinning direction than respective σP 

n MoNbTi A . In addition, the mean LSR for the screw dislocations 

n MoNbTi are higher than the Peierls stresses for the same type 

f dislocations in Nb, but much lower than those in Mo. In other 

ords, the strengthening effect in MoNbTi is profound for edge 

islocations, and less so for screw dislocations. Together they re- 

ult in small screw-to-edge ratios in the slip resistance in MoNbTi. 

In MPEAs, two characteristics are important — the chemical 

ompositional fluctuation and lattice distortion. Many prior stud- 

es have measured nominal or bulk average values of these quan- 

ities and found meaningful correlations between them and ma- 

erial properties. For instance, higher degrees of chemical short- 

ange order in FCC CoCrNi were found to lower the average ve- 

ocity of the Shockley partial dislocations [65] . Combined exper- 

mental and theoretical work on ten FCC Ni-based binaries and 

PEAs [66] and nine BCC Nb-based binaries and MPEAs [67] have 

emonstrated that larger lattice distortion were reasonably cor- 

elated with higher lattice friction stresses. In those work, each 

PEA possessed one average value for chemical ordering, disloca- 

ion velocity, lattice distortion, and lattice friction stress. 

In this work, we study the distribution of the local slip resis- 

ance, i.e., LSR, among dislocations that sit in different local re- 

ions in the same MPEA, MoNbTi. The variations in LSR point to 

he significance of the local atomic environment on the motion of 

n elementary dislocation segment. To identify possible causes of 

he variation, we consider the local chemical composition and lo- 

al lattice distortion (LLD) in every local environment in MoNbTi 

nd seek, if any, correlation between them and the corresponding 

SR. All calculations are performed on atoms in a region within 

 distance of ±b/ 2 from the slip plane along the y axis. Because 

he inter-slip-planar spacing depends on the crystallography, the 

mall volumes ( ≈ 5 –10 b 3 ) span 2, 4, 6, and 6 layers of atoms for
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Fig. 5. LSR values (in MPa) of the edge dislocation averaged over two opposite directions on the same specific plane correlated with the local chemical compositions in 

MoNbTi. The black circles in the center indicate the equal-molar composition. Results are based on the alloy potential. 
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he {110}, {112}, {123}, and {134} planes, respectively. The selected 

haracteristic length is reasonable because (i) the dislocation cores 

n a series of FCC MPEAs were found to extend to about b–1 . 5 b

68] and (ii) dislocation cores are usually smaller in BCC metals 

han in FCC metals [69] . 

In Fig. 5 , LSRs for edge dislocations are mapped onto a ternary 

omposition diagram. As shown, the range of compositions sam- 

led in the LSR calculations deviates substantially from the equal- 

olar one. The relative ratios of certain elements do not have con- 

istent effects across planes. For the {112} planes, the highest LSR 

alue corresponds to compositions with a large proportion of Mo. 

or the {110} and {123} planes, however, larger fractions of Mo 

end to reduce LSR. 

Evidently, the compositional deviations from one dislocation 

nvironment to the next contribute to the variation in LSR, yet 

hey only play a part in determining the level of statistical vari- 

tion in LSR. For instance, while the composition range for the 

123} planes is the smallest, its COV in LSR of dislocations is the 

argest, being over unity. By interpolation we can locate the value 

f σL associated with the equal-molar composition: 355 MPa for 

he {110} plane, 865 MPa for the {112} plane, 34 MPa for the 

123} plane, and 418 MPa for the {134} plane. Even with nearly 

he same composition, the LSR values are still one to two orders 

f magnitude higher than the corresponding Peierls stresses in 

oNbTi A . This substantial difference confirms that it is the struc- 

ural distortions and variable chemical bonding particular to the 

tomic neighborhood surrounding the dislocation core that give 
75 
ise to the profound strengthening seen in the MPEA over a pure 

etal. 

Lattice distortion can be calculated at the bulk scale [70] for the 

ntire MPEA or at the local scale [71] for an atomic-sized charac- 

eristic volume. The latter is LLD and can be calculated following 

ef. [72] , via 

L = 

1 

Na N 

∑ 

i 

√ 

(x i − x ′ 
i 
) 2 + (y i − y ′ 

i 
) 2 + (z i − z ′ 

i 
) 2 (5) 

here N is the number of atoms within the local region, a N is 

he first nearest neighbor distance, (x i , y i , z i ) and (x ′ 
i 
, y ′ 

i 
, z ′ 

i 
) are the

oordinates of unrelaxed and relaxed positions of atom i, respec- 

ively. Since the underlying lattice in MoNbTi is BCC, a N = b. 

Fig. 6 maps on a ternary diagram the LLD for the small vol- 

mes defining the LSR for edge dislocations for each type of slip 

lane. The LLD in each is expected to vary with chemical compo- 

ition, since it is the direct result of the different types of atoms 

ccupying the lattice sites within these volumes. The LLD is also 

ffected by the inter-slip-planar spacing, nominally increasing with 

ecreasing spacing from {110} to {134}. In accordance, we observe 

hat the range of LLD for the {110} and {112} planes is lower than 

hat for the {123} and {134} planes. By interpolation, the values 

f LLD associated with the equal-molar composition are 0.0989 for 

he {110} plane, 0.1043 for the {112} plane, 0.1166 for the {123} 

lane, and 0.1263 for the {134} plane. In all cases, the composi- 

ion yielding the highest and lowest LLD lies outside the equimolar 

omposition. Using Eq. (5) , we also calculate the bulk lattice distor- 
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Fig. 6. LLD values for the edge dislocation cases correlated with the local chemical compositions in MoNbTi. The black circles in the center indicate the equal-molar 

composition. Results are based on the alloy potential. 
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ion in the four simulation cells of random equimolar MoNbTi. The 

verage lattice distortion is 0 . 106 ± 0 . 003 , close to that of the LLD

or the {112} plane for the equimolar composition. 

The analysis shows that both local chemical composition and 

LD vary substantially from one characteristic small volume to the 

ext among different glide planes, even within the same MPEA. 

omparing the LSR maps in Fig. 5 with the LLD maps in Fig. 6 in-

icates that on the {110} plane more Ti and/or Nb atoms in the 

ocal environment tend to result in both high LLD and high LSR. 

or the {134} plane, the equimolar composition or close to it pro- 

uces both high LSR and high LLD. Yet at the same time, for the 

ame type of slip plane, some compositions yielding the relatively 

igher LLD do not necessarily lead to the higher LSR. Note that 

oth LLD and LSR values are affected by the arrangement of the 

toms, which is not reflected in the ternary map. Two volumes 

ith the same composition can bear different arrangements, hence 

attice distortion, and consequently LSRs. 

.3. Implications for dislocation dynamics in MoNbTi and other BCC 

PEAs 

While we only evaluate the slip resistances of short disloca- 

ion segments that remain straight during glide, the results can 

rovide insight into actual slip propensities of long dislocations 

n MoNbTi. Compared with pure metals, two key features found 

ere for MoNbTi are: (i) a wide range of slip resistances even for 
76 
he same type of dislocation and slip plane, and (ii) the signifi- 

antly reduced anisotropy in the slip resistance. The first finding 

s directly related to the wavy configuration of long dislocations 

n MoNbTi observed in a recent transmission electron microscopy 

TEM) study [25] , because the slip resistance varies spatially along 

he same line. Atomistic simulations [21,22,28] , discrete disloca- 

ion dynamics [73] , and PFDM [62] of the glide of long screw and

dge character dislocations in BCC MPEAs have reported wavy dis- 

ocation morphologies resulting from continuous pinning and de- 

inning at points encountered within the slip plane during active 

lide. The results are not limited to glide in BCC metals. Recent 

tomistic simulations [74,75] , PFDM [76] , and in situ TEM studies 

77] of the glide of long dislocations in FCC MPEAs have reported 

avy motion, indicating that some local atomic neighborhoods are 

arder for the dislocation to bypass than others. Particularly for 

crew dislocations, it also suggests that cross slip is promoted be- 

ause a screw dislocation may switch from a relatively resistant 

lip plane to a non-parallel, less resistant one [78] . For example, in 

CC solid solution alloys, while on average the energy barrier for 

ross slip is higher than that in pure metals, some segments along 

he dislocation line can have a very low barrier and hence cross 

lips easily [79] . This reduces the cross slip energy barrier for the 

emaining dislocation segments, and consequently, the entire dislo- 

ation line cross slips more easily compared with FCC pure metals 

80] . Massive dislocation cross slip was recently reported in FCC 

PEAs in experiments [81] and MD simulations [82] . Indeed, in- 
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Fig. A.1. Unstable gliding of a screw dislocation at different strains in Nb. The first, 

second, third, and fourth row, respectively, corresponds to the {110}-forward, {112}- 

backward, {123}-forward, and {134}-forward case. In all snapshots, the z[111] axis 

is along the out-of-plane direction. Blue and white atoms are those in BCC and 

disordered local lattices, respectively. Red lines indicate {112} planes. 
roducing randomness at the atomic scale brings new length and 

nergy scales that affect dynamics of many defects (e.g., vacancies, 

islocations, intrinsic stacking faults, grain boundaries, and cracks), 

esulting in novel alloy properties [83] . 

The second finding points to the increased significance of edge 

islocations in plasticity of MoNbTi and a multiplicity of slip 

odes. The differences in the slip resistance anisotropy between 

oNbTi and pure metals indicate that novel dislocation dynamics 

an occur in the former. For example, since dislocations in MoNbTi 

an easily glide on high order crystallographic planes, strong inter- 

ctions among multiple slip systems are expected. The TEM study 

n MoNbTi mentioned above reported that the frequent planes on 

hich dislocations glide are {112}, {123}, and {134}, on which the 

ritical resolved shear stresses are, respectively, 455 MPa, 398 MPa, 

nd 235 MPa [25] . Interestingly, little to no dislocations were found 

n the {110} plane. These are corroborated by the present LSR 

alculations in that neither edge nor screw dislocation favors the 

110} plane. The same experiment also revealed that the disloca- 

ions gliding on higher order planes have a predominantly non- 

crew character, which is consistent with the reduced screw-to- 

dge ratio in slip resistance found in our simulations. Indeed, when 

on-screw dislocation glide governs plasticity, dislocations would 

e expected to predominantly glide on the two highest order 

lanes, {123} and {134}, which possess the lowest LSR values for 

dge dislocations ( Table 2 ). Note that the screw-to-edge ratios in 

lip resistance on these two types of planes are higher than those 

n the {112} plane in Mo and Nb ( Table 3 ), implying that the dis-

ocation motion in MoNbTi could occur via kink-pair motion, as in 

ure metals. This finding in MoNbTi also suggests that investiga- 

ion of the slip resistances or more generally dislocation dynam- 

cs in other BCC MPEAs need to go beyond the most often studied 

110} plane. 

. Conclusions 

In this work, we conduct MS simulations to calculate the LSR 

n equal-molar refractory MoNbTi MPEA, which has a BCC lattice. 

EM experiments on this MPEA provided evidence that disloca- 

ions can glide on higher order glide planes, {112}, {123}, and {134} 

lanes [25] . Here, LSR is defined as the critical stress for a short 

islocation line ( ≤ 1 nm) to glide by at least 1 nm, while remain-

ng straight and not moving by kink-pair formation. With dissim- 

lar atomic core structures, both edge and screw dislocations are 

onsidered. To quantify effects of chemical fluctuation and lattice 

istortion on slip resistances, the Peierls stresses of the same type 

f dislocations in Mo, Nb, and A -atom potential-based MoNbTi A are 

lso calculated. It is found that, due to the spatial variation in lo- 

al chemical composition in MoNbTi, the LSR values vary signifi- 

antly with the COVs ranging from 0.002 to 1.08 for the same dis- 

ocation on the same type of slip plane. The LSR values for the 

dge dislocations are, on average, two orders of magnitude higher 

han the Peierls stresses in MoNbTi A , which possesses the same 

ulk properties as MoNbTi but with no lattice distortion or chem- 

cal compositional fluctuation. Edge dislocations in MoNbTi tend 

o glide on the two highest order planes {123} and {134} than 

he more often studied {110} and {112} glide planes in pure BCC 

etals. For screw dislocations, however, the mean LSRs are only 

7–30% stronger than those in pure metals, leading to a substan- 

ially reduced screw-to-edge ratio in MoNbTi than in MoNbTi A . In 

ddition, the slip plane anisotropy in the LSR is much lower in 

oNbTi than that in the Peierls stress in pure metals. The strength- 

ning and lowering of screw-to-edge ratio in the LSR results from 

 synergistic effect involving both chemical compositional fluctua- 

ion and lattice distortion. All these are intimately related to the 

nusual dislocation dynamics and unique mechanical properties in 

CC MPEAs. 
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ppendix A. Instabilities in screw dislocation glide 

As discussed in Sec. 3.1 , the screw dislocation glide is unstable 

n {110}, {123}, and {134} planes in Mo, Nb, and MoNbTi A , and 

lso for the backward (i.e., anti-twinning) direction on the {112} 

lane in Nb. Analyses of the atomistic structures reveal that the 
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crew dislocation frequently cross slips onto non-parallel, alternat- 

ng {110} planes, resulting in an effectively composite glide on the 

112} plane, as shown in Fig. A.1 . The instability of a screw dislo-

ation gliding on an initially prescribed {110} plane has been re- 

orted in prior MS simulations in Nb [84] and Ta [13,85–87] . The 

ame frequent cross slip was reported in those work and was at- 

ributed to the incorrect screw dislocation core structures calcu- 

ated by those particular EAM potentials [87] . Some other EAM po- 

entials, however, have been able to calculate the Peierls stress for 

crew dislocations on the {110} plane in some BCC metals. For ex- 

mple, EAM-based MS simulations in Fe [38,88] and Mo [86] re- 

ealed stable glide of a screw dislocation on the {110} plane, en- 

bling calculation of those Peierls stresses. 
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