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ARTICLE INFO ABSTRACT

Keywords: The design and development of structural materials that can survive under the extreme conditions
Multi-principal element alloys of operation are critical to next generation aerospace and energy technologies. Selectively
Dislocations

Local slip resistances
Lattice distortion

designed multi-principal element alloys (MPEAs), which are solid solution phases with three or
more principal elements on simple underlying lattices, are expected to fulfill such requirements.

The combination of refractory metals with elements known for enhancing oxidation resistance,
high temperature strength, and thermal stability makes them ideal candidates for high temper-
ature applications. Due to their unique microstructures and chemical compositions, MPEAs may
exhibit excellent mechanical properties, such as high strengths at elevated temperatures and
improved hardnesses. Improving the mechanical properties of MPEAs requires knowledge of their
plastic deformation mechanisms, at the core of which is dislocation slip, which is intimately
connected to the local slip resistances (LSRs). In this work, atomistic calculations are conducted to
obtain LSRs of edge and screw dislocations on three slip planes — {110}, {112}, and {123} - in
four refractory MPEAs, CrMoNbTa, CrNbTaW, MoNbTaV, and MoNbTaW.The goal of this work is
to determine the LSR and the role that lattice distortion has. We find that the two MPEAs con-
taining Cr bear an increased lattice distortion and achieve the highest LSR values and lowest
anisotropy in LSR. It is also shown that the MPEAs possess much lower slip resistance anisotropy

than pure metals.

1. Introduction

The need for structural materials that can withstand extreme conditions, such as high temperatures, continue to push efforts for
designing and developing such materials. Conventional alloy families focus on utilizing one main constituent element with small
amounts of additional elements to enhance material properties. Unlike conventional alloys, multi-principal element alloys (MPEAs)
employ the approach of using multiple elements in equiatomic or near-equiatomic proportion. This concept was first proposed by Yeh
et al. (2004) and Cantor et al. (2004). These equiatomic alloys formed stable solid solutions, which was attributed to their high
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configurational entropies of mixing. Both studies found an absence of complex phases and microstructures, which encouraged the
further development of other MPEAs.

The theory of incorporating refractory metals into such alloys was later applied in Mo-Nb-Ta-W and Mo-Nb-Ta-V-W alloys (Senkov
et al., 2010). The idea was to create alloys suitable for use in applications that require high strength at high operating temperatures,
such as those in the aerospace and energy industries. The combination of high melting temperature and creep resistance, specifically in
the temperature range of 830-1830 °C, make refractory metals good candidate materials for high temperature applications (Wads-
worth et al., 1988). Senkov et al. (2011) produced two equiatomic alloy compositions (Mo2sNbosTazsWas and MoggNbogTaggVaoWag)
based on refractory elements. These MPEAs were found to have good plastic flow and compressive strain. The strength and resistance
to softening were attributed to a slow diffusion of elements at high temperatures and retention of a dendritic microstructure. The same
study also showed a promising compressive yield strength at elevated temperatures. When compared to Inconel 718 and Haynes 230,
both MPEAs had a normalized yield stress two to four times higher at 1000 °C. The encouraging results of these studies prompted
further exploration into the strength, specifically at elevated temperatures, of MPEAs using refractory elements. A comprehensive
review of mechanical data of these alloys can be found in the work of Couzinié et al. (2018).

The potential identified in the refractory group of alloys sparked further investigation into refractory MPEAs containing Mo, Nb, Ta,
V, and W. MoNbTaVW was fabricated through mechanical alloying and spark plasma sintering (Kang et al., 2018). Using this fabri-
cation process, the alloy was able to obtain a compressive yield strength of 2612 MPa at room temperature, nearly doubling that of the
same alloy fabricated through vacuum arc melting found by Senkov et al. (2011). This demonstrates the ability for the alloy properties
to be enhanced through processing and further proves the high strength potential this class of alloys may possess. Other variations of
this alloy family have been studied, for which the mechanical properties of the alloy obtained either a higher hardness or compressive
yield strength than the individual constituent elements (Zhang et al., 2015; Han et al., 2018; Xiao et al., 2019; Yao et al., 2016a;
Waseem et al., 2018). In MPEAs containing Cr (e.g., Cr,MoNbTaVW, CrMoNbTaV, and CrTaTi,VW), the mechanical properties were
enhanced due to the lattice distortion caused by Cr’s smaller atomic radius (Zhang et al., 2015; Xiao et al., 2019; Waseem et al., 2018).

One of the biggest drawbacks of using refractory metallic alloys is their poor high temperature oxidation resistance. MPEAs present
an opportunity to provide an improved oxidation resistance by way of high concentrations of alloying elements beneficial for oxidation
resistance. A major aspect of the work done on refractory MPEAs has revolved around combining elements with high melting points
known for having high temperature strength and thermal stability (e.g., Hf, Mo, Nb, Ta, W, and Zr) with elements beneficial for
oxidation resistance (e.g., Al, Cr, Ti, and Si) (Senkov et al., 2018). Of the 20 compiled refractory MPEA oxidation studies reported, 14
contained Cr, an essential element advantageous for improving oxidation behavior. Cr is commonly used in stainless steel and Ni-based
superalloys for its ability to form a passivating layer and its relatively low density. The importance of Cr can be seen in the refractory
MPEAs containing Al, Si, Ti, Nb, Mo, and Ta. An Al;7Si3TisCrpsNb;sMoyoTa; s alloy was evaluated at 1000 and 1100 °C for 200 h of
oxidation by Lo et al. (2019). This oxidation exposure time is significantly longer than other oxidation studies. It was reported that the
formation of CrTaO4 protected the alloy from catastrophic oxidation by hindering the outward diffusion of refractory elements. The
formation of other Cr-containing oxides (CrNbO4 and CryO3) demonstrated a positive effect on the oxidation behavior of both
Nb-based alloys and refractory MPEAs (Chan, 2004; Gorr et al., 2016).

The many encouraging results obtained from these studies emboldens the potential for further studies of these alloys. The difficulty
comes in processing and fabricating these alloys, as they can be time consuming and expensive. On the other hand, atomistic cal-
culations can provide insight into various alloy compositions and help predict the plastic deformation behavior. Numerical studies of
the plastic deformation behavior of MPEAs has shown exciting results that coincide with experiments (Smith et al., 2020; Fang et al.,
2019; Hua et al., 2021). Understanding the plastic deformation behavior requires knowledge of the dislocation movement through the
metal (George et al., 2019). In body-centered cubic (BCC) crystals, dislocation glide can occur on various planes under different
conditions and will usually be on the maximum resolved shear stress planes (Mitchell, 1968). The Peierls stress is a measure related to
dislocation glide in a pure metal, which is the resolved shear stress required to move a dislocation over at least one lattice site (Zhou
etal., 1994). In multicomponent alloy systems, the counterpart of the Peierls stress is the local slip resistance (LSR) (Wang et al., 2020).
In a CoCrFeNiMn alloy and its subsystems, the slip resistances calculated by a Peierls-Nabarro model were much larger than those in
typical face-centered cubic (FCC) pure metals (Liu et al., 2019). This indicated that the high yield strength of the alloys could be a
direct result of the increased slip resistance. Various atomistic simulations have been performed to understand the plastic deformation
behavior of both FCC and BCC MPEAs, many of which were discussed by Aitken et al. (2019) and Pei (2018). Recent experimental
studies on the plastic deformation behavior of MPEAs highlighted the significance of dislocations. The yield stresses of Al; CrFeCoNi
micropillars were shown to be insensitive to temperature changes, differing from pure metals and dilute alloys (Huang et. al, 2021).
The observed temperature insensitivity was attributed to the dynamic recrystallization involving dislocation tangles and formation of
dislocation cell structures. Further expansion of the effect of MPEA micropillars used a mixture of molecular dynamics simulations and
transmission electron microscopy (TEM) characterization to shed light on deformation mechanisms in these alloys. Both simulations
and TEM observations revealed that size effects on yield/flow stress and strain hardening were the result of dislocation mechanisms
(Zhang et al., 2021). This indicates that simulations may be a good starting point prior to experiments.

For the dislocation motion to occur, bonds must be broken and formed across the crystalline glide planes, which can be compared to
shearing two halves of a crystal across a plane (Hull and Bacon, 2011). The energy required to shear the plane is the generalized
stacking fault energy (GSFE) (Vitek, 1992; Vitek, 2011). The GSFE has been used as a baseline measure for designing MPEAs of various
chemical compositions (Mayahi, 2020). The addition of small amounts of Co (0.25 < x< 2) to AlCo,CrFeNi was found to enhance the
ductility and strength based on the evaluation of GSFE curves, as well as to provide insight into the surface energy values of different
slip planes. GSFE calculations are useful for studying the effect of different element concentrations and compositions and how they
affect the plastic deformation behavior (Su et al., 2019).
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By investigating the plastic deformation behavior of four refractory MPEA alloys using atomistic calculations, one purpose of this
study is to evaluate if a high strength, oxidation resistant element containing alloy is possible. Two MPEAs containing Cr, believed to
bear good oxidation resistance, CrMoNbTa and CrNbTaW, and two MPEAs known for enhanced strength and ductility (Senkov et al.,
2010), MoNbTaV and MoNbTaW, were analyzed. The goal is to further understand the plastic deformation mechanisms that may
contribute to these promising properties and evaluate if there are different combinations which have the potential to obtain better
properties. To understand the variations in local chemical composition, a common aspect of refractory MPEAs, the GSFE with shear
displacement over one lattice periodicity distance was calculated. The GSFE calculations were conducted on three main slip planes in
BCC crystals: {110}, {112}, and {123}. The LSR was also calculated for each of the four MPEAs on the same three slip planes. The LSR
is the critical resolved shear stress for the glide of a short dislocation by a short distance, employed recently in MoNbTi (Wang et al.,
2020; Xu et al., 2021). The mean and standard deviation of GSFE on each plane, and those of LSR for each dislocation type on each
plane, are compared across different slip planes and dislocations to understand the effects of variations on local chemical composition
and lattice distortion. One motivation for calculating both the GSFE and LSR was to derive the ideal shear strength, which provides
another measure of strength, from GSFE, and then compare the two measures of strength to see if there was a correlation. To provide
references, the GSFE and Peierls stresses were also calculated in six natural pure metals and four A-atom potential-based hypothetical
pure metals. Because there exists a dissimilar atomic core structure between edge and screw dislocations in BCC metals and alloys, LSR
and Peijerls stress calculations were performed for both. Results indicate that the MPEAs containing Cr have higher LSR values and
smaller slip resistance anisotropy, which can be attributed to their higher lattice distortion.

2. Materials and methods

LAMMPS (Plimpton, 1995) is used for all molecular statics (MS) simulations in this work. Embedded-atom method (EAM) po-
tentials are used to describe interatomic interactions in four MPEAs: CrMoNbTa, CrNbTaW, MoNbTaV, and MoNbTaW. The six
elemental potentials are: Cr (Lin et al., 2008), Mo (Zhou et al., 2004), Nb (Lin et al., 2013), Ta (Zhou et al., 2004), V (Ghafarollahi et al.,
2019), W (Zhou et al., 2004). They were validated against density functional theory (DFT) calculations by Xu et al. (2020a) and Xu
et al. (2022). Cross interactions between different elements are based on formulations of Johnson (1989) and Zhou et al. (2001). In
what follows, this type of interatomic potential is called the “alloy potential’’. All four alloy potentials were used to calculate the basic
structural parameters by Xu et al. (2022). Among the four alloy potentials, the one for MoNbTaW has been used by Maresca and Curtin
(2020) to study dislocations. Besides the alloy potential, we also used an A-atom potential, which provides a mean-field representation
of the MPEA by approximating the interactions among different elements as a weighted average (Varvenne et al., 2016). All four
A-atom potentials have been developed by Xu et al. (2022). While many advanced machine learning-based interatomic potentials are
being developed for BCC MPEAs (Byggmastar et al., 2021), they are usually two to three orders of magnitude slower than EAM po-
tentials (Zuo et al., 2020). Thus, they are not practical for a large number of calculations as required in this paper.

To assess the accuracy of all those potentials, we compare the lattice parameter ap and three elastic constants Ci1, C12, and Cy4 for
the four MPEAs against those based on DFT. All MS data have been presented by Xu et al. (2022), who also used DFT to calculate the
basic structural parameters in the two Cr-containing MPEAs. The structural parameters of one of the two remaining MPEAs, MoN-
bTaW, have been calculated by DFT (Li et al., 2020a). Thus, we only need to calculate ag, C;1, C12, and C44 in MoNbTaV by DFT in this
paper. To this purpose, a special quasi-random structure (SQS) (Zunger et al., 1990) was built via ATAT (Van De Walle et al., 2013).
Then, following Xu et al. (2022), ap was calculated via the relaxation method, while Cy;, C12, and Cs4 were obtained via the
stress-strain method.

Next, we calculate the GSFE curves and LSR in the four MPEASs. For these calculations, SQS were not used. Instead, for each MPEA, a
single crystal containing the same type of atoms is built, based on the corresponding lattice parameter of each MPEA. Then, using the
“set type/ratio” command in LAMMPS, one quarter of all atoms are randomly replaced with another type of atoms, before another
third of remaining atoms are replaced with the third type of atoms, and so on. Eventually, the simulation cell consists of four types of
atoms of equal amount. 20 sets of random number seeds are used to produce 20 different atomic structures. Note that even for the same
MPEA, simulation cells are separately built for GSFE curves and LSR calculations. The cells for the former are much smaller than those
for the latter. The relationship between GSFE and LSR in the same MPEA has been studied by Xu et al. (2021) and will not be
investigated here. Our focus in this paper is on comparing the ideal shear stress (derived from GSFE) with LSR across different MPEAs.
For the large simulation cells used for LSR calculations, we conduct bond analyses using the cells prior to the insertion of the dislo-
cation and found that the bond length follows a Gaussian distribution in all four MPEAs, as summarized in the Appendix. This finding
agrees with those in FCC CoCrCuFeNi (Liu and Wei, 2017) and BCC AlCoCrFeNi MPEAs (Zhang et al., 2021).

Relaxed GSFE curves along the <111> direction on {110}, {112}, and {123} planes were calculated. 41 GSFE values were obtained
along each curve, and 20 curves are obtained for each plane type in each MPEA. The cross-sectional areas sampled differed for each
MPEA and plane assessed, with the smallest areas on the {112} plane and the largest on the {123} plane. Two key properties of each
GSFE curves were calculated, including the unstable stacking fault energy (USFE), yysf, and the ideal shear strength, Tjs (Kumar et al.,
2020). Readers are referred to Xu et al. (2020a) for more details on simulation cells and calculation method. All input files used in GSFE
calculations using alloy potentials for the four MPEAs can be found in this GitHub repository: https://github.com/shuozhixu/
FLAMZ2020-GSFE. To provide references, GSFE curves in Cr and V using elemental potentials and in four MPEAs using A-atom po-
tentials are calculated. Note that the GSFE curves in Mo and Nb (Xu et al., 2020a) and Ta and W (Wang et al., 2021) were already
calculated in the literature using the same elemental potentials as employed here.

The LSR of edge and screw dislocations on the {110}, {112}, and {123} planes were calculated at O K. Based on a random atomic
structure, a single dislocation of edge or screw character is inserted by applying the corresponding elastic displacement fields to all
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Table 1
Lattice parameter and elastic constants for pure metals including both MS and experimental values.
Method a (A) Cy1 (GPa) C5 (GPa) C44 (GPa) Ac
Cr MS (Xu et al., 2022) 2.881 398.03 93.45 103.56 0.68
Exp (Warlimont and Martienssen, 2018) 2.885 348 67 100 0.71
Mo MS (Xu et al., 2020a) 3.135 458.76 167.84 114.32 0.79
Exp (Warlimont and Martienssen, 2018) 3.147 465 163 109 0.72
Nb MS (Xu et al., 2020a) 3.3 263.56 125.28 35.03 0.51
Exp (Warlimont and Martienssen, 2018) 3.301 245 132 28.4 0.5
Ta MS (Xu et al., 2022) 3.303 262.59 157.74 82.33 1.57
Exp (Warlimont and Martienssen, 2018) 3.303 264 158 82.6 1.56
\Y MS (Xu et al., 2022) 3.026 263.93 120.19 38.37 0.53
Exp (Warlimont and Martienssen, 2018) 3.024 230 120 43.1 0.78
w MS (Xu et al., 2022) 3.165 522.54 204.22 160.76 1.01
Exp (Warlimont and Martienssen, 2018) 3.165 523 203 160 1

Table 2
Lattice parameter and elastic constants of MPEAs calculated through MS and DFT and experimental values (when available). Spin-polarization is not
considered in any DFT calculations. Subscripts A and V denote results from A-atom potentials and simple rule of mixtures, respectively.

Method a0 (A) C11 (GPa) Cy2 (GPa) Cu4 (GPa) Ac
CrMoNbTa MS (Xu et al., 2022) 3.171 320.33 144.34 68.68 0.78
MS4 (Xu et al., 2022) 3.175 262.11 111.36 54.28 0.72
MSy (Xu et al., 2022) 3.16 330.50 130.00 80.00 0.80
DFT (Xu et al., 2022) 3.179 333.89 145.19 58.69 0.62
CrNbTaWw MS (Xu et al., 2022) 3.179 333.18 161.81 82.03 0.96
MS4 (Xu et al., 2022) 3.188 277.43 127.31 64.21 0.86
MSy (Xu et al., 2022) 3.16 345.00 140.00 92.75 0.90
DFT (Xu et al., 2022) 3.189 332.1 161.93 60.2 0.71
MoNbTaV MS (Xu et al., 2022) 3.206 263.72 144.15 66.43 1.11
MS4 (Xu et al., 2022) 3.204 263.32 144.69 68.91 1.16
MSy (Xu et al., 2022) 3.19 301.00 143.25 65.78 0.83
DFT 3.211 282.56 153.47 33.07 0.51
Exp (Yao et al., 2016b) 3.208 - - - -
MoNbTaW MS (Xu et al., 2022) 3.221 351.55 172.27 92.18 1.03
MS4 (Xu et al., 2022) 3.221 351.91 174.13 95.79 1.08
MSy (Xu et al., 2022) 3.23 374.25 164.00 95.00 0.90
DFT (Li et al., 2020a) 3.242 377 160 69 0.64
Exp (Senkov et al., 2010) 3.2134 - - - -

atoms. By assigning appropriate boundary conditions, we had periodic array of dislocations models. Then a shear strain that was
incrementally (10~° per step for screw and 10> per step for edge) increased was applied to each model until the dislocation moved by
at least 1 nm. For each dislocation on each plane in each MPEA, a set of 20 LSR values was obtained. For each set, the mean, standard
deviation, and coefficient of variation (COV), the last of which is the ratio of the standard deviation to the mean value, are then
determined. Readers are referred to Xu et al. (2021) for more details on simulation cells and calculation method. All input files used in
LSR calculations for the four MPEAs using alloy potentials can be found in this GitHub repository: https://github.com/shuozhixu/
FLAM2020-LSR. To provide references, Peierls stresses in four pure BCC metals (Cr, Ta, V, and W) using elemental potentials and
in four MPEAs using A-atom potentials are calculated. Note that the Peierls stresses in Mo and Nb were already calculated by Xu et al.
(2021). All input files used in Peierls stress calculations can be found in this GitHub repository: https://github.com/shuozhixu/
FLAM2020-PS.

We note that the effects of chemical ordering on dislocations in some BCC MPEAs (including MoNbTaW) have been studied via
atomistic simulations in the literature (Antillon et al., 2021; Zhao et al., 2021; Yin et al., 2021; Mishra et al., 2021). Therefore, we are
not studying them in this paper.

3. Results
3.1. Lattice parameter and elastic constants

Table 1 provides the lattice parameters, ay, elastic constants C11, C12, and Ca4, and the Zener ratios, calculated by MS for the six pure
metals. Table 2 provides the same quantities for the four MPEAs based on the alloy potentials, as well as those based on the A-atom
potentials and simple rule of mixtures. As mentioned, the basic structural parameters in CrMoNbTa and CrNbTaW based on MS were
already compared against DFT by Xu et al. (2022). For MoNbTaV and MoNbTaW MPEAs, the calculated lattice parameters are
consistent with the available experimental values for the alloys. In all MPEAs, the values calculated using the A-atom potentials and
simple rule of mixtures are in good agreement with the alloy potential, DFT, and experimental values (when available). In the two
Cr-containing MPEAs, the A-atom potential-based elastic constants are lower than those based on the alloy potentials. In MoNbTaW
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Fig. 1. GSFE curves of four MPEAs on (a) {110}, (b) {112}, and (c) {123} planes based on MS simulations using the alloy and A-atom potentials
(subscript “A”).

and MoNbTaV, elastic constants using the A-atom and alloy potentials are similar. The differences in basic structural parameters
between A-atom and alloy potentials were recently found to scale positively with the lattice distortion (Xu et al., 2022).

The Zener ratio, A, is applied as a measure of the cubic elastic anisotropy, in which a value of unity represents ideal isotropy. Three
of the MPEAs are nearly isotropic (AMONPTAW— 1 03, AMONPTaV_ 7 77 A CNPTaW_ 0 96) and one is elastically anisotropic
(A SMoNbTa_ g 7y according to the alloy potentials. Results based on the simple rule of mixtures are similar but are slightly deflated in
MoNbTaV and MoNbTaW. DFT calculations predict lower values of A, and all four MPEAs are considered anisotropic.

3.2. Generalized stacking fault energy

The GSFE curves on all three slip planes in four MPEAs are presented in Fig. 1. The calculations span displacements over one
periodicity distance along the z <111> direction, which is the Burgers vector magnitude of a full dislocation, b. The GSFE curves based
on both alloy and A-atom potentials are shown.

The GSFE curves all reach a single peak value within the periodic length b. This peak value is generally termed the USFE, v, and
therefore there are no local minimum or metastable states. Pure BCC metals exhibit GSFE curves with this particular characteristic as
well (Xu et al., 2020a, 2020b; Wang et al., 2021).

The GSFE curves based on the alloy potentials exhibit a slight deviation from those based on the A-atom potentials, indicating an
MPE effect that is the variation caused by the natural mixture of elements. As a result, even on the {110} plane, for which the pure
metals’ GSFE curves are symmetric, the USFE does not occur at a half lattice shift (b/2) in most MPEAs. This suggests that a single GSFE
calculation at b/2 may not provide an accurate USFE. This is related to the variation in local atomic arrangement in which the MPEA
curve is sampled and suggests anisotropy in resistance to dislocation glide (Xu et al., 2020a).
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Fig. 2. Mean USFE values of four MPEAs in three slip planes. For the alloy potentials, standard deviation and COV are also presented.

Table 3
USFE values (in mJ/m?) of pure metals from both MS and DFT calculations. For Cr, DFT results without spin-polarization are presented.
Method {110} {112} {123}
Cr MS 1096 1265 1243
DFT (Xu et al., 2020b) 1565 1608 1628
Mo MS (Xu et al., 2020a) 1458 1689 1658
DFT (Xu et al., 2020b) 1443 1465 1481
Nb MS (Xu et al., 2020a) 605 697 685
DFT (Xu et al., 2020b) 677 769 767
Ta MS (Wang et al., 2021) 751 868 852
DFT (Xu et al., 2020b) 724 838 832
\Y% MS 581 669 657
DFT (Xu et al., 2020b) 701 816 792
w MS (Wang et al., 2021) 1740 2011 1976
DFT (Xu et al., 2020b) 1773 1846 1854

Results of the mean USFE values are summarized in Fig. 2. On all three planes, CrNbTaW obtains the highest average USFE value,
with the highest being in the {112} plane. Specifically, the following order

MoNbTaV MoNbTaW CrMoNbTa CrNbTaW
Vust < Yust < Vust < Vust

holds on all three planes. For reference, the USFE values of the pure metals are listed in Table 3. The USFE values of the pure metals on
all three slip planes follow the order

AY Nb Ta C W
Vst < Vusf < J/u:f < J/u:f < J,Ilz/i(f’ < Vust

It is shown that y" is approximately 300 mJ/m? higher than y,,'° on all three slip planes considered. As a result, the presence of
W in CrNbTaW, as opposed to Mo in CrMoNbTa, can possibly explain the former’s higher y,s. The same explanation can be applied to
the difference between the MoNbTaW and MoNbTaV MPEAs and that between the CrMoNbTa and MoNbTaV MPEAs. Since yusfv is the
lowest among all pure metals, it is expected to contribute to a lower overall value in the MPEAs. Of the three planes studied for all pure
metals and the four MPEAs, the {112} plane consistently attains the highest USFE value. Taken together, the highest USFE value was
obtained by CrNbTaW on the {112} plane.

It may be expected that the combination of Mo and W would always yield an MPEA with the highest y,sf value; however, this is not
the case. As shown in Fig. 2, the simple rule of mixtures estimation for yquM"NbTaW on the {110} plane is 1139 mJ/m?, while the

estimation of us™NPT and v, “™PTaW are 978 and 1048 mJ/m?, respectively. However, based on the alloy potentials, the mean

YustoMONPT and v, NPT values on the {110} plane are respectively 76 and 166 mJ/m? higher than the mean y,ef"*N?T@W, These
indicate that yusf cannot solely be considered on the basis of constituent elements and their proportions, and so an estimation of ysf
using a simple rule of mixtures may not be accurate. Results based on the A-atom potentials are also included in Fig. 2. They are in close
agreement with those based on alloy potentials, indicating that calculations using A-atom potentials may provide more accurate es-
timates of yusf than the simple rule of mixtures.

The variation among curves of the same plane type in the same MPEA is due to the variation in local chemical composition.
Depending on the random atomic arrangement that was surveyed, peak values may have occurred at large ranges of values causing a
large COV in USFE. The COV for each plane in each MPEA is presented in Fig. 2. The variation is related to the size of the sampled area
(Zhao et al., 2019a). The smallest cross-sectional area used was in the {112} plane, approximately 12 A2, while the {123} plane had the
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Fig. 3. Mean ideal shear strength (ISS) values of four MPEAs in three slip planes. For the alloy potentials, standard deviation and COV are

also presented.

Table 4

Ideal shear strength values (in GPa) of the reference pure metals based on both MS and DFT calculations. For Cr, DFT results without spin-polarization

are presented.

Method {110} {112} {123}
Cr MS 13.3 15.3 15.1
DFT (Xu et al., 2020b) 20.8 26.1 24.65
Mo MS (Xu et al., 2020a) 33.1 58.4 19.3
DFT (Xu et al., 2020b) 17.7 21.7 20.4
Nb MS (Xu et al., 2020a) 141 24.5 8.1
DFT (Xu et al., 2020b) 7.5 9.9 8.9
Ta MS (Wang et al., 2021) 8.7 10.1 9.9
DFT (Xu et al., 2020b) 7.8 11.4 10
\% MS 6.2 7.2 7.1
DFT (Xu et al., 2020b) 8.3 10.8 9.7
W MS (Wang et al., 2021) 15.6 18.4 18.1
DFT (Xu et al., 2020b) 21 26.5 25

largest cross-sectional area, approximately 58 A. The increase in the cross-sectional area leads to a lower COV, hence the lowest COV
value on the {123} plane and the highest COV on the {112} plane. The Cr-containing MPEAs have not only higher overall USFE values,
but also higher standard deviations and higher COV. The COV exhibits the MPE effect, which may be also related to the presence of Cr
that causes increased lattice distortion.

The ideal shear strength (7js) is calculated as the maximum value of the gradient of the GSFE curve. Fig. 3 shows the mean values of
Tis, as well as the standard deviation and COV. For reference, the Tjs values in the six pure metals are presented in Table 4. Like the
USFE, CrNbTaW achieves the highest value on all three planes, with the highest value on the {112} plane. The order also follows the
same as seen in the USFE,

Vv . 5 )
T}l\!uNde < Til:/luNbT‘lW < Ti(SeroNde < TiSrNdeW

A larger standard deviation is associated with a higher Tjs value. The large variation is once again related to a difference in local
chemical composition and atomic arrangement due to the different crystallographic planes that may be sampled. For comparison, the
values for the A-atom potential and estimation using simple rule of mixtures are included. Similar to the USFE, results based on the A-
atom potentials are close to those based on the alloy potentials, indicating that the former provide a relatively accurate representation
of Tjs. Unlike the A-atom potential, the simple rule of mixtures largely overestimates 7j; The largest difference was seen in the {110}
and {112} planes in the three MPEAs containing Mo. This difference is most likely due to the high Tjs values obtained in both planes for
Mo, which inflate the simple rule of mixtures calculation. This indicates that the values for pure metals used to calculate Tj; must be
accurate or the simple rule of mixtures will not be a reliable model. Note that the simple rule of mixtures-based 7;s for the MPEA that
does not contain Mo, i.e., CrNbTaW, are also overestimated, albeit by a lesser amount, on the {110} and {112} planes.

3.3. Local slip resistance

3.3.1. Peierls stresses in pure metals and A-atom potential-based MPEAs
The Peierls stresses of both screw and edge dislocations in pure metals and MPEAs using the A-atom potentials on three planes —
{110}, {112}, and {123} — are presented in Table 5. Values for the Peierls stress were all calculable for edge dislocations; however,
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Table 5
Peierls stresses or LSR, in units of MPa, of (a) pure metals, (b) MPEAs based on simple rule of mixtures estimation, (c) MPEAs based on A-atom
potentials, and (d) MPEAs based on alloy potentials.

(a) Peierls stresses in six pure meatls

Plane Dislocation Cr Mo (Xu et al., 2021) Nb (Xu et al., 2021) Ta \% w
{110} Edge 102 50 6 13 9 55
Screw 3631 - - - - -
{112} Edge 900 533 118 276 119 411
Screw - 2496 859 2137 817 3427
{123} Edge 245 160 12 30 10 86
Screw - - - - - -
(b) Simple rule of mixtures estimation of the LSR in MPEAs using the reference pure metals Peierls stresses
Plane Dislocation CrMoNbTay  CrNbTaWy MoNbTaWy, MoNbTaVy
{110} Edge 43 44 31 20
Screw - - - -
{112} Edge 457 426 335 262
Screw - - 2230 1577
{123} Edge 112 93 72 53
Screw - - - -
(c) Peierls stresses in four MPEAs using the A-atom potentials
Plane{110} Dislocation =~ CrMoNbTay, CrNbTaW, MoNbTaW 4 MoNbTaV4
Edge 4.45 4.74 4.09 4.18
Screw - - - -
{112} Edge 41.9 5.65 84.15 9.005
Screw 795.9 810.3 1158.4 335.76
{123} Edge 3.168 3.47 5.25 2.95
Screw - - - -

(d) Mean LSR values in four MPEAs using the alloy potentials. Note, there is no standard deviation for the MoNbTaW screw dislocation on the {110} plane as there
was only one calculable result.

Plane Dislocation CrMoNbTa CrNbTaW MoNbTaW MoNbTaV
Mean Std. Dev. Mean Std. Dev.  Mean  Std. Dev. = Mean  Std. Dev.

{110} Edge 2003 1046 2183 937 912 402 1011 465
Screw 2009 718 2619 405 1391 - 1274 202

{112} Edge 1916 710 2115 882 1566 468 1188 364
Screw 2405 620 2007 777 1421 553 1281 541

{123} Edge 2011 525 2079 764 912 409 676 335
Screw 2050 829 1822 856 1789 584 1130 269

many cases were incalculable for screw dislocations. An incalculable Peierls stress or incalculable LSR refers to when the screw
dislocation is unstable and cross-slips and hence the critical stress for the habit plane cannot be calculated. Discussions of incalculable
screw dislocation Peierls stresses and LSR have been presented by Xu et al. (2021). Among all screw dislocations, on the {110} plane
only the Peierls stress in Cr was calculable, while the Peierls stresses in all pure metals but Cr were calculable on the {112} plane. There
were no calculable screw Peierls stresses on the {123} plane for any pure metals. On all three planes, Cr has the highest Peierls stress
among the six pure metals considered. With the A-atom potentials, none of the screw dislocation Peierls stresses in the {110} or {123}
planes was calculable, while all were calculable in the {112} plane. All edge dislocations on all planes were once again calculable. The
calculated values on the {110} plane for the edge dislocations were all similar, ranging from 4.09 MPa for MoNbTaW,4 to 4.74 MPa for
CrNbTaW,. However, this is not the case for either {112} or {123} plane, on which MoNbTaW, obtains the highest Peierls stress for
edge dislocations.

3.3.2. LSR values: mean and distribution

The mean and standard deviation of the 20 calculated LSR values for the MPEAs are presented in Table 5, where estimations of LSR
in the MPEAs following the simple rule of mixtures are also included. Among all mean LSR, CrNbTaW had the highest value of 2619
MPa on the {110} plane for the screw dislocation. This could not be compared to the Peierls stress of CrNbTaW, or the simple rule of
mixtures-based value, as both were incalculable. In all cases, the mean LSR value was higher for the same MPEA than the corre-
sponding Peierls stress using the A-atom potential. For both edge and screw dislocations on all planes, the Cr-containing MPEAs had a
higher mean LSR value than those without Cr. A higher mean LSR in the MPEAs containing Cr can be attributed to two factors: (1) a
higher lattice distortion and (2) Cr among all six pure metals has the highest Peierls stress. The effect of the lattice distortion will be
discussed in Section 3.4.

On the three identified planes, the Peierls stress in Cr is nearly double the amount of the next closest value (either Mo or W) in edge
dislocations. In all the edge dislocation calculations, the LSR values obtained following simple rule of mixtures were much lower than
those based on the alloy potentials but seem better than the results obtained from the A-atom potentials. This comparison indicates that
estimating the LSR of MPEAs via the simple rule of mixtures or A-atom potentials is not an accurate representation of the minimum
resolved shear stress required to move a short dislocation.

Fig. 4 shows the distribution of LSR values on all planes, {110}, {112}, and {123}, for both edge and screw dislocations. On the
{110} plane for edge dislocations, the Cr-containing MPEAs have a large variation across the distribution. CrMoNbTa has a range of
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Fig. 4. Distribution of the LSR in the four MPEAs for (a) edge dislocations on the {110} plane, (b) screw dislocations on the {110} plane, (c) edge
dislocations on the {112} plane, (d) screw dislocations on the {112} plane, (e) edge dislocations on the {123} plane, and (f) screw dislocations on
the {123} plane.

3444 MPa and CrNbTaW has a range of 3366 MPa, while MoNbTaW and MoNbTaV have ranges of 1353 MPa and 1651 MPa,
respectively. Unlike the edge dislocation, the LSR of many screw dislocations were incalculable. CrNbTaW had the most calculable
results among the four MPEAs with 8 out of 20 results. The MoNbTaW MPEA had the least number of calculable results with only 1 out
of 20, while both CrMoNbTa and MoNbTaV had 3 out of 20.

Like the {110} plane for edge dislocations, the Cr-containing MPEAs have a larger distribution for the edge dislocations, ranging
from 398 to 3286 MPa for CrMoNbTa and 332 to 3302 MPa for CrNbTaW in the {112} plane. Despite a large variation, the mean LSR
values of the Cr-containing MPEAs are higher. CrMoNbTa has 10 out of the 20 results and CrNbTaW has 11 out of 20 results above 2000
MPa. MoNbTaW has only 5 out of the 20 LSR values above 2000 MPa, while MoNbTaV has none. For the same MPEA, the screw
dislocations in the {112} plane had a larger number of calculable LSR than those in the {110} plane. Once again, the Cr-containing
MPEAs have a larger standard deviation and also higher values of mean LSR compared to those without Cr.

On the {123} plane, the mean and distribution of LSR are similar to those in the {110} and {112} planes. CrMoNbTa and CrNbTaW
vary over a large range but have more counts above 2000 MPa. MoNbTaW has only one count above 2000 MPa while MoNbTaV does
not have any. For the screw dislocations in the {123} plane, the results were calculable for approximately half of the time among all
MPEAs.

3.3.3. Slip resistance anisotropy

Understanding the plastic anisotropy in BCC metals has proved significant since its mechanism is not as well understood as it is in
FCC metals . Xu et al. (2021) proposed two measures of slip resistance anisotropy in MoNbTi. Wang et al. (2021) then applied them to
four BCC pure metals. One measure is based on the Peierls stress or LSR among different slip planes. When considering the ranking of
the Peierls stress in pure metals, all six elements follow the order cp{llo} < cp{123} < cp{llz}. Dislocation glide has been considered and
experimentally studied most frequently on the {110} plane, described as an elementary slip plane (Srivastava et al., 2013; Lim et al.,
2013). The findings in pure metals match previous studies that dislocation glide occurs the easiest on the {110} plane. When
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Fig. 4. (continued).
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Table 6
Slip resistance anisotropy in MPEAs and pure metals for edge or screw dislocations.

(a) Four MPEAs based on alloy potentials across all three planes for each dislocation type.

CrMoNbTa CrNbTaw MoNbTaV MoNbTaw
Edge 0.027 0.025 0.279 0.346
Screw 0.101 0.196 0.069 0.145
(b) Four MPEAs based on A-atom potentials across all planes for the edge dislocation.
CrMoNbTa, CrNbTaW, MoNbTaV, MoNbTaW,
Edge 2.622 0.242 0.666 3.768
(c) Six pure metals across all planes for the edge dislocation.
Cr Mo Nb Ta v w
Edge 1.507 1.561 3.088 3.094 2.868 1.580

Table 7
Screw-to-edge ratios in Peierls stresses or LSR in (a) pure metals, (b) MPEAs with A-atom potentials, and (c) MPEAs with alloy potentials.

(a) Peierls stresses in pure metals

Plane Cr Mo Nb Ta A w
{110} 35.6 - - - - -
{112} - 4.68 7.28 7.74 6.87 8.34
{123} - - -

(b) Peierls stresses in A-atom potential-based MPEAs.

Plane CrMoNbTay, CrNbTaW, MoNbTaW, MoNbTaV,

{110} - - - -

{112} 19.0 143.4 13.8 37.3

{123} - - - -

(c) LSR in alloy potential-based MPEAs.

Plane CrMoNbTa CrNbTaWw MoNbTaW MoNbTaV

{110} 1.003 1.200 1.526 1.260

{112} 1.255 0.949 0.908 1.078

{123} 1.019 0.876 1.961 1.671

considering the mean LSR values of edge dislocations of the MPEAs, this ranking no longer matches. The results indicate that glide
occurs the easiest on the {112} plane and hardest on the {123} plane in CrMoNbTa. In contrast, glide is the easiest on the {123} plane
and most difficult on the {110} plane in CrNbTaW. Such findings differ from the pure metal behavior. Though the rankings differ, the
ranges of the mean values among different planes are very small, 95 MPa and 104 MPa, respectively in the two alloys for the edge
dislocations. This suggests that slips may occur on any of the three planes and could depend on the local chemical environment.
MoNbTaW matches the pure metal behavior in that the slip is easiest on the {110} plane and most difficult on the {112} plane based on
the mean LSR values. Similarly, glide is the hardest on the {112} plane in MoNbTaV, while it is the easiest on the {123} plane. In
MoNbTaW, the glide is equally probable on the {110} and {123} planes, since both mean LSR for the edge dislocation are 912 MPa;
however, the difference in mean values between the {110} and {123} planes of MoNbTaV is much larger: 512 MPa. The ranges of mean
values of MoNbTaW and MoNbTaV are 654 and 512 MPa respectively. This shows that slip is significantly more difficult on the {112}
plane for these two MPEAs. To quantify the slip resistance anisotropy among different slip planes, we calculated the COV in Peierls
stresses and LSR among the three planes for edge and screw dislocations, respectively. Results are summarized in Table 6. It is shown
that the slip resistance anisotropy is the highest for edge dislocations in MoNbTaW with a value of 0.346, and the anisotropy in
MoNbTaV is similar at 0.279. The two Cr-containing MPEAs have much lower anisotropy for edge dislocations at 0.027 and 0.025
respectively. This behavior does not follow suit for the screw dislocations, as CrNbTaW has the highest slip resistance anisotropy of
0.196 while MoNbTaV possesses the lowest value at 0.069. Overall, in the MPEAs, the two Cr-containing ones, which have larger
lattice distortion, have smaller slip resistance anisotropy than the other two MPEAs. The MPEAs’ anisotropy is much smaller than those
in A-atom potential-based MPEAs and pure metals, which are also presented in Table 6.

Another measure of the slip resistance anisotropy is the screw-to-edge ratio on the same slip plane. Table 7 reports these ratios in
pure metals, A-atom potential-based MPEAs, and alloy potential-based MPEAs. Since the Peierls stresses or LSR of some screw dis-
locations were incalculable, not all ratios could be determined. Our results indicate a significantly decreased ratio in the MPEAs than in
the pure metals. On the {110} plane, only Cr can be compared, as the rest of the screw dislocations of the pure metals were unstable.
The ratios of the MPEAs are much lower at 1.003 and 1.2 respectively for CrMoNbTa and CrNbTaW, compared to the much larger value
of 35.6 for Cr. On the {112} plane, the ratio for every pure metal except Cr could be determined. The ratios of the MPEAs range from
0.908 to 1.255 which are approximately four to eight times less than the values for pure metals. None of the pure metals could be
compared on the {123} plane, as none of the screw dislocations Peierls stresses were calculable. The A-atom potential-based ratios
could only be determined on the {112} plane and, when compared to the alloy potential-based MPEAs, they are much higher.

11
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Fig. 5. Mean local slip resistance (in MPa) versus the ideal shear strength (in GPa) for (a) edge and (b) screw dislocations in four MPEAs.

Table 8
Lattice distortion & values of the four MPEAs.
CrMoNbTa CrNbTaW MoNbTaV MoNbTaW
) 0.0545 0.0543 0.0367 0.0237

CrMoNbTa has the lowest ratio on the {110} plane, however, all are relatively similar, with a range of only 0.252. CrNbTaW differs, in
that the {123} plane contains the lowest ratio, however, the range is still not large, only 0.324. Both MoNbTaV and MoNbTaW have the
lowest ratios on the {112} plane, being 0.908 and 1.079 respectively. While these have low values, they do have a larger range on the
three planes of 0.593 and 1.053. Low screw-to-edge ratios in LSR have previously been reported (Xu et al., 2021), but only in one
MPEA: MoNbTi. Here, our results show that the screw-to-edge ratios in LSR are generally lower in MPEAs with higher lattice distortion.
In MoNbTaW, which has the lowest lattice distortion among the four MPEAs, previous atomistic simulations found that the
edge-to-screw ratio in mobility on the {110} plane is as high as 20 at 300 K (Yin et al., 2021) and the dislocation loop expansion left no
debris behind, unlike other BCC MPEAs with larger lattice distortion (Chen et al., 2020).

3.3.5. Correlation between the ideal shear strength and the mean LSR

As previously mentioned, the motivation for calculating both the GSFE curves and the LSR values was to compare the ideal shear
strength, obtained from the GSFE curve, with the LSR. Fig. 5 presents the ideal shear strength on each plane versus the mean LSR value
for both edge and screw dislocations. The correlation between the ideal shear strength and the LSR is generally positive. The {112}
plane generally obtains a higher ideal shear strength and LSR for edge dislocations. The {110} and {123} planes obtained similar
values with respect to each other. For the screw dislocations, the {110} plane had the strongest positive correlation, followed by the
{112} plane.

3.4. Lattice distortion

The effect of local lattice distortion induced by the atomic size mismatch is one of the four core effects of MPEAs that contribute to
their superior mechanical properties (Yeh, 2015). The energy caused by the lattice distortion in combination with the high configu-
rational entropy of mixing may significantly contribute to the thermodynamic stability of these alloys. In any alloy potential-based
MPEAs, lattice distortion was naturally introduced following energy minimization. To quantify the lattice distortion, we calculated
the atomic size mismatch by

5=100/>" e(1-%) e)

where7 = Y I, cir; with ¢; and r; being the atomic percentage and atomic radius of element i, respectively (Song et al., 2017). Here, the
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atomic percentage for each component is 25% and the atomic radii can be derived from the lattice parameters of the six pure metals
(Table 1). Note that there is no lattice distortion in any pure metals or in any A-atom potential-based MPEAs. Table 8 shows the lattice
distortion in the four MPEAs calculated from Eq. (1). Of the six elements used, Cr has the smallest atomic radius and is considerably
lower than those of Nb and Ta. Thus, the Cr-containing MPEAs had a higher mismatch estimation than those without Cr, as found by
Xuetal., (2022). In MPEAs, the lattice disortion is believed to be a significant contribution to their strengths (Lee et al., 2020; Oh et al.,
2021; Li et al., 2020b; Roy et al., 2021; Kim et al., 2021a; Kim et al., 2021b; Zhao et al., 2019b; Zhao and Nieh, 2017). Lattice distortion
has also been shown to be influential on the dislocation behavior in MPEAs (Li et al., 2020c), where local stress fields are created,
causing a dislocation line to bend and thus enhancing glide resistance.

When comparing two MPEAs, there are usually two differences: chemical compositions and lattice distortion. Both factors might
contribute to the mechanical properties such as strength. To understand which of the factors may play a more significant role, the
quotient of the LSR by the simple rule of mixtures estimation was calculated, noted as the normalized LSR, which was plotted with
respect to the lattice distortion in Fig. 6(a). Similar plots are presented for the normalized USFE and normalized ideal shear strength,
respectively, in Fig. 6(b) and Fig. 6(c). Since not all values of the simple rule of mixtures were calculable for the screw dislocations, only
the edge dislocations were considered here. On the {110} plane, the normalized LSR in MoNbTaW is higher than both Cr-containing
MPEAs. This result shows that lattice distortion effects are not the primary factor for strengthening on this plane. On the {112} and
{123} planes, the normalized LSR in the Cr-containing MPEAs is either similar or slightly higher than those in MPEAs without Cr,
suggesting that the lattice distortion serves as the primary strengthening effect. In the meantime, the normalized USFE and normalized
ideal shear strength positively correlate with the lattice distortion on the {110} and {123} planes, but not on the {112} planes. Taken
together, our results suggest that whether the chemical composition or lattice distortion plays a more important role in strengthening
differs among different slip planes.

4. Discussion

In this work, the effects of lattice distortion and chemical composition were studied to understand their role on slip resistances in
four refractory MPEAs. An increase in strength compared with pure metals has been experimentally studied in several refractory
MPEAs (Senkov et al., 2010; Kang et al., 2018; Zhang et al., 2015; Han et al., 2018; Yao et al., 2016a; Waseem et al., 2018). In these
studies, the increased strength was attributed to a solid solution strengthening effect or a lattice distortion effect. Both MoNbTaV and
MoNbTaW have been examined experimentally. In MoNbTaW, Han et al. (2018) found that the compressive yield strength was 996
MPa at room temperature, while Senkov et al. (2011) determined the value to be 1058 MPa, both of which were polycrystalline
materials. In MoNbTaV, Yao et al., (2016b) showed that the compressive yield strength was 1525 MPa. These differ from the result
obtained in the current study, where MoNbTaW has a higher LSR than MoNbTaV.

The GSFE and LSR calculations provide similar results in terms of which MPEA may perform better mechanically. Both calculations
indicated that the Cr-containing MPEAs are superior to those without Cr. This result is attributed to the lattice distortion effect due to
the small atomic size of Cr relative to the other elements. This was shown to be the predominant factor according to the edge dis-
locations on the {112} and {123} planes, however not on the {110} plane. Increased lattice distortion has previously demonstrated a
positive effect on the yield stress or lattice friction stress (Lee et al., 2020; Zhao et al., 2019b; Zhao and Nieh, 2017; Ali et al., 2020).
Unlike this study, most previously mentioned studies did not contain all constituent elements of the same crystal structure (BCC or
FCC), but rather had a mixed. This may have contributed to the increased lattice mismatch. The current study allowed for the op-
portunity to compare the two main factors, i.e., chemical compositions or lattice distortion. This was considered by the simple rule of
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mixtures, which averaged the values of individual elements. The results showed that the MPEA that had a higher value using the simple
rule of mixtures did not always have the higher value based on the alloy potentials. This implies that the lattice distortion is the
predominant factor to benefit yield strength in some cases. Both GSFE and LSR calculations also provide insight into the local chemical
composition. The variation from a symmetrical curve of the GSFE and large variations of the LSR values demonstrate alterations in the
local chemical compositions.

The ideal shear strength was used to understand the preferred slip of the glide plane. The {110} plane obtained the lowest value for
all four MPEAs. This indicates that the {110} plane is the most likely slip plane for the glide to occur, which is common of BCC metals.
Though the {123} plane had slightly higher values, they were very comparable to those of the {110} plane, suggesting that slip may
also occur easily on the {123} plane.

Among the four MPEAs, MoNbTaW had the highest screw-to-edge ratios on its respective plane on the {110} and {123} planes, but
the lowest on the {112} plane. This shows that MoNbTaW has the highest degree of anisotropy on the former two planes. The MPEA
with the highest lattice distortion, CrMoNbTa, has the highest screw-to-edge ratio on the {112} plane, but the lowest on the {110}
plane, among the four MPEAs.

5. Conclusion

In this study, we analyzed four refractory MPEAs by calculating the LSR of edge and screw dislocations on three slip planes. The
information provides insight into the preferred plane for a dislocation to glide, as well as the effect of lattice distortion and chemical
composition. Two of the four MPEAs contained Cr, which has a small atomic radius relative to the other five BCC elements considered
in this study. The MPEAs with higher lattice distortion provided results with a higher USFE, ideal shear strength, and LSR values.
However, the same may not be said when the latter three values are normalized by the simple rule of mixtures estimation, suggesting
the significance of chemical compositions as a strengthening factor in some cases. In addition, though the two Cr-containing MPEAs
had higher results, they also had a higher COV, indicating there is more variation in these MPEAs. The {110} plane obtained the lowest
LSR values, while the LSR on {123} planes are comparable. This shows that slip may take place on either the {110} plane or the {123}
plane, but is difficult on the {112} plane. The ideal shear strength and LSR are generally positively correlated. We also found that the
MPEAs with higher lattice distortion generally have lower slip resistance anisotropy. Our results help understand the strengthening
effects in various MPEAs and offer a basis for experimental testing that may be done for comparison.
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Appendix. Bond length distributions in four MPEAs

In four MPEAs, distributions of the bond length are calculated and are presented in Fig. A.1. Each distribution is fit to the Gaussian
equation,

A _ple=xe)?
e + | ———]|e w2 (2)
Y=Y w/a] 2]

14



R.A. Romero et al. International Journal of Plasticity 149 (2022) 103157

0.020 0.020
0.015 0.015 |
2 2
= 3
T 0010 T 0010
<] [
a I
0.005 | 0.005 4
0.000 4 0.000
23 24 25 26 27 28 29 30 23 24 25 26 27 28 29 30
Bond Length (A) Bond Length (A)
(a) CrMoNbTa (b) CrNbTaW
0.020 0.020
0.015 4 0.015 -
2z 2
3 3
3 00104 g 0.010 4
5 g
0.005 | 0.005
0.000 0.000 4
265 2.70 275 2.80 285 290 295 260 265 270 275 280 28 290 295
Bond Length (A) Bond Length (A)
(c) MoNbTaW (d) MoNbTaV

Fig. A.1. The histograms of the bond length distributions for each of the four MPEAs and fitted Gaussian distribution (red curve).

Table A.1
Values of yo, x., w, and A of the bond length distribution in Fig. A.1 for the four MPEAs.
. CrMoNbTa CrNbTaWw MoNbTaW MoNbTaV
Yo (A) 4.12E-4 2.15E-4 -1.32E-6 7.24E-5
x. (A% 2.76 2.78 2.79 2.78
w (10\2) 0.18 0.21 0.067 0.069
A (10\) 0.0031 0.0035 0.0016 0.0017

where x represents the bond length variable, yj is the base, x. is the center of the curve, A is the area under the curve, and w is the full
width half maximum. The distribution parameters of the MPEAs are summarized in Table A.1.
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