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a b s t r a c t 

Phase diagrams supported by density functional theory methods can be crucial for designing high- 

entropy alloys that are subset of multi-principal-element alloys. We present phase and property anal- 

ysis of quinary (MoW) x Zr y (TaTi) 1-x-y refractory high-entropy alloys from combined Calculation of Phase 

Diagram (CALPHAD) and density-functional theory results, supplemented by molecular dynamics simula- 

tions. Both CALPHAD and density-functional theory analysis of phase stability indicates a Mo-W-rich re- 

gion of this quinary has a stable single-phase body-centered-cubic structure. We report first quinary com- 

position from Mo-W-Ta-Ti-Zr family of alloy with pseudo-elastic behavior, i.e., hysteresis in stress-strain. 

Our analysis shows that only Mo-W-rich compositions of Mo-W-Ta-Ti-Zr, i.e., Mo + W ≥ 85 at. % , show re- 

producible hysteresis in stress-strain responsible for pseudo-elastic behavior. The (MoW) 85 Zr 7.5 (TaTi) 7.5 
was down-selected based on temperature-dependent phase diagram analysis and molecular dynam- 

ics simulations predicted elastic behavior that reveals twinning-assisted pseudoelastic behavior. While 

mostly unexplored in body-centered-cubic crystals, twinning is a fundamental deformation mechanism 

that competes against dislocation slip in crystalline solids. This alloy shows identical cyclic deformation 

characteristics during uniaxial < 100 > loading, i.e., the pseudoelasticity is isotropic in loading direction. 

Additionally, a temperature increase from 77 to 1,500 K enhances the elastic strain recovery in load- 

unload cycles, offering possibly control to tune the pseudoelastic behavior. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

High-entropy alloys (HEAs), or more general multi-principal- 

element alloys (MPEAs), have attracted immense interest for their 

vast unexplored design space with the possibility of exceptional 

properties [1-13] . The formation of a stable, single-phase solid 

solution (face-centered-cubic (fcc), body-centered-cubic (bcc), or 

hexagonal-close-packed (hcp)) in a compositionally complex sys- 

tem with four or more elements at 5-35 at.% is an attractive 

and sometimes desirable characteristic of MPEAs, with stability of- 
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ten claimed to be due to entropic effects [1] . In practice, how- 

ever, phase stability is the result of competition at the Gibbs 

level, and the configurational entropy alone is not always a dom- 

inant contributor towards phase stability [14] . The development 

of MPEAs has helped resolve some shortcomings of conventional 

alloys [ 7 , 15 ], but also raised fundamental questions that remain 

unexplained [16-22] . The high entropy is the main concept be- 

hind the formation solid-solution alloys [1] . However, recent works 

show that it is critical not to limit design space unnecessarily 

[ 13 , 23 ]. 

Recently, refractory MPEAs (RMPEAs) have gained considerable 

interest due to their high-temperature strength, resistance to fa- 

tigue, (sometimes) oxidation, corrosion, and wear [23-31] . How- 

ever, there have been no reports on pseudoelastic behavior in 

RMPEAs, as they are predominantly seen in shape-memory alloys 

https://doi.org/10.1016/j.actamat.2021.117299 
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(SMAs) [ 32 , 33 ], like Ni-Ti-based alloys. A pseudoelastic material 

finds potential uses in electromechanical devices, including energy 

harvesting, defense equipment, and naval architecture [28-31] . Un- 

like NiTi-based SMAs, refractory-based elements, e.g., Mo, W, Ta, 

Ti, and Zr, are non-toxic, offering a reason to look beyond standard 

SMAs [ 34 , 35 ]. Pseudoelasticity in SMAs is the result of first-order 

martensitic (diffusionless) transformations [36] , consisting of com- 

plex microstructures, including twinned martensites, wedges, and 

twins within twins [ 37 , 38 ]. Although, twinning-induced psuedoe- 

lasticity has been reported in refractory-based nanostructured ele- 

mental tungsten [39] , no such reports are found in RMPEAs. 

Here, using density-functional theory (DFT), molecular dynamic 

(MD), and CALPHAD calculations, we provide a stability, phase- 

diagram, and property analysis of (MoW) x Zr y (TaTi) 1-x-y composed 

of non-toxic elements from the periodic table from groups IV-A (Ti, 

Zr), V-A (Ta), and VI-A (Mo, W). The down-selection of Mo-W-rich 

alloys, specifically (MoW) 85 Zr 7.5 (TaTi) 7.5 (denoted here as MWZTT), 

was done based on thermodynamic phase stability analysis from 

CALPHAD and DFT that shows stable bcc in Mo-W-rich region 

(away from the near-equiatomic region of the 5-element system); 

on the other hand, W-rich alloys were found with interesting prop- 

erties, such as shape-memory [39] and higher-radiation resistance 

[40] . Hence, we did investigate the entire MPEA system, where 

high-entropy regions are much less stable, and other regions have 

critical electronic stabilizing effects [23] . As the configurational en- 

tropy of MWZTT is S conf = 1.17R, at the boundary of medium- 

entropy alloys (MEAs) and HEAs (1.5R > S conf (MEAs) > 1R), we 

categorized MWZTT as the part of high-entropy alloy family. The 

MWZTT shows recoverable non-linear elastic (pseudo-elastic) be- 

havior under uniaxial loading, as obtained by MD and supported 

by our finite-element analysis. The MD-determined phase and me- 

chanical stability are in good agreement with our DFT results, 

while CALPHAD shows a stability of bcc phase up to 1,700 K. We 

also show that MWZTT is structurally stable, i.e., dynamical stable 

having positive phonon frequencies. The present work opens unex- 

plored applications of RMPEAs using unique pseudoelastic proper- 

ties found in small regions of composition space. 

2. Computational Method 

2.1. Density-Functional Theory (DFT) methods 

(i) E lectronic-structure methods: Two methods were employed, 

i.e., an all-electron KKR-CPA (a multiple-scattering theory Green’s 

function) method that directly averages over chemical configura- 

tions to all orders in an infinite crystal concomitantly with DFT 

charge self-consistency permitting primitive cells to be utilized, 

and a plane-wave pseudo-potential method (VASP) using a represen- 

tative supercell (described in (ii)). KKR electronic-structure energy 

calculations utilize an atomic sphere approximation [41] , where 

chemical disorder in MPEAs was handled using the coherent- 

potential approximation (CPA) [ 42 , 43 ]. The KKR-CPA method is 

an effective-medium theory that solves for an effective (complex) 

scatterer at a site to recover the scattering properties on average 

for the collective disordered system. The effects of disorder in DFT- 

based KKR-CPA are represented by broadening the electronic struc- 

ture [41-43] , and not possible in an effective-atom method (see 

supplemental material). A gradient-corrected exchange-correlation 

functional (PBE) were employed in all calculations [44] . At each 

atomic-sphere site, periodic boundary conditions along with a 

Voronoi polyhedral scheme was used for spatial integrals to ac- 

count for an accurate unit cell charge distribution and energy cal- 

culation, yielding energy difference similar to full-potential all- 

electron methods for ordered alloys as well as partially ordered 

and fully disordered alloys [ 45 , 46 ]. The Green’s function was solved 

on a semi-circular complex-energy contour that uses a Gauss- 

Laguerre quadrature (with 24 complex energies enclosing the bot- 

tom to the top of the valence states). A Monkhorst-Pack [47] k- 

point mesh of 20 × 20 × 20 was used for Brillouin zone (BZ) in- 

tegrations for self-consistent calculations, and, for care, 50 × 50 ×

50 k- point mesh was employed for the total density of states 

(DOS). Bloch-spectral-functions (BSF) were calculated for 300 k- 

points to visualize the electronic dispersion along high-symmetry 

lines of bcc BZ. The BSF is defined in terms of energy (E) and 

reciprocal-space (k) resolved dispersion, which reduces to Dirac 

delta function δ( ∈ -E k ) in the limit of an ordered system [48] . The 

CPA inherently includes spectral broadening and shifting due to 

chemical disordered effects and composition. 

(ii) Mechanical and structural stability determination : The elastic 

properties of MWZTT were calculated in a DFT-based stress-tensor 

approach as implemented in the plane-wave pseudo-potential Vi- 

enna Ab-initio Simulation Package (VASP) [ 49 , 50 ]. The Perdew, 

Burke, and Ernzerhof (PBE) generalized gradient approximation 

[44] to DFT was used with a energy cut-off of 533 eV. For the 

supercells, a Monkhorst-Pack [47] k-mesh (2 × 2 × 4) was em- 

ployed for Brillouin zone integration during structural-optimization 

and charge self-consistency. The energy and forces were converged, 

respectively, to 10 −6 eV and -10 −6 eV/ Å. Six finite distortions 

were performed for stress-strain calculations to derive the elas- 

tic moduli (C ij ) [ 51 , 52 ]. An 80-atom Super-Cell Random Approxi- 

mates (SCRAPs) was used to mimic the homogeneously random al- 

loy (here, using bcc 2-atom cell with periodicity of 5 × 4 × 2). The 

SCRAP was generated using a Hybrid Cuckoo Search optimization 

method/code [53] for ultrafast creation for arbitrary MPEAs and 

any size supercell with specified point and pair correlations, i.e., 

elemental compositions and pairwise atomic short-range order, re- 

spectively. In the assumed SCRAPs, phonon dispersion to determine 

structural stability was calculated using density-functional pertur- 

bation theory (DFPT), as implemented in VASP [54-56] . Dispersion 

was plotted along high-symmetry points of a bcc BZ (G-N-P-G-H). 

CALPHAD : Isothermal equilibrium phase diagrams were calcu- 

lated via CALPHAD (CALculation of PHAse Diagrams) techniques 

[57-60] , using Thermo-Calc’s TCHEA4 High-Entropy Alloy Database 

[61] . In this database, 6 of the 10 constituent ternaries of the Mo- 

W-Zr-Ta-Ti quinary system have been assessed (i.e., fit to the em- 

pirical data) in the full range of compositions and temperatures. 

One other ternary (TaWZr) has been assessed for a partial set of 

potential conditions. Three remaining ternaries (MoTaW, MoTaZr, 

and MoWZr) have not been assessed, but can be extrapolated from 

other data. These ternary assessments provide empirical support 

to the CALPHAD models and ensure that predictions are accurate, 

with possible exceptions in unassessed areas. Two-dimensional 

phase diagrams were created by constraining compositions to a 

function of two variables (x,y), i.e., (MoW) x Zr y (TaTi) 1-x-y . Thermo- 

Calc’s global minimization scheme was used to optimize phase 

Gibbs energies and identify stable phases in this constrained com- 

position space at fixed temperatures. 

Molecular Dynamics (MD) : We employ the Large-scale 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) [62] soft- 

ware to perform controlled MD simulations [63] . Initially, a 

cuboidal simulation domain ( Fig. 1 ) of 54,0 0 0 atoms was con- 

structed by a random distribution of Mo, Ta, W, Ti, and Zr atoms 

in a bcc lattice of ( 95 . 91 × 95 . 91 × 95 . 91 ) Å 3 using a 2-atom bcc 

cell of lattice constant of 3.19 Å [23] . In LAMMPS, we use spe- 

cific “thermostats” to control the temperature (T) or pressure (P). 

We also performed common neighbor analysis (CNA) [64] , using 

the Open Visualization Tool (OVITO) [65] . Periodic-boundary con- 

ditions were imposed in all three coordinate axes. The intermolec- 

ular interactions are described employing the assimilated Embed- 

ded Atomic Method (EAM) potentials [ 62 , 66 ] and validated with 

first-principles results [23] (see Table 1 ). 
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Table 1 

Calculated lattice constant ( a o in Å ) , cohesive energy (E c in eV), density (g/cm 3 ), and elastic constants 

(GPa) at 77, 300, 500, 700 and 1,100 K for MWZTT. Poisson’s ratio ( ν= 0.299) was directly calculated from 

DFT-VASP-SCRAPs for the modulus (E) calculation [70] , and the bulk modulus B and density from KKR-CPA 

or VASP-SCRAPs agree, differing due to slightly different a o predicted. 

T (K) a o ( ̊A) ρ (g/cm 3 ) E c ( e V) B (GPa) C 11 (GPa) C 12 (GPa) C 44 (GPa) E (GPa) 

DFT (VASP-SCRAPs) 

0 K 3.180 13.73 – 250 380 186 116 301 

MD (LAMMPS) 

77 3.28 13.68 -7.66 251 395 179 123 303 

300 3.25 13.76 – 250 381 181 124 301 

500 3.22 13.92 – 248 367 184 125 299 

700 3.19 14.35 – 245 355 188 127 295 

1100 3.14 14.63 – 239 336 191 130 288 

DFT (KKR-CPA) 

0 K 3.165 13.85 – 254 – – – 306 

Fig. 1. Simulation cells (54,0 0 0 atoms): (a) Tungsten (W) and (b) quinary MWZTT. 

Common neighbor analysis reveals bcc coordination in (a) and (b). Elements are 

visualized by colors (Mo = green, W = red, Ta = yellow, Ti = black, and Zr = blue) 

(For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article). 

The energy minimization of the structure was done using the 

conjugate-gradient algorithm with energy [force] tolerance of 10 −6 

eV [-10 −9 eV/ ̊A] to find a geometrically optimized configuration. 

We quenched the RMPEAs from a high temperature (4,0 0 0 K) 

to lower temperatures (T = 77, 300, 500, 700, 1100 K) using an 

isothermal-isobaric NPT process, which is followed by an NVE con- 

dition (microcanonical ensemble). This completes the equilibration 

of the MWZTT at a predefined temperature (additional details are 

provided in the supplement). 

To understand the deformation mechanism in MD, we apply 

quasi-static uniaxial loading-unloading in the < 100 > direction. At 

each loading step, the simulation box is expanded in the < 100 > 

direction at a strain rate of 0.01 ps −1 , while the lateral boundaries 

are controlled to zero pressure using the NPT. The strain expressed 

on the sample is the true strain. Subsequently, the deformed alloy 

is equilibrated after each loading step under NPT and NVE ensem- 

bles for 90 and 50 ps, respectively. The MWZTT RMPEA is initial- 

ized at 4,0 0 0 K under an isothermal-isobaric (NPT) ensemble at 

a pressure of 0 MPa for 90 picoseconds (ps). Then the system is 

rapidly quenched from 4,0 0 0 K to different temperatures (300 to 

1,500 K) in 10 ns, and then equilibrated for an additional 90 ps. 

The quenched RMPEAs are further simulated under the NPT and 

NVT (canonical) ensembles, successively for 10 and 20 ps, respec- 

tively. The pressure (0 MPa) and temperature constraints are im- 

posed by the Nóse-Hoover barostat and thermostat with coupling 

times for both set at 1 ps. Finally, the structure is equilibrated 

for 10 ps under a microcanonical ensemble (NVE) to complete the 

quenching process. A time step of 0.001 ps is maintained through- 

out all simulations. 

Limitations of MD : Finite length (nanometers, nm) and 

timescales (nanoseconds, ns or picoseconds, ps) are two impor- 

tant aspects in atomistic or MD simulations that need to be un- 

derstood. Hence, higher strain rates are typically involved to study 

any deformation behavior using MD simulations. For example, at 

each step increase in strains, a limited number of energetic barri- 

ers can be overcome due to higher strain rates in MD. This hap- 

pens due to finite time available for system to reach other con- 

figurations that are thermodynamically possible. To mitigate this, 

we have used quasi-static loading where each alloy relaxes further 

at each step of strain that could allow to reach thermodynamically 

stable configurations during both loading-unloading. The MD force- 

fields or atomistic potential are often the other constraint in mod- 

eling alloy systems. Benchmarking with available existing experi- 

ments or comparison against DFT are employed to test the feasi- 

bility of the potential. We have compared MD predictions of phase, 

structural and mechanical properties versus DFT, thermodynamic 

analysis (Calculation of Phase Diagrams, CALPHAD) and available 

experiments to provide confidence in our results. 

3. Results and discussion 

A. RMPEA Phase Stability : Investigating the thermodynamic 

phase stability is the fundamental to understand alloy formation. 

However, the phase diagrams of RMPEAs can be time consum- 

ing if solely done using DFT and experiments. The CALPHAD- 

assessed temperature-dependent phase stability is done as a 

sweep through (MoW) x (TaTi) y Zr 1-x-y compositions and evaluated 

the phase-diagram at 300 K (room temperature), 700 K, 1,100K, 

and 1,700 K. In Fig. 2 , the CALPHAD-assessed phases versus com- 

position at room temperature can be divided mainly into four re- 

gions. However, only regions near Mo-W show bcc phase stability 

without the presence of hcp phases at lower temperatures (300 

and 700 K). The RMPEAs in Mo-W-rich regions involve only one 

bcc phase with small amounts of Laves phase, which increase as 

other elements are added and are present in most of the com- 

position space. As Ta, Ti and Zr are added, multiple bcc and hcp 

phases become stable. As we focused on a single-phase solid solu- 

tion in the present work, the MoW-rich region was deemed most 

promising for design control. As 3 of the 10 constituent ternary 

systems of the MoWTaTiZr quinary have not been assessed in the 

CALPHAD database (TCHEA4), DFT formation energies were com- 

bined with CALPHAD-generated phase diagrams to enhance the ac- 

curacy of stability prediction. 

Based on a formation energy range ( –15 ≤ �E f ≤ + 5 mRy) 

calculated from DFT-KKR-CPA and the stability criterion involving 

valence-electron count (4 < VEC < 6) and atomic-size effect ( ≤

6.6%), we found that the MoW-rich region in Fig. 2 (cyan and 

green region) of RMPEAs is energetically more stable in bcc than 

fcc or hcp [23] . Our CALPHAD phase diagram analysis ( Figs. 2 a- 

3 
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Fig. 2. CALPHAD phase-diagram analysis and DFT formation energies (color bars) of (MoW) x Zr y (TaTi) 1-x-y RMPEAs. Here, (x,y) are given in atomic percent (at.%). 

Fig. 3. The equilibrium phases of the (MoW) 85 (TaTi) 7.5 Zr 7.5 RMPEA as a function of 

temperature. 

d) at 30 0-1,70 0 K also agrees with DFT predictions that shows 

that the bcc phase stability improves as we move to the Mo-W 

rich region in Fig. 2 . Therefore, we focus mainly on the solid- 

solution phase of the phase diagram and choose an alloy composi- 

tion (MoW) 85 (TaTi) 7.5 Zr 7.5 from the Mo-W rich region. Here, Mo-W 

gives high room-temperature strength and greater melting temper- 

ature. Moreover, Ti or Zr add strength at higher temperatures and 

provide lower density to the alloy, whereas Ta adds the electronic 

stability and high melting temperature. 

The equilibrium phases versus temperature for MWZTT is pre- 

sented in Fig. 3 , as assessed by CALPHAD (TCHEA4). The solidus 

and liquidus temperatures are estimated to be 2200 K and 3160 K, 

respectively. At the solidus, the alloy is predicted to be a single- 

phase bcc. Nevertheless, as temperature decreases, the Laves phase 

is predicted to grow to a maximum of about 0.2 molar frac- 

tion. Formation of the Laves phase (rich in MoWZr) could be sup- 

pressed, however, if the solidification of the alloy is faster than the 

kinetics of the phase allow. 

B. Electronic-structure and structural properties of MWZTT : The 

MD-calculated lattice constant (3.28 Å) fitted using Birch- 

Murnaghan equation of state ( Fig. 4 a) shows agree with DFT 

results (KKR-CPA: 3.165 Å and VASP-SCRAPs: 3.180 Å). The phonon 

dispersion ( Fig. 4 b) has only positive-definite modes (frequencies), 

indicating that the RMPEA is dynamically stable. The electronic 

dispersion and total DOS of MWZTT ( Figs. 4 c-d ) show that the 

Fermi energy is in a pseudogap where the bonding (and non- 

bonding) states are filled, and anti-bonding states are empty. 

In Fig. 4 c, sharp bands near -6.8 eV below the Fermi energy 

indicates that these states do not participate in hybridization in 

MWZTT. However, bands near the Fermi energy are much more 

diffuse (broadened in energy by compositional disorder), offering 

more scattering due to increased disorder, which will also affect 

resistivity. This trend also shows that only states near the Fermi 

energy are chemical active and hybridize with other elements. The 

minima in the total DOS at the Fermi energy is from d -electrons 

of constituent elements that lead to a pseudo-gap region [ 67 , 68 ], 

which is used to assess energy stability in MPEAs [31] . Phase sta- 

bility ( Fig. 2 ), phonons ( Fig. 4 b), and electronic structure ( Fig. 4 c-d) 

analysis show that MWZTT should be of a single phase and stable. 

The elements of the elastic tensor (C ij ) can be used to deter- 

mine elastic stability of materials, also permitting estimates of key 

physical properties, such as elastic moduli and Poisson’s ratio, as 

4 
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Fig. 4. For MWZTT, (a) MD-calculated cohesive energy (meV/atom) vs. lattice constant ( ̊A) was fitted to Birch-Murnaghan equation of state (at 77 K) to get equilibrium 

a o = 3.28 Å, in agreement with DFT results (KKR-CPA: 3.165 Å and VASP-SCRAP: 3.180 Å). (b) Using VASP-SCRAP, phonons on lattice with a o indicates it is dynamically stable, 

as all frequencies are positive. (c) Using KKR-CPA, electronic dispersion along high-symmetry lines of the bcc Brillouin zone, and the (d) total density of states (States-eV −1 - 

atom −1 ). Similar TDOS (not shown) was found both from KKR-CPA (1-atom configurationally averaged) and VASP-SCRAP (80-atom, single configuration), as expected. 

well as Debye/melting temperatures. The standard criteria to de- 

termine elastic stability of cubic crystals involves 

( i ) C 11 > 0 , ( ii ) C 11 − | C 12 | > 0 , ( iii ) C 11 + 2 C 12 > 0 , and ( i v ) C 44 > 0 

(1) 

or in terms of bulk modulus ( B), tetragonal shear modulus ( C) and 

shear modulus C 44 [69] , 

B = 
1 

3 
( C 11 + 2 C 12 ) > 0 ; C = 

1 

2 
( C 11 −C 12 ) > 0 (2) 

Here, C 11 , C 12 , and C 44 are the three independent elastic con- 

stants for bcc MWZTT that relates six components of the stress ( σ ) 

tensor with those of the strain ( ε) tensor. In Table 1 , we provide 

the calculated lattice constant a o , B , (C 11 , C 12 , C 44 ), and E (Young’s 

moduli) for MWZTT. 

The elastic moduli were calculated using the small- 

displacement method [ 51 , 52 , 71 ] with a finite deformation of 

0.015 Å, which are applied to each atom independently along x,y, 

and z directions to extract elastic moduli. The results from both 

DFT and MD simulations are shown in Table 1 . MWZTT satisfies 

the elastic stability criteria in Eq. 1 and 2 . The elastic parameters 

in Table 1 calculated from DFT (0K, VASP) and MD (77 K, LAMMPS) 

are in good agreement. The temperature dependence of C ij was 

also calculated from MD. A significant drop, from 395 GPa at 77 

K to 336 GPa at 1100 K, was noted in C 11 , while C 12 (179 → 191 

GPa) and C 44 (123 → 130 GPa) was weakly increased. Physically, 

C 11 indicates a reduction in tensile elasticity, whereas C 12 and 

C 44 indicate a slow increase in lateral and shear characteristics, 

respectively. A longitudinal strain produces a change in volume 

without a change in shape, reflecting a larger change in C 11 . In 

contrast, C 12 and C 44 are less sensitive to shearing than C 11 . The 

tetragonal shear modulus drops due to a reduction in C 11 from 

108 GPa at 77 K to 60.5 GPa at 1,100 K. 

C . Mechanical properties under tensile loading: 

To investigate the behavior under external strains, we per- 

formed a quasistatic tensile loading and compressive loading (un- 

loading) on MWZTT. Uniaxial loading is widely used to reveal the 

deformation characteristics of a material. The cuboidal simulation 

domain showed a perfect BCC coordination after the structure had 

been quenched. Hence, there no imperfections such as dislocations 

or vacancies were found during the start of the loading process. 

One such deformation curve is presented in Fig. 5 at 300 K. We 

show that the instability drives MWZTT RMPEAs away from the 

elastic regime above a strain of 0.02 and a stress of 6.16 GPa. As a 

stress piles up, twinning is observed in the crystalline lattice. The 

first major stress drop, where twinning relieves the stress, is ob- 

served in Figs. 5 a-b (T10). This feature shows a deviation from a 

perfect bcc coordination. We observe a set of cross-twins in Fig. 5 - 

T19 with increase in load, which disappears during unloading in 

Figs. 5 a-b (C7). The CNA analysis confirms the twinning and tracks 

the nucleation of twins (their growth) and detwinning to a load- 

ing/unloading cycle. The MWZTT ( Figs. 5 a-b from C8-to-C11) fol- 

lows the elastic regime during loading cycle, where detwinning 

is characterized by an abrupt rise in the stress level. The maxi- 

mum shear prior to twinning at T9 is 0.17, while the formation 

of twins (T10) and cross-twins (T19) increases shear to 0.29 and 

0.31, respectively. The reported shear value for twinning in litera- 

ture [72] for the bcc solids is 0.35. 

We also investigated the cyclic loading-unloading from a finite- 

element method, as implemented in a crystal plasticity module 

[73] . The elastic constants from MD simulations at 300K from 

Table 1 were used as the model input. The stress strain in Fig. 

S1(a) shows similar hysteresis loops under uniaxial tensile loading 

as in Fig. 5 , which depicts cyclic softening as the number of cycles 

increases. With large-scale simulations, we also find twinning and 

detwinning phenomena under loading and unloading of MWZTT. 

These findings further suggest that the MWZTT investigated here 

can have utility as structural material as categorized by Miracle et 
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Fig. 5. (a) Hysteresis found in quasistatic (un)loading cycle at 300 K in MWZTT. (b) Stepwise atomic-scale picture of twinning (loading) and detwinning (compressive 

loading). (c) For first twins, a (111) cut in the simulation cell shows the twin-plane with a twin-direction of < 112 > . In (a), twin formation occurs at a true strain of 0.065, 

and further strain-hardening yields cross-twins (T19). Compression (unloading), associated with a rise in the stress, leads to detwinning (C1 to C11). 

Fig. 6. (a) Uniaxial loading (tension) and unloading (compression) for W reveals hysteresis in the stress-strain curve at 300 K, which is like MWZTT in Fig. 5 and nanocrys- 

talline W [74] . [b-e] Stress-strain curve of other constituent elements of MWZTT MPEA, i.e., Mo, Ta, Ti, and Zr. 

al. [13] . Notably, a marginal drop in stress in Fig. 5 a arises from 

the nucleation of the twinning planes before actual twinning that 

eventually leads to the first drastic drop in stress encountered at 

T10. Additionally, in Fig. 5 a, a marginal difference in stress values 

at the end of tensile (T) loading and at the beginning of compres- 

sive (C) loading arises from quasi-static loading employed between 

two successive loadings. A movie showing the nucleation of the 

twinning planes is added to the supplementary section Fig. S. 

A hysteresis like MWZTT in Fig. 5 was reported recently (both 

from MD and experiments) in a nanocrystalline tungsten (W) [74] . 

Wang et al. [73] showed that the hysteresis mainly arises from the 

twinning process. To understand reason for twinning behavior in 

MWZTT and nanocrystalline W, we investigated the effect of uni- 

axial loading on bulk-W where we found that the twinning be- 

havior is intrinsically related to bulk-W, see Fig. 6 . The twinning 

features in a bulk W were reproducible for [100], [010], and [001] 

uniaxial loadings. The common neighbor analysis (in the inset of 

Fig. 6 ) shows the twin region of bulk-W (in white). The elastic- 

deformation response for elemental W is also isotropic, i.e., Zener 

anisotropy ratio is 1. 

To understand the critical role of W in MWZTT, we plot 

stress-strain curve for each uniary alloy under uniaxial quasistatic 

(un)loading cycle in Fig. 6 b-d. Except Mo, none of the elements 

show hysteresis in stress-strain as found for elemental tungsten. 

Fig. 7. Simulated pseudoelasticity for MWZTT vs. temperature: (a) 77, (b) 300, (c) 

70 0, and (d) 110 0 K, showing thermal sensitivity. A large hysteresis at 77 K de- 

creases with increasing T until almost vanishing at high temperatures ( > 1,100 K). 

The reason for the hysteresis of Mo has similar origin as that 

of W, as both belong to the same group in the periodic table. 

This suggests the need of a critical range of W/W-Mo to achieve 
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Fig. 8. Variation of shear strains during loading (tensile) cycle along [111]. (a) T1, 

(b) T9, (c) T17, and (d) T19 represents quasistatic loading steps at different strains. 

Twin-layer thickness grows from 3 (T9) to 4 (T17) atomic layers. Further straining 

yields cross-twinning strain hardening. The magnitude of stress required for initial 

twin nucleation is higher than that of its propagation. 

pseudo-elastic behavior in MWZTT multi-principal element alloys. 

The stress-strain analysis of equiatomic binary and ternaries in 

supplemental Fig. S2 and Fig. S3 also emphasize on the critical 

role of W/W-Mo to achieve hysteresis in cyclic loading, which is 

responsible for pseudoelastic behavior. Although Mo in elemental 

form shows similar hysteresis in stress-strain as W, when mixed in 

non-W alloys, Mo was not able to retain pseudoelastic behavior. 

Previously, pseudoelastic behavior had been observed in a cou- 

ple of refractory-based systems [ 75 , 76 ]. However, we know of 

no reports on pseudoelasticity in quinary MPEAs. The deforma- 

tion mechanisms in the quaternary (Ti-Nb-Ta-Zr) are found to be 

dependent on composition and vary between slip and twinning 

modes [ 75 , 76 ]. Increasing the size of the simulation cell up to 50%, 

we find identical twinning-behavior, as shown in Fig. 5 . This trend 

suggests that twinning is inherent feature of MWZTT under uni- 

axial < 100 > loading. Formation of twin bands are found during 

uniaxial loading, while detwinning initiates during unloading. This 

behavior resembles reports on the bcc tungsten (nanostructured), 

where the existence of incompatibility at the intersection between 

the twin bands, and the grain boundary drives detwinning [74] . 

Another explanation for the driving force for detwinning is based 

on the instability of the twin structure that increases with the pro- 

portion of inclined twin boundaries in the single crystal W [77] . 

We believe that the deformation modes found in MWZTT are dom- 

inated by W and are along the lines of W single crystal. Further 

experiments are needed to verify the exact driving mechanisms in 

MWZTT, but as shown here, it would surely relate to the behavior 

of pure W. 

To analyze the effect of thermal fluctuation on the pseudoe- 

lasticity in the MWZTT solid-solution, we performed temperature- 

dependent loading-unloading deformations from 77 K to 1,500 K. 

The first twin formation is observed near a strain of 0.065, Figs. 7 a- 

b, while cross-twins appear near a strain of 0.12. With further in- 

crease in temperature, Figs. 7 c-d, MWZTT allows only cross-twins 

at a higher strain (0.12), which softens the elastic modes, compared 

to low-temperature cases [78] . Thus, the large thermal fluctuations 

at higher temperatures require a greater external strain for twin 

nucleation. The softening of elastic modes at higher temperatures 

( Fig. 7 ) leads to a reduction in the loading-unloading hysteresis. 

In MWZTT, the temperature can be used as a control to tune the 

pseudoelasticity. Recent studies show that a single-crystal elemen- 

tal W exhibits deformation twins at low temperatures (T < 273 

K, 0 °C). Such studies also suggest that an increase in the purity 

would facilitate the twinning process [79] . Our MD analysis in- 

dicates twinning during tensile loading for pure W ( Fig. 6 ) and 

MWZTT. 

We also investigated the evolution of twins with shear strain 

for MWZTT under < 100 > tensile loading in Fig. 8 . With no load, 

as anticipated, atoms experience zero shear ( Fig. 8 a), but, with in- 

crease in uniaxial loading ( < 100 > ), twins appear ( Fig. 8 b ; T9). The 

twinning layers and the cross-twins are ∼3 atomic layers thick, up 

to ∼4 atomic layers at T17 ( Fig. 8 c). Any increase in the quasistatic 

( < 100 > ) load beyond this point leads to the formation of addi- 

tional cross-twins ( Fig. 8 d, T19) for MWZTT. Although we have fo- 

cused on the < 100 > case, the features of twins, cross-twins, and 

reverse twinning (detwinning) are reproduced for uniaxial load- 

ing along any of the three symmetry directions: [100], [010] , or 

[001]. However, in the finite-strain regime considered here, biaxial 

loading (i.e., < 110 > ) of the quinary does not show any evidence of 

twinning and detwinning during the load-unload cycle. 

To further emphasize the choice of composition range, we 

show in stress-strain plot for three high-entropy alloy in 

Fig. 9 (i) equiatomic MoWTaTiZr, (ii) (MoW) 80 Zr 10 (TaTi) 10 , and (iii) 

(MoW) 90 Zr 5 (TaTi) 5 both (later two) along the MWZTT line in Fig. 2 . 

The equiatomic alloy does not show any hysteresis, where Mo + W 

composition is equal to 40at.% in Mo-W-Ta-Ti-Zr MPEA. However, 

with increase in at.%(Mo + W), we observed some hysteresis char- 

acter in Fig. 9 b, however, loading and unloading curve run al- 

most parallel with no reproducibility of closed-loop behavior. In 

contrast, similar hysteresis was observed in going beyond MWZTT 

composition as shown in Fig. 9 c. 

Our analysis indicates that at 85at.%(Mo + W) is the critical com- 

position where pseudoelastic behavior is prominent and continues 

with further increasing at.%(Mo + W). We have also added some 

critical tests on equiatomic binary and ternary alloys, see Fig. 

S2 and Fig. S3 (also Fig. S4 for phase stability in ternary phase 

diagram), emphasizing the critical role of W/W-Mo composition 

Fig. 9. Hysteresis under uniaxial {001} quasistatic (un)loading for - (a) MoWTaTiZr, (b) (MoW) 80 Zr 10 (TaTi) 10, and (c) (MoW) 90 Zr 5 (TaTi) 5 at 300 K in Mo-W-Zr-Ta-Ti MPEAs. 
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range. Individually, Ta, Ti, and/or Zr as such does not display pseu- 

doelastic behavior, however, in Mo-W-rich alloys, they help to sta- 

bilize BCC phase, as shown in Fig. 2 . Importantly, Singh et al . 

[ 23 , 27 ] have shown recently that Ti/Zr and Ta add critical elec- 

tronic (stabilization) effects in quinary cases. Thus, the choice of 

specific composition of each constituent element in MWZTT is 

based on the fact that pseudo-elastic behavior and phase stability 

is preserved throughout the temperature range. 

4. Conclusion 

We performed detailed phase stability and property analysis 

of (Mo-W)-Zr-(Ta-Ti) RMPEAs using CALPHAD phase diagrams and 

DFT-derived formation energies. A critical composition was down 

selected from the single-phase bcc region in (MoW) x Zr y (TaTi) 1-x-y , 

i.e., (MoW) 85 Zr 7 . 5 (TaTi) 7 . 5 (denoted MWZTT), satisfying phase- 

, mechanical-, and structural-stability criteria. We show that 

only Mo-W-rich compositions, i.e., Mo + W ≥ 85 at. % , show repro- 

ducible hysteresis in stress-strain responsible for pseudo-elastic 

behavior in Mo-W-Ta-Ti-Zr. The MWZTT composition shows ro- 

bust temperature-dependent elastic properties, and peculiar pseu- 

doelastic behavior under uniaxial loading. The room-temperature 

finite-element modeling also reproduces similar behavior found 

in MD simulations, suggesting robustness of the pseudoelasticity 

in MWZTT. The MD simulations further show a strong tempera- 

ture dependence of a twinning/detwinning process during load- 

ing/unloading (tension-compression) cycle. The detwinning process 

driven by an instability of the twin structure is the main factor 

leading to the pseudoelastic behavior, which can be controlled us- 

ing temperature. Additionally, the finite-element modeling exem- 

plifies the hysteresis loop during cyclic loading and usable yield 

stress for the proposed RMPEA, see the supplementary material. 

While this study needs further experimental verification, the pro- 

posed refractory-based pseudoelastic material can be designed to 

operate under specific temperature ranges with specific mechani- 

cal behavior, offering new technological opportunities through ma- 

terials design. 
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