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a b s t r a c t 

Physical properties of ten single-phase FCC Cr x Mn 20 Fe 20 Co 20 Ni 40- x high-entropy alloys (HEAs) were inves- 

tigated for 0 ≤ x ≤ 26 at%. The lattice parameters of these alloys were nearly independent of composition 

while solidus temperatures increased linearly by ∼30 K as x increased from 0 to 26 at.%. For x ≥ 10 at.%, 

the alloys are not ferromagnetic between 100 and 673 K and the temperature dependencies of their co- 

efficients of thermal expansion and elastic moduli are independent of composition. Magnetic transitions 

and associated magnetostriction were detected below ∼200 K and ∼440 K in Cr 5 Mn 20 Fe 20 Co 20 Ni 35 and 

Mn 20 Fe 20 Co 20 Ni 40 , respectively. These composition and temperature dependencies could be qualitatively 

reproduced by ab initio simulations that took into account a ferrimagnetic ↔ paramagnetic transition. 

Transmission electron microscopy revealed that plastic deformation occurs initially by the glide of per- 

fect dislocations dissociated into Shockley partials on {111} planes. From their separations, the stacking 

fault energy (SFE) was determined, which decreases linearly from 69 to 23 mJ ·m 

−2 as x increases from 

14 to 26 at.%. Ab initio simulations were performed to calculate stable and unstable SFEs and estimate 

the partial separation distances using the Peierls-Nabarro model. While the compositional trends were 

reasonably well reproduced, the calculated intrinsic SFEs were systematically lower than the experimen- 

tal ones. Our ab initio simulations show that, individually, atomic relaxations, finite temperatures, and 

magnetism strongly increase the intrinsic SFE. If these factors can be simultaneously included in future 

computations, calculated SFEs will likely better match experimentally determined SFEs. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The equiatomic face-centered cubic (FCC) CrMnFeCoNi alloy, the 

o-called Cantor alloy [1] , is a model high-entropy alloy (HEA) that 

as received considerable interest in, e.g. , materials science and 

ngineering [2–5] , diffusion [6,7] , corrosion/oxidation [8–11] , and 

lectrocatalysis [12] . Due to its good malleability [13–15] , which 

ade it the pioneering HEA to be thermomechanically processed 
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nd investigated in bulk form, and interesting mechanical prop- 

rties at cryogenic temperatures, e.g. , excellent tensile properties 

 13 , 14 ], outstanding fracture toughness [2] , high resistance to low- 

ycle-fatigue [16–18] and fatigue crack propagation [ 19 , 20 ], it is 

ne of the most studied HEAs of the last decade. The outstanding 

amage tolerance of the CrMnFeCoNi HEA is thought to result from 

ts relatively low intrinsic stacking fault energy ( γ isf ≈ 30 mJ/m 

2 , 

 21 , 22 ]) which promotes planar glide of dissociated dislocations 

 5 , 14 ], delays the onset of cross-slip [5] , and induces mechanical

winning [ 14 , 23 ], thereby resulting in sustained, high work hard- 

ning rate. 
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Several studies have investigated the effects of increased Cr 

oncentration on phase stability and mechanical properties in non- 

quiatomic CrMnFeCoNi HEAs [24–28] . Zaddach et al . [ 24 , 25 ] were

he first to vary the Cr/Ni ratio of the equiatomic CrMnFeCoNi al- 

oy. Using an X-ray diffraction-based method they showed that, 

ompared to the equiatomic alloy, the stacking fault energy (SFE) 

f the non-equiatomic Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA is lower by a 

actor of ∼5. Even though SFE can be estimated relatively easily 

rom XRD data, this method is known to be less accurate than 

FE derived from direct measurements of Shockley partial sep- 

rations by TEM. Additionally, since the XRD technique requires 

nowledge of single-crystal elastic moduli 1 , which were not ex- 

erimentally available at that time, Zaddach et al . [24] computed 

he elastic stiffness coefficients by density functional theory (DFT), 

hich added a certain degree of uncertainty to the determined 

FEs. Furthermore, the authors investigated as-cast alloys (prone 

o dendritic solidification) and mechanically alloyed powders (typ- 

cally contaminated by steel balls) produced from raw materials 

ith rather low purities (99 wt.%). As the real composition and 

omogeneity of their specimens were not reported, it is unclear 

he extent to which they may have affected the SFEs reported by 

addach et al . [24] . One of the objectives of the present work is to

arefully evaluate the SFEs of this prominent class of HEAs by in- 

estigating chemically homogeneous alloys of known composition 

sing state of the art TEM experiments. 

Earlier attempts to produce the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA 

lowest SFE) in bulk form with a recrystallized microstructure 

howed that a high Cr/Ni ratio promotes the formation of the topo- 

ogically close-packed σ phase [ 25 , 29 ]. Associated with this pre- 

ipitation was a loss of ductility [ 25 , 26 ] due to the brittle na-

ure of this σ phase [30] . Recently, the phase stability of the 

r 26 Mn 20 Fe 20 Co 20 Ni 14 HEA was investigated in detail by Laplanche 

t al . [ 31 , 32 ] who proposed a pseudo-binary phase diagram for

rMnFeCoNi HEAs with different Cr/Ni ratios. More importantly, 

he Cr/Ni-dependent solvus temperature of the σ phase was es- 

ablished that can guide the design and heat treatment of a series 

f single-phase FCC CrMnFeCoNi HEAs with high Cr/Ni ratios and 

xtremely low SFEs. 

Based on this knowledge, the present work aims to: (1) pro- 

ess chemically homogeneous, single-phase FCC CrMnFeCoNi HEAs 

ith different Cr/Ni ratios and recrystallized microstructures; (2) 

xperimentally assess composition-dependent physical properties 

f these alloys including their dilatation behavior, elastic and mag- 

etic properties, and SFEs; (3) investigate how the precipitation of 

he σ phase affects the SFE, and (4) theoretically simulate these 

roperties and compare with experimental data. 

. Experimental methods 

.1. Material processing 

Ten Cr x Mn 20 Fe 20 Co 20 Ni 40- x alloys ( x = 0, 5, 10, 14, 16, 18, 20,

2, 24, and 26 at. %) were produced starting from pure elements 

purity > 99.9 wt.%). Mn and Co were acid cleaned to remove their 

xide layers, as described in Refs. [ 33 , 34 ]. Cr, Fe, and Ni had no ap-

arent surface oxide and were therefore not etched with acid. Alloy 

ngots (45 mm in diameter) were produced from the raw metals 

y vacuum induction melting and casting as described elsewhere 

35] . The cast ingots were machined down to a diameter of 40 mm 

nd then homogenized at 1473 K for 48 h in evacuated fused silica 

ubes. Subsequently, the ingots were swaged at room temperature 

RT) to a final diameter of 16.5 mm as described in Ref. [35] . Fi-

ally, the swaged rods were recrystallized in air at temperatures 
1 Keynote lecture by Prof. Carl Koch “Nanostructured High Entropy Alloys: A Re- 

iew” at the TMS2021 virtual meeting. 

a

i

w

c

2 
etween 1173 K and 1373 K for times ranging from 5 min to 1 h

ollowed by air cooling. 

.2. Microstructure, phase analysis, texture, and chemical 

omposition 

After recrystallization, metallographic samples were extracted 

rom each alloy with surfaces parallel to the longitudinal axis of 

he rods. They were ground with SiC papers to a grit size of 8 μm

nd polished with progressively finer diamond suspensions (6 to 

 μm). Final polishing occurred in a "Buehler Vibromet 2 ′′ for 48 h 

nder a 200 g load and immersed in a mixture of 300 ml of dis-

illed water and 150 ml "MasterMetTM Colloidal Silica Polishing 

uspension" with a particle size of 0.06 μm. 

An X-ray diffractometer of type PANalytical X’Pert Pro MRD 

quipped with a 4-bounce germanium (220) monochromator 

CuK α radiation λ = 0.154 nm) was used for phase characteriza- 

ion. The XRD patterns were recorded using the following param- 

ters: 2 θ-range from 20 ° to 120 °, step size �2 θ = 0.006 ° and an

ntegration time of 280 s. 

Chemical analyses were performed using a Zeiss scanning elec- 

ron microscope (SEM) of type Leo 1530 VP equipped with an EDX 

etector. Texture analysis and grain size measurements were car- 

ied out by electron backscatter diffraction (EBSD) and backscat- 

er electron imaging (BSE), respectively, in a Quanta FEI 650 ESEM 

quipped with a Hikari XP camera (EDAX, AMETEK). EBSD was car- 

ied out using an accelerating voltage of 30 kV, a working distance 

f 11–15 mm, and step sizes between 1 and 4 μm, depending on 

rain size. Kikuchi patterns were indexed with TSL OIM Analysis 

oftware (version 6.2.0). Inverse pole figures (IPFs) were chosen to 

epresent the texture parallel to the rod axis since no texture was 

ound in a direction perpendicular to the swaging direction. These 

PFs were calculated using the harmonic expansion method up to 

 series expansion degree of 22 and a Gaussian half-width of 5 °. 
Average grain sizes were determined following ASTM E-112 

36] using four parallel horizontal and vertical lines per micro- 

raph. Four BSE micrographs with at least 10 0 0 intercepts per mi- 

rograph were evaluated, resulting in at least 40 0 0 intercepts for 

ach material state. From these measurements, mean grain size 

 D ), defined here as the mean intercept distance (excluding twin 

oundaries), and standard deviation were obtained. 

.3. Thermal expansion coefficient and elastic moduli 

Cylindrical samples (10 mm length × 4 mm diameter) were 

lectric discharge machined (EDM) from recrystallized rods with 

ongitudinal axes parallel to the rod axis and their thermal ex- 

ansion measured between 100 K and 673 K at a heating rate 

f 2 K/min in helium purge gas using a Netzsch inductive gauge 

ilatometer of type "DIL 402 C". The dilatometer was calibrated us- 

ng standard fused-silica samples. Each run was repeated at least 

wice to check for reproducibility. 

The elastic behavior of the alloys was studied using resonant 

ltrasound spectroscopy (RUS), which is based on the mechanical 

esonance frequencies of a freely vibrating body [37] . Cuboid spec- 

mens with dimensions of about 10 × 7 × 5 mm 

3 were cut from 

he recrystallized rods by EDM and their densities first measured 

t RT using the buoyancy method in pure water. The RUS set-up 

onsisted of a network analyzer of type FRA5087 and a BA4825 

ignal amplifier (both from NF Corporation) for signal generation 

nd detection, a cascading temperature controller Eurotherm 2704, 

nd a commercial Netzsch resistance furnace in combination with 

 liquid nitrogen supply and thermocouples of type E. To approx- 

mate the boundary condition of free vibration, the sample was 

eakly clamped at opposite corners between two corundum rods 

onnected to piezoelectric transducers. At the sample, temperature 
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e

tability was better than ±0.1 K with an uncertainty of about ±2 K. 

n the frequency range from 100 to 800 kHz, resonance spectra 

ere recorded between 100 K and 673 K in steps of 10 K, while the

urnace was continuously flushed with helium. Using the shape, 

imensions, and density of the sample, its aggregate elastic stiff- 

esses c 11 , c 12 , and c 44 = ( c 11 – c 12 )/2 were determined assuming

sotropic elasticity and using a non-linear least-squares procedure 

nvolving 60 resonances at each temperature. As will be shown 

ater, the assumption of an elastically isotropic medium is justified 

ecause the alloys investigated have homogeneous compositions, 

mall average grain size, and nearly random orientation of grains. 

For two alloy compositions, strong ultrasound attenuation was 

bserved in a certain temperature range. Therefore, the inverse 

uality factors Q 

−1 of selected resonances were calculated by ap- 

roximating their profiles with modified Lorentzian functions 

 i ( f ) = A 0 i 

(
1 + 

( f − f i ) 
2 

0 . 25 w 

2 
i 

)n i 

, (1) 

here A 0 i and f i are amplitude and frequency, respectively, of the 

 

th mode, the exponent n i < 0 describes the shape of the reso- 

ance peak and the parameter w i can be interpreted as full-width 

t half-maximum, which is related to the inverse quality factor of 

he resonance by Q 

−1 = w i / f i . 

From the stiffness coefficients, Young’s modulus ( E ) and shear 

odulus ( G ) were calculated using standard relations [38] , which 

re provided in supplementary materials, see Eqs. S1 and S2. The 

emperature dependencies of E and G were fitted to the empirical 

quation proposed by Varshni [39] , from which the temperature 

ependence of Poisson’s ratio ν was obtained assuming isotropic 

lasticity, see Eqs. S3-S5. It is worth noting that even small un- 

ertainties of about ±3% in E and G , lead to a comparatively large

ncertainty of about ±20% in ν due to the error propagation. 

.4. Curie temperature 

As the Mn 20 Fe 20 Co 20 Ni 40 alloy was found to be magnetic at RT, 

ts Curie temperature was determined using a TGA 2050 CE ther- 

obalance (TA Instruments GmbH) using the same procedure as 

eported in Ref. [40] . Briefly, a permanent magnet was placed be- 

ow the thermobalance to apply a downward magnetic force on the 

pecimen and the apparent weight of the specimen recorded con- 

inuously as a function of temperature. A sudden decrease of the 

pparent specimen weight occurred when the alloy became non- 

agnetic, which was noted as the Curie temperature. 

.5. Determination of the solidus and liquidus temperatures 

The solidus and liquidus temperatures of the alloys were de- 

ermined using a high-temperature differential scanning calorime- 

er (DSC) of type “HDSC PT1600” (Linseis Messgeräte GmbH). Prior 

o a measurement, the chamber was filled with Ar and evacuated 

hree times to a pressure of 9 · 10 -3 mbar. Samples from each al- 

oy weighing ∼0.1 g were then heated to 1860 K at 5 K/min under 

owing Ar (4 l/h). From the heating curve, the solidus and liquidus 

emperatures were determined using a tangent method. For more 

etails, the reader may refer to Ref. [41] . Each measurement was 

epeated three times from which mean values and deviations were 

alculated. 

.6. Investigations using transmission electron microscopy 

Prior to transmission electron microscopy (TEM) investigations, 

islocations were introduced into the recrystallized alloys by com- 

ressing cylindrical specimens (length 10 mm, diameter 4 mm) 

t 293 K to ∼4% plastic strain at an engineering strain rate of 

0 –3 s −1 . Slices were then cut at 45 ° to the loading axis, ground to
3 
 thickness of ∼100 μm using 600-grit SiC paper, and discs with 

 diameter of 3 mm were punched out of the slices. The discs 

ere double-jet electrochemically thinned in a Struers TenuPol- 

 at 16 V, with a pump flow rate of 30 (no units are provided

y Struers) at 253 K using an electrolyte consisting of 70 vol. % 

ethanol, 20 vol. % glycerin and 10 vol. % perchloric acid. 

To determine the Burgers vectors of the dislocations, g · b anal- 

sis was carried out in a Tecnai Supertwin F20 G2 operating at 

00 kV, where g is the diffraction vector and b the Burgers vec- 

or. From the separation distance ( d ) between Shockley partials on 

111} planes, and assuming isotropic elasticity, the intrinsic stack- 

ng fault energy ( γ isf ) was calculated as described in [42] know- 

ng the elastic constants ( G, ν) and the angle ( β) between the 

islocation line and the Burgers vector of the perfect dislocation, 

ee Eq. S10. To facilitate measurement of d and g · b analysis, 

EM foils were cut at 45 ° to the loading axis (maximum shear 

tress), and a grain with a {111} plane lying nearly parallel to the 

lane of the TEM foil ( i.e. , with a < 111 > zone-axis) was selected.

eak-beam dark-field (WBDF) imaging was employed using the 

 (3 g )-diffraction condition recommended by Cockayne et al . [43] . 

rom WBDF images, the separation distance between Shockley par- 

ials ( d obs ) was measured at three points along straight segments 

f isolated dislocations. An average value from each set of three 

easurements and the associated deviation from the mean value 

taken here as the error bar) was obtained for dislocations with 

arying screw/edge characters. 

From the d obs values, the actual separations between Shockley 

artials ( d ) was obtained using the corrections and procedures rec- 

mmended in [ 44 , 45 ], see Eqs. S6-S9. To improve WBDF image res-

lution and facilitate observation of the very closely spaced partials 

n the alloy with the highest SFE, a g (4 g )-diffraction condition was 

sed [46] ; however, it could be applied in only very thin parts of 

he TEM foil because of the strong decrease in the effective ex- 

inction distance [47] . The other alloys with lower SFEs could be 

uccessfully analyzed using g (3 g ). 

. Computational details 

First-principles calculations were employed to study the ef- 

ect of the Cr/Ni ratio on magnetic properties and the γ -surface 

also called generalized stacking fault energy (GSFE) surface [48] ). 

lectronic structure calculations were performed within the den- 

ity functional theory (DFT) framework with the exact-muffin- 

in-orbital (EMTO) method [49–53] in combination with the full- 

harge-density method [ 54 , 55 ], and with the projector-augmented 

ave (PAW) method [ 56 , 57 ] implemented in VASP 5.4 [58–60] .

lectronic densities and total energies were calculated within the 

eneralized gradient approximation of the Perdew-Burke-Ernzerhof 

orm [61] . Brillouin zones were sampled by meshes with more 

han 10 0 0 0 k-points per reciprocal atom. For EMTO, ideal mix- 

ng of the chemical elements was modeled with the coherent po- 

ential approximation (CPA) [ 50 , 62 , 63 ], i.e. , the varying potentials

n the random substitutional solid solution are replaced by an ef- 

ective potential. Internal atomic positions were fixed to keep the 

igid-sphere packing. For PAW-based calculations, supercells with 

andom atomic occupations were considered and the atomic po- 

itions were allowed to relax. All calculations neglect short-range 

rdering effects. The equilibrium properties at 0 K were obtained 

y computing total energies with EMTO for 16 volumes in a range 

f 10 to 13 Å ³/atom and by fitting the energy-volume functions to 

he Vinet equation of state [ 64 , 65 ]. 

.1. Magnetic properties 

Collinear spin polarization was considered to simulate differ- 

nt magnetic states for the alloys. We assumed that the magnetic 
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Table 1 

Advantages and disadvantages of the two DFT approaches employed in this work. 

NM, FiM, and PM stand for non-magnetic, ferrimagnetic, and paramagnetic, respec- 

tively. 

EMTO PAW 

Chemical complexity Approximated (CPA) Explicit (supercells) 

Atomic relaxations No Yes 

Magnetic states NM, FiM, PM NM, FiM 

Finite temperature effects Yes Yes, but expensive ∗

Short-range ordering No Yes, but expensive ∗

Computational effort Low High 

∗ not considered here 
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Table 2 

Chemical compositions (in at.%) of the ten HEAs determined by EDX. The accuracy 

is ±0.5 at.%. 

Nominal Composition Cr Mn Fe Co Ni 

Mn 20 Fe 20 Co 20 Ni 40 0.3 19.8 20.4 19.9 39.6 

Cr 5 Mn 20 Fe 20 Co 20 Ni 35 5.3 20.0 20.3 19.7 34.7 

Cr 10 Mn 20 Fe 20 Co 20 Ni 30 9.8 20.1 20.2 19.7 30.2 

Cr 14 Mn 20 Fe 20 Co 20 Ni 26 14.3 20.0 20.2 19.7 25.9 

Cr 16 Mn 20 Fe 20 Co 20 Ni 24 16.3 20.2 19.7 19.9 23.9 

Cr 18 Mn 20 Fe 20 Co 20 Ni 22 18.0 20.0 20.0 19.9 22.1 

Cr 20 Mn 20 Fe 20 Co 20 Ni 20 19.9 20.1 20.3 19.8 19.9 

Cr 22 Mn 20 Fe 20 Co 20 Ni 18 22.1 20.3 19.6 19.9 18.0 

Cr 24 Mn 20 Fe 20 Co 20 Ni 16 24.0 20.1 19.7 20.0 16.2 

Cr 26 Mn 20 Fe 20 Co 20 Ni 14 25.7 20.7 19.4 19.8 14.4 
tates are perfectly ordered or random, which represent the ex- 

reme limits. In the EMTO approach for Cantor-based HEAs, a fer- 

imagnetic (FiM) state, in which the magnetic moments of Cr and 

n are ordered parallel to each other and antiparallel to those of 

e, Co, and Ni ordered ferromagnetically ( cf . Fig. S1a, hereafter re- 

erred to as FiM-I), has been previously adopted [66] . 

Recent studies [ 67 , 68 ], however, have revealed that some ele- 

ents in Cantor-based HEAs energetically prefer an antiferromag- 

etic ordering with magnetic moments oriented alternately up and 

own along the < 100 > direction in the FCC crystal. Therefore, we 

onsidered two such magnetic orderings based on 4-atom conven- 

ional unit cells for the FCC phase. For the low-Cr alloys ( x = 0,

, 10, and 14 at.% in Cr x Mn 20 Fe 20 Co 20 Ni 40- x ), it is found that a

agnetic state where the magnetic moments of Cr and Mn are or- 

ered antiferromagnetically and the magnetic moments of Fe, Co, 

nd Ni are ordered ferromagnetically (Fig. S1b, hereafter referred 

o as FiM-II) is lower in energy than the FiM-I state. In contrast, for 

he high-Cr alloys (16 ≤ x ≤ 26 at.%), the antiferromagnetic (AFM) 

tate, i.e. , a state in which all magnetic moments are ordered anti- 

erromagnetically (Fig. S1c) is found to be energetically more sta- 

le than FiM-I and FiM-II states. We considered in addition a para- 

agnetic (PM) state, where the magnetic moments are oriented 

andomly, as the ideal magnetic high-temperature limit by utiliz- 

ng the disordered local moment (DLM) method [ 69 , 70 ] within the

PA formalism. Finally, a nonmagnetic state, i.e. , a state where even 

ocal magnetic moments are not present, was also considered as a 

eference energy to assess magnetic phase stability. 

.2. (Generalized) stacking fault energies 

The intrinsic SFE ( γ isf ) was calculated with EMTO for 

r x Mn 20 Fe 20 Co 20 Ni 40- x with x = 14, 16, 18, 20, 22, 24, 26 at.% at

 K and 300 K in the DLM state. At 0 K, we employed FCC and

aulted 1 ×1 ×6 supercells with the z -direction parallel to [111]. At 

00 K, to consistently model finite temperature effects, we used 

he second-order axial Ising model [71] . We considered the theo- 

etical equilibrium lattice parameter of the FCC phase for the given 

emperature and composition and included vibrational, magnetic, 

nd electronic contributions in the Gibbs energies. The vibrational 

ontribution was computed based on the Debye-Grüneisen model 

ollowing Moruzzi et al . [72] ( cf . Refs. [66] and [73] ); the electronic

xcitations were calculated by applying the Fermi smearing; the 

agnetic state was modeled with the DLM method; the magnetic 

ntropy was treated with the mean-field approximation for itiner- 

nt systems [74] 

 magn ≈ 3 k B 
∑ 

i 

ln | m i | (2) 

This approximation may be more appropriate than the standard 

eisenberg model for Cr and Ni, therefore we chose this expression 

ecause we are varying the ratio of these elements in the Can- 

or alloy. Further details and a comparison with the approximation 

 magn = k B 
∑ 

i 

ln ( | m i | + 1 ) for the present alloys are provided in the 

upplementary materials. 

As the EMTO method strongly overestimates the unstable stack- 

ng fault energies because of the imperfect overlapping of the 

otential spheres due to open packing [75] , the unstable SFEs 

ere determined with the PAW method using 4 ×4 ×6 supercells 

ith a random occupation of the atoms for the compositions 

r 12.9 Mn 20.4 Fe 20.4 Co 20.4 Ni 25.9 and Cr 25.9 Mn 20.4 Fe 20.4 Co 20.4 Ni 12.9 . To 

btain converged mean values and standard deviations for the sta- 

le and unstable SFEs, we utilized 40 and 20 different chemi- 

al arrangements for the two compositions, respectively. We em- 

loyed a cutoff energy of 400 eV and a Methfessel-Paxton smear- 

ng [76] with a width of 0.1 eV. For each supercell, we fully re-

axed the atomic positions of the FCC cells, then tilted the unit 
4 
ell to create the stacking faults, and finally allowed for further re- 

axation only in the direction perpendicular to the fault. We sam- 

led the GSFE-surface at six points and parametrized it using Eq. 

14 [77] (further details are given in supplementary materials). For 

larity, we summarize the advantages and disadvantages of the 

MTO and PAW methods for HEAs in Table 1 . 

We estimated the separation distance d between two Shockley 

artials with the generalized Peierls-Nabarro model [78–80] . Full 

etails are provided in the supplementary materials. 

. Results 

.1. Composition and microstructure of as-cast and homogenized 

ngots 

The chemical compositions of the ten cylindrical ingots were 

nalyzed by EDX. Two metallographic cross-sections were taken 

rom the top and the bottom of the cast ingots and chemical com- 

ositions were measured over areas of 0.25 mm 

2 at different ra- 

ial positions spaced 4 mm apart, see Figs. S3-S5 in supplementary 

aterials. This procedure is similar to that in [35] . The analysis re- 

ealed that the ingots have homogeneous chemical compositions 

t the millimeter scale that are very close to the alloy compositions 

imed for, see Table 2 (deviations were all below the accuracy of 

DX: ± 0.5 at.%). Therefore, from here on, each alloy is denoted by 

ts nominal (aimed for) composition in at.%. 

EDX elemental maps were recorded after casting (left column in 

ig. 1 ) and homogenization (right column). A representative exam- 

le is given in Fig. 1 for the Cr 5 Mn 20 Fe 20 Co 20 Ni 35 alloy where the

ean grain size exceeds 1 mm. After casting, the EDX elemental 

aps in the left column of Fig. 1 reveal clear evidence of chemi- 

al segregation with dendrites enriched in Cr, Fe, and Co and in- 

erdendritic regions enriched in Ni and Mn. In contrast, no chem- 

cal segregation could be detected after homogenization at 1473 K 

or 48 h, see right column of Fig. 1 . Therefore, while the chemi-

al analysis at the millimeter scale indicated homogeneous com- 

osition in the cast condition, EDX elemental maps in Fig. 1 show 

hemical segregation at the microscale, which can be completely 
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Fig. 1. Elemental EDX maps of the Cr 5 Mn 20 Fe 20 Co 20 Ni 35 alloy: (a) Cr, (b) Mn, (c) 

Fe, (d) Co, and (f) Ni in the as-cast condition (left column) and the homogenized 

state (right column). Similar elemental partitioning was observed in all the alloys 

investigated, as shown in supplementary materials. 
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Table 3 

Recrystallization heat treatments, resulting grain sizes ( D ), FCC lattice parameters from ex

expansion ( α) at RT of the single-phase FCC HEAs investigated in this study. In the case

observed thermal strain curves are given as the experimental scatter. The reproducibility 

nominal compositions/at.% 

annealing 

temperature/K 

annealing 

duration/min D /μm 

exp. scatter ± 6% 

Mn 20 Fe 20 Co 20 Ni 40 1173 60 27 

Cr 5 Mn 20 Fe 20 Co 20 Ni 35 1173 60 25 

Cr 10 Mn 20 Fe 20 Co 20 Ni 30 1173 60 22 

Cr 14 Mn 20 Fe 20 Co 20 Ni 26 1173 60 18 

Cr 16 Mn 20 Fe 20 Co 20 Ni 24 1173 60 18 

Cr 18 Mn 20 Fe 20 Co 20 Ni 22 1173 60 19 

Cr 20 Mn 20 Fe 20 Co 20 Ni 20 1173 60 18 

Cr 22 Mn 20 Fe 20 Co 20 Ni 18 1173 60 19 

Cr 24 Mn 20 Fe 20 Co 20 Ni 16 1273 5 22 

Cr 26 Mn 20 Fe 20 Co 20 Ni 14 1373 15 61 

5 
omogenized after annealing at 1473 K for 48 h. Similar analyses 

ere performed on all ten alloys and representative EDX elemental 

aps for Mn are provided in Figs. S6 and S7. In all cases, uniform 

lemental distributions were obtained after homogenization. 

.2. Lattice parameter, texture and mean grain size after 

ecrystallization 

After recrystallization at 1173 K for 1 h, only the two alloys with 

he highest Cr contents were two-phase with Cr-rich σ precipi- 

ates in an FCC matrix; the other HEAs were single-phase FCC. To 

issolve σ precipitates in the 24 and 26 at.% Cr alloys, the pseudo- 

inary phase diagram reported by Laplanche et al . [31] was used to 

elect a recrystallization temperature that was above the σ -phase 

olvus. The full list of annealing temperatures and durations is pro- 

ided in Table 3 . 

For phase analyses, XRD and EBSD were performed. Two rep- 

esentative XRD patterns are shown in the left column of Fig. 2 

or the alloys with (a) lowest and (b) highest Cr concentrations. 

iffraction patterns for the other alloys can be found in supple- 

entary materials, Fig. S8. All XRD patterns showed the typical 

eaks of a disordered FCC solid solution; no additional peaks of 

econdary phases were detected. From the XRD patterns, the FCC 

attice parameters of the ten alloys were determined by Rietveld 

nalysis using the MAUD program [81] and are listed in Table 3 . 

he lattice parameter a exp ≈ 0.3599 nm is found to be roughly in- 

ependent of composition in the investigated concentration range. 

his trend is found also in the theoretical lattice parameters at 0 K 

nd 300 K computed with the EMTO method with the exception of 

he Mn 20 Fe 20 Co 20 Ni 40 and Cr 5 Mn 20 Fe 20 Co 20 Ni 35 alloys, which have

 slightly larger lattice constant, see a th values in Table 3 . The the-

retical lattice parameters at 300 K are underestimated by roughly 

.8% with respect to the experimental ones; we attribute this dis- 

repancy to the neglection of anharmonic vibrations and to the ap- 

roximations of the EMTO method. 

Representative grain orientation maps with an overlaid image 

uality map (bright/dark contrast) for the Mn 20 Fe 20 Co 20 Ni 40 and 

r 26 Mn 20 Fe 20 Co 20 Ni 14 alloys are shown in the middle column of 

ig. 2 . In these EBSD images, the color of each crystallite indi- 

ates the crystallographic direction parallel to the rod axis (see 

hite arrows). The stereographic triangle in the middle column 

f Fig. 2 a can be used to translate the colors into crystallographic 

rientations parallel to the rod axis. The stereographic triangles in 

he right column of Fig. 2 are IPFs showing the texture along the 

od axis, expressed in multiple times random. The corresponding 

reyscale can be found at the top right of Fig. 2 . The IPFs reveal

hat there is only a weak texture after swaging and recrystalliza- 

ion. 
periments ( a exp ) and theory ( a th ), mass density ( ρ), and coefficient of true thermal 

 of α, the standard deviations obtained from fitting 4 th -order polynomials to the 

in successive runs is usually of order 0.05 ·10 –6 K −1 . 

a exp /nm 

(300 K) a th /nm(0 K) a th /nm(300 K) ρ/g cm 

-3 α × 10 6 /K −1 

± 0.2% ± 0.1% ± 0.1% 

0.36007 0.3549 - 8.16 13.28 

0.35985 0.3541 - 8.12 14.79 

0.35983 0.3534 - 8.11 15.44 

0.35969 0.3530 0.3572 7.98 16.01 

0.35976 0.3529 0.3572 7.95 15.96 

0.35981 0.3529 0.3572 7.94 15.99 

0.36000 0.3528 0.3571 7.92 15.70 

0.36004 0.3528 0.3572 7.89 15.84 

0.36005 0.3529 0.3572 7.90 15.79 

0.36015 0.3529 0.3572 7.87 15.77 



C. Wagner, A. Ferrari, J. Schreuer et al. Acta Materialia 227 (2022) 117693 

Fig. 2. Phase and microstructural analyses of the cold-worked and recrystallized HEAs (a) Mn 20 Fe 20 Co 20 Ni 40 , lowest Cr concentration, and (b) Cr 26 Mn 20 Fe 20 Co 20 Ni 14 , highest 

Cr concentration. Figures in the left column are XRD patterns, those in the middle are color-coded grain orientation maps, and those in the right column are inverse pole 

figures showing weak texture parallel to the rod axis (indicated by the white arrow in the upper right corner of the EBSD images). The scale of the IPFs is shown at the top 

right and the maximum pole density of each IPF is indicated with a red arrow. 

Fig. 3. Melting range as a function of composition in Cr x Mn 20 Fe 20 Co 20 Ni 40- x alloys (0 ≤ x ≤ 26 at.%). (a) Solidus and liquidus temperatures determined by DSC as a function 

of Cr concentration. The inset is a representative DSC heating curve in which the endothermic event represents the melting range of the Cr 18 Mn 20 Fe 20 Co 20 Ni 22 HEA. Using a 

tangent method, the solidus ( T S ) and liquidus ( T L ) temperatures were determined at the onset and end of the endothermic peak. (b) Pseudo-binary phase diagram summa- 

rizing the melting range of CrMnFeCoNi HEAs as a function of temperature from the present work as well as the phase-stability data down to 973 K reported by Laplanche 

et al. [31] . 
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As shown in the middle column of Fig. 2 , the grains are 

quiaxed and contain several annealing twins. Their sizes were 

ound to be relatively homogeneous throughout the recrystallized 

ods and the average grain size of each alloy is listed in Table 3 .

he mean grain sizes of the eight alloys with the lowest Cr con- 

ents, which were recrystallized at 1173 K for 1 h, lie in the range

8 to 27 μm. The two alloys with higher Cr concentrations were 

nnealed at higher temperatures to obtain a single-phase FCC mi- 

rostructure. In an effort to keep their grain size roughly the same 

s that of the others, the duration of the anneals was reduced. This 

esulted in a grain size of 22 μm for Cr 24 Mn 20 Fe 20 Co 20 Ni 16 ; how-

ver, the minimum grain size achievable in Cr 26 Mn 20 Fe 20 Co 20 Ni 14 

as 61 μm, see Table 3 . Nevertheless, the physical properties re- 
w

6 
orted in the present study should not be affected by variations of 

rain size in the range 18 to 61 μm. 

.3. Thermal analysis 

A representative DSC heating curve for Cr 18 Mn 20 Fe 20 Co 20 Ni 22 is 

hown as an inset in Fig. 3 a. The solidus ( T S ) and liquidus ( T L ) tem-

eratures were determined by the intersection of fitted tangents 

dashed lines) at the onset and end of the endothermic event. 

or the equiatomic Cr 20 Mn 20 Fe 20 Co 20 Ni 20 HEA, our melting range 

1564–1613 K) is consistent with those reported in the literature, 

.g. , (1553–1622 K) [13] , (1562–1612 K) [82] , (1563–1613 K) [83] .

ith increasing Cr content from 0 to 26 at.%, T S increases by ∼30 K 

hile the T remains roughly constant. Correspondingly, the width 
L 
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Fig. 4. Thermal expansion behavior of the investigated alloys. (a) Experimentally 

observed strains ε( T ) = �L/L 0 and (b) thermal expansion coefficient α( T ) = ∂ ε/ ∂ T . 
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Fig. 5. Temperature dependence of elastic properties. (a) Shear modulus, 

(b) Young’s modulus, and (c) inverse quality factor Q −1 of selected eigen modes. 

In (a) and (b), dots represent measured points, dashed lines are fits using Varshni’s 

equation [39] , see Eqs. S3, S4 and fitting parameters in Table 4 . 
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f the solidification range (and thus the susceptibility to dendritic 

olidification) decreases with increasing Cr/Ni ratio. 

.4. Thermal expansion 

The temperature-induced strains ε( T ) = ( L ( T ) – L 0 )/ L 0 of the

ecrystallized alloys, where L 0 is the sample length at 295 K, 

re shown in Fig. 4 a. Except for the two alloys with the high-

st Ni contents, which expand less in the investigated temper- 

ture range, all the other alloys exhibit nearly the same ther- 

al expansion behavior. This becomes even more evident in 

he plot of the temperature dependence of the thermal ex- 

ansion coefficients α = ∂ ε/ ∂ T ( Fig. 4 b) and the RT coeffi-

ients listed in Table 3 . The α( T ) curves are identical within

xperimental error for the HEAs with x ≥ 10 at.%; however, 

hose of Mn 20 Fe 20 Co 20 Ni 40 and Cr 5 Mn 20 Fe 20 Co 20 Ni 35 are system-

tically lower in the whole temperature range. Below 200 K, 

n 20 Fe 20 Co 20 Ni 40 and Cr 5 Mn 20 Fe 20 Co 20 Ni 35 exhibit roughly the 

ame coefficient of thermal expansion but between 200 and 440 K 

he curve of the Cr-free alloy flattens before an abrupt steep in- 

rease at about 440 K. 

.5. Elastic properties 

The experimental elastic stiffness coefficients and moduli at RT 

re given in Table 4 . Figs. 5 a and 5 b depict the temperature depen-

encies of the shear and Young’s moduli, respectively. The experi- 

ental data points of G and E were fitted using Varshni’s equation 
7 
39] (see Eqs. S3, S4) and the best fits are represented by dashed 

ines in Fig. 5 , while the fit parameters are listed in Table 4 . Also

hown in Table 4 are the data reported for the equiatomic alloy 

n Ref. [84] . The ultrasound attenuation ( Q 

−1 ) with temperature is 

resented in Fig. 5 c. Except for the two alloys with the highest 

i content, the anelastic losses are relatively low in the investi- 

ated frequency range. Only in the case of Mn 20 Fe 20 Co 20 Ni 40 was 

he damping so strong that, below about 440 K, no reliable elastic 

tiffnesses could be obtained. The relatively large grain size of the 

r 26 Mn 20 Fe 20 Co 20 Ni 14 HEA (see Table 3 ) may have had some in-

uence on its resonance spectrum. Therefore, the uncertainties in 

 and G of this alloy were estimated to be twice those of the other

lloys. 
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Table 4 

Elastic stiffness coefficients c 11 , c 12 , and c 44 = ( c 11 - c 12 )/2, shear modulus ( G ), Young’s modulus ( E ), and Poisson’s ratio ( ν) determined at RT. Additionally, the parameters E 0 , 

s E , T E and G 0 , s G , T G obtained by fitting Varshni’s equation [39] to the experimental Young’s and shear moduli are given ( cf . Figs. 5 a,b). 

Alloy c 11 /GPa c 12 /GPa c 44 = G /GPa E = s 11 
–1 /GPa ν/ - E 0 /GPa s E /GPa T E /K G 0 /GPa s G /GPa T G /K 

Experimental data at room temperature Varshni’s parameters [39] for E ( T ) and G ( T ) 

Uncertainty ±3% ±3% ±3% ±3% ±20% ±4% ±2% ±2% ±1.25% ±1% ±1% 

Mn 20 Fe 20 Co 20 Ni 40 210.9 65.7 72.6 185.5 0.265 194 27.6 433 77.1 12.0 436 

Cr 5 Mn 20 Fe 20 Co 20 Ni 35 236.6 82.9 76.9 193.8 0.260 205 26.7 366 81.7 11.3 355 

Cr 10 Mn 20 Fe 20 Co 20 Ni 30 241.5 83.3 79.1 198.5 0.256 213 20.2 261 85.1 9.4 274 

Cr 14 Mn 20 Fe 20 Co 20 Ni 26 243.3 85.2 79.1 200.8 0.260 215 21.2 265 86.0 9.5 270 

Cr 16 Mn 20 Fe 20 Co 20 Ni 24 243.5 85.0 79.3 201.2 0.259 216 22.1 274 86.3 9.5 268 

Cr 18 Mn 20 Fe 20 Co 20 Ni 22 244.8 86.0 79.4 201.3 0.261 215 22.9 281 86.2 9.5 268 

Cr 20 Mn 20 Fe 20 Co 20 Ni 20 - - 81 ∗ 203 ∗ 0.25 ∗ 214 ∗ 35 ∗ 416 ∗ 85 ∗ 16 ∗ 448 ∗

Cr 22 Mn 20 Fe 20 Co 20 Ni 18 246.5 89.3 78.6 200.6 0.265 215 23.1 283 85.6 9.5 268 

Cr 24 Mn 20 Fe 20 Co 20 Ni 16 248.6 91.7 78.4 198.4 0.267 213 21.5 270 84.6 10.0 283 

Cr 26 Mn 20 Fe 20 Co 20 Ni 14 250.5 94.6 78.0 197.8 0.273 213 20.7 265 83.9 10.5 296 

∗ value reported in Ref. [84] using a different resonance-based method. 
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Fig. 6. Apparent weight of the Mn 20 Fe 20 Co 20 Ni 40 alloy, resulting from the sum of 

gravitational and magnetic forces, as a function of temperature. The weight reduc- 

tion at 450 K marks the loss of magnetic interactions. 
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For Cr x Mn 20 Fe 20 Co 20 Ni 40- x alloys with x ≥ 10 at.%, the mag- 

itude and temperature dependence of the elastic moduli vary 

nly slightly ( Figs. 5 a and 5 b). The observed softening of the

lastic moduli with increasing temperature can be well described 

y Varshni’s equation [39] , which is based on an Einstein model 

or the vibrational behavior of the alloy. Such a temperature 

ependence is common in HEAs [84–87] and MEAs [ 38 , 40 , 88 ].

owever, alloys with Cr contents ≤ 10 at.% are significantly 

ofter. For example, the shear moduli of Cr 5 Mn 20 Fe 20 Co 20 Ni 35 and 

n 20 Fe 20 Co 20 Ni 40 are ∼4% and ∼10% lower at RT compared to 

he other alloys, see Fig. 5 b. The Cr concentration also affects the 

nternal friction of the alloys ( Fig. 5 c). For x ≥ 10 at.%, the in-

erse quality factor of resonances in the frequency regime 100 

800 kHz is relatively low and decreases almost linearly with 

ecreasing temperature. In contrast, for Cr 5 Mn 20 Fe 20 Co 20 Ni 35 and 

n 20 Fe 20 Co 20 Ni 40 , the ultrasound attenuation suddenly increases 

t ∼200 K and 440 K, respectively, followed by a linear decrease 

ith decreasing temperature. Such abrupt changes of Q 

−1 are likely 

nduced by phase transitions as discussed in the next section. 

.6. Magnetic properties 

To identify the processes responsible for the discontinuities 

bserved on the α( T ) and Q 

−1 ( T ) curves ( Figs. 4 b and 5 c), we

tudied the magnetic behavior of all alloys at 293 K and as a 

unction of temperature in the case of the Mn 20 Fe 20 Co 20 Ni 40 al- 

oy using a thermobalance as described in Section 2.4 . At 293 K, 

ost of the alloys were nonmagnetic but Cr 5 Mn 20 Fe 20 Co 20 Ni 35 

nd Mn 20 Fe 20 Co 20 Ni 40 were slightly and strongly magnetic, respec- 

ively. The apparent weight of the latter alloy decreased sharply 

t ∼450 K ( Fig. 6 ), i.e. , at this (Curie) temperature, the attraction

o the magnet of the thermobalance disappeared corresponding 

o a loss of the alloy’s permanent magnetism. The Curie temper- 

ture is consistent with the discontinuities observed at ∼440 K 

n the α( T ) and Q 

−1 ( T ) curves of Mn 20 Fe 20 Co 20 Ni 40 ( Figs. 4 b and

 c). The difference of about 10 K may be related to the fact that

ifferent heating rates were used for thermogravimetric analy- 

is (5 K/min), dilatation experiments (2 K/min), and elastic mod- 

li measurements (data collection at discrete isothermal steps). 

herefore, it can be concluded that the Curie temperature of the 

n 20 Fe 20 Co 20 Ni 40 alloy is ∼440 K. When Cr is added at the ex-

ense of Ni to produce the Cr 5 Mn 20 Fe 20 Co 20 Ni 35 HEA, the over-

ll magnetism of the alloy as well as the magnitude of the mag- 

etic to nonmagnetic transition is decreased as Cr is antiferromag- 

etic. Consistent with this view, the increase in inverse quality fac- 

or in Fig. 5 c is much stronger for the Cr-free alloy than for the

r 5 Mn 20 Fe 20 Co 20 Ni 35 HEA. However, in the case of the dilatation 

easurements, while a clear discontinuity was observed in Fig. 4 b 

or the Cr-free alloy at the Curie temperature, the magnetic tran- 
8 
ition in the Cr 5 Mn 20 Fe 20 Co 20 Ni 35 alloy is probably too weak to 

ield a measurable signal in Fig. 4 b. Based on these observations, 

e suggest that the Curie temperature of the Cr 5 Mn 20 Fe 20 Co 20 Ni 35 

EA is ∼200 K, while those of the other alloys, if they have 

ne, are lower than 100 K (the lowest temperature investigated 

ere). Schneeweiss et al . [67] observed a ferromagnetic transition 

t 38 K in the equiatomic Cr 20 Mn 20 Fe 20 Co 20 Ni 20 HEA; similar low- 

emperature data do not exist for the other alloys. 

.7. Magnetic state simulation and expansion anomaly 

The ab initio computed enthalpy differences relative to the non- 

agnetic phase at 0 K are shown in Fig. 7 a. For the alloys with low

r concentrations, 0 ≤ x ≤ 14 at.%, the FiM-II state ( cf. Fig. S1) is 

ound to be lower in energy than the FiM-I and AFM states, see or- 

nge full line in Fig. 7 a. This suggests that the magnetic transition 

bserved in Fig. 6 is ferrimagnetic ↔ paramagnetic but it must be 

mphasized that this is a simplified view and the real nature of 

agnetic transitions in HEAs is probably more complex. For higher 

r concentrations, 16 ≤ x ≤ 26 at.%, the AFM state (green full line) 

s found to be energetically more favorable, Fig. 7 a. In the follow- 

ng, we therefore consider the FiM-II and the AFM states for x < 15 

nd x > 15 at.%, respectively, as magnetic ground states. The en- 

rgetically favorable magnetic state at low temperatures is needed 

o estimate the magnetic critical temperature, T c , of the considered 

lloys. We compute T c based on a mean-field approximation (MFA) 
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Fig. 7. (a) Ab initio computed enthalpy differences from the nonmagnetic phase 

at 0 K including a paramagnetic state (DLM, red), the FiM-I (blue), FiM-II (or- 

ange), and AFM (green) states shown in Fig. S1. Background colors distinguish the 

magnetically more favorable state at a given composition. (b) Ab initio computed 

magnetic critical temperature in the mean-field approximation. The experimental 

Curie temperatures (black circles in (b)) were obtained in the present study for the 

Cr 5 Mn 20 Fe 20 Co 20 Ni 35 and Mn 20 Fe 20 Co 20 Ni 40 and the filled black data points for the 

Cantor alloy were taken from Ref. [67] . (c) Ab initio computed spontaneous volume 

magnetostriction ω s . Dashed curves indicate that other magnetic states are found 

higher in energy at the composition while the full lines highlight the most energet- 

ically favorable magnetic states. 

[

T

w

(

p

(

t

T  

2

o

t  

t

v

b  

t

w

i

c

a

s

d

c

T  

d

n

t

a

ω

ω

w

t

g

ω  

a

p

a

C

p

s

s

s

p

4

t

c

(

t

a

l

i  

t

v  

c  

p

v  

t

p

s

o

e  

i

i

4

H  
89] as 

 

MFA 
c = 

2 

3 k B 

(
E DLM − E MGS 

)
, (3) 

here E DLM and E MGS denote the energies of the paramagnetic 

DLM) and magnetic ground states, respectively. Mean-field ap- 

roaches, which are based on a theory of idealized localized spins 

local moments), usually tend to overestimate magnetic critical 

emperatures. The ab initio computed T c 
MFA is shown in Fig. 7 b. 

he obtained values are 367 K, 299 K, and 123 K for x = 0, 5, and
9 
0 at.%, respectively, see Fig. 7 b. For the present alloys, the trend 

f the computed T c is consistent with the experimental observa- 

ions (450 K, 200 K, and 48 K for x = 0, 5, and 20 at.%, respec-

ively) though the computed values overestimate the experimental 

alues for 5 ≤ x ≤ 26 at.% and underestimate the experimental T c 
y about 80 K for the Cr-free alloy ( T c 

exp = 450 K). We attribute

his latter underestimation to the large amount of Ni (40 at.%), for 

hich the idealized “local magnetic moment” picture may be lim- 

ted due to strong longitudinal fluctuations [90] . For higher Cr con- 

entrations, x > 15 at.%, the computed T c 
MFA values are found to be 

round 150 K, which indicates that at RT these alloys can be con- 

idered in the PM state, consistent with the present experimental 

ata. 

Our experimental data reveal a lower thermal expansion coeffi- 

ient for the Cr-free alloy below T c that suddenly increases above 

 c (see black curve in Fig. 4 b with steep increase at ∼440 K), in-

icating a suppression of the expansion coefficient due to mag- 

etism. Therefore, we investigated whether there are some indica- 

ions of a potential magneto-volume effect, characteristic for Invar 

lloys [91] by examining the spontaneous volume magnetostriction 

 s given in a previous study [91] as 

 s = 

V 

MGS − V 

DLM 

V 

DLM 

(4) 

here V 

DLM and V 

MGS are the equilibrium volumes derived from 

he DFT calculations in the paramagnetic (DLM) and the magnetic 

round state, respectively. The results are shown in Fig. 7 c. Larger 

 s are found for alloys with low Cr concentrations ( x = 0, 5, 10, 14

t.%), for which the FiM-II state is the magnetic ground state, com- 

ared with alloys containing more Cr, which have the AFM state 

s magnetic ground state. This implies that the alloys with low 

r concentrations may show a magneto-volume effect. For added 

erspective, the ω s values of the investigated alloys ( ∼1 - 2%) are 

maller than those previously found in equiatomic FeCoNi and the 

uper Invar Fe 63 Ni 32 Co 5 alloy (2.6 and 4.1%) [92] , which is con- 

istent with the much smaller impact on expansion found for the 

resent alloy. 

.8. Burgers vector analysis 

The diffraction pattern of a grain with the (111) plane parallel 

o the TEM foil is shown in Fig. 8 a. Long dissociated dislocations 

an be observed in the corresponding bright-field scanning TEM 

STEM) image obtained in multi-beam condition, Fig. 8 b. The na- 

ure of these dissociated dislocations was determined using g · b 

nalysis and the invisibility criterion g · b = 0. The dissociated dis- 

ocation marked with a white dashed frame in Fig. 8 b is magnified 

n Figs. 8 c-e and imaged using the g (3 g ) WBDF technique with the

hree independent g -vectors shown in Fig. 8 a. Using the diffraction 

ector g 1 , which is parallel to [ 02 ̄2 ] , only the upper partial dislo-

ation is visible in Fig. 8 c. With g 2 = [ 20 ̄2 ] , the lower Shockley

artial is visible in Fig. 8 d. In contrast, both Shockley partials are 

isible with g 3 = [ 2 ̄2 0 ] in Fig. 8 e where the lower partial disloca-

ion appears brighter because the strain field between the Shockley 

artials is different from that outside [44] . From this g · b analy- 

is, the following conclusions can be drawn: (1) the Burgers vector 

f the perfect (undissociated) dislocation is parallel to g 3 and thus 

qual to a/ 2 [ 1 ̄1 0 ] , (2) the dislocation has a ∼60 ° character and (3)

t is dissociated into two Shockley partials according to the follow- 

ng reaction: 

a 

2 

[
1 ̄1 0 

]
= 

a 

6 

[
1 ̄2 1 

]
+ 

a 

6 

[
2 ̄1 ̄1 

]
. (5) 

.9. Stacking fault energies (SFEs) determined by TEM 

The stacking fault energies (SFEs) of six of the investigated 

EAs ( x = 14, 18, 20, 22, 24, and 26 at.%) were obtained by
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Fig. 8. Dislocation analysis after RT compression to 4% plastic strain. (a) Diffraction pattern showing that the (111) plane is almost parallel to the TEM foil. (b) STEM 

image showing an overview of the microstructure after deformation. (c-e) WBDF micrographs of a dissociated dislocation in three different g (3 g )-diffraction conditions. The 

schematics on the right side illustrate the (in)visibility of the partial dislocations and their Burgers vectors. 
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pplying the TEM-based methodology developed by Cockayne et 

l . [ 43 , 44 ]. No dissociation could be detected for alloys with

ow Cr concentrations ( x ≤ 10 at.%) due to insufficient reso- 

ution of the WBDF technique when the TEM is operated at 

00 kV. Representative actual partial separation distances ( d ) are 

hown in Fig. 9 a for Cr 26 Mn 20 Fe 20 Co 20 Ni 14 (lowest SFE, black) and

r 14 Mn 20 Fe 20 Co 20 Ni 26 (highest measurable SFE, red) as a func- 

ion of the angle β between the dislocation line and the Burg- 

rs vector of the perfect dislocation. The rest of the experimen- 

al results are shown in Fig. S9 of the supplementary materials. 

ver the entire range of β , the Shockley partial separations for 

r 26 Mn 20 Fe 20 Co 20 Ni 14 (5–9 nm) are significantly higher than those 

or Cr 14 Mn 20 Fe 20 Co 20 Ni 26 (1.5 – 3 nm), indicating that the latter 

as a much higher SFE. From the measured separation distances at 

ifferent angles, those for β = 90 ° are plotted in Fig. 9 b in black as

 function of composition and will be compared to ab initio com- 

utations in Section 4.11 . 

Using the Burgers vector of the partials deduced from the mea- 

ured lattice parameter, and the measured G and ν values, the 

 ( β)-data points ( Figs. 9 a and S9) were fitted with the method

f weighted least squares to the textbook equation (Eq. S10) for 

olterra dislocations [42] by refining γ isf . The best fits are rep- 

esented by dashed lines in Fig. 9 a. Upper and lower bounds en- 

ompassing all the data points were also computed using the 

ame equation and the corresponding ranges are shown as shaded 

reas in Fig. 9 a, which allows error bars of γ isf to be esti- 

ated. The experimental SFEs thus obtained are displayed in 

ig. 9 c in black. They decrease linearly with increasing Cr/Ni ra- 
10 
io from about ∼70 mJ/m ² in Cr 14 Mn 20 Fe 20 Co 20 Ni 26 to ∼20 mJ/m ²
n Cr 26 Mn 20 Fe 20 Co 20 Ni 14 . Since the SFE is inversely proportional to 

he distance between partials, the error bars increase as the lat- 

er decreases, especially as the resolution limit of WBDF is ap- 

roached. Our experimental data show a similar trend as those 

easured by Zaddach et al . [24] using XRD, i.e. , SFE decreases with

ncreasing Cr/Ni ratio. However, our SFEs are generally higher. This 

ifference may be due to several uncertainties in the SFE measure- 

ents of Zaddach et al . [24] , which were mentioned in the intro- 

uction. 

.10. SFE simulation 

The computed SFEs for 14 ≤ x ≤ 26 at.% are displayed in 

ig. 9 c. In all cases, the SFE decreases with increasing Cr/Ni ratio, in 

greement with the experiments. The relaxed PAW data (filled red 

quares in Fig. 9 c) are within 1–1.5 standard deviations of the ex- 

erimental data, even though a ferrimagnetic state at 0 K is mod- 

led in these calculations. In contrast, the (unrelaxed) EMTO data 

t 0 K (empty blue squares in Fig. 9 c) are much lower and the

ffect of Cr/Ni ratio on SFE is steeper than for the experimental 

urve, despite a more appropriate paramagnetic (DLM) state be- 

ng considered. However, when finite temperature contributions 

t 300 K are included (vibrational and electronic free energies, 

hermal expansion, and magnetic entropy; filled blue squares in 

ig. 9 c) the computed SFEs move closer to the experimental ones. 

evertheless, the computed SFEs are still systematically lower by 

45 mJ/m 

2 . 
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Fig. 9. (a) Shockley partial separation distances measured using the WBDF tech- 

nique as a function of the angle β (dislocation character) for two HEAs. The insets 

show selected Shockley partial pairs. (b) Shockley partial separation distances as a 

function of composition for β = 90 ° Black: measured using the WBDF technique at 

RT. Red: Calculated using the Peierls-Nabarro model in combination with the PAW 

method (“VASP”) at 0 K. (c) Stacking fault energy of the HEAs versus Cr content. 

Black: experimental (all data for single-phase FCC alloys, except the empty circle 

that is for a two-phase σ + FCC Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA, whose FCC matrix con- 

tains ∼24 at.% Cr). Red: computed at 0 K with the PAW method (“VASP”) in the 

ferrimagnetic state (relaxed and unrelaxed data are reported). Blue: computed at 

0 K and 300 K with the EMTO method in the paramagnetic (DLM) state. 
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Table 5 

Generalized stacking fault energies in mJ/m 

2 computed with the PAW method 

(VASP) for Cr 12.9 Mn 20.4 Fe 20.4 Co 20.4 Ni 25.9 and Cr 25.9 Mn 20.4 Fe 20.4 Co 20.4 Ni 12.9 at six dis- 

registry points. 

GSFE (mJ/m 

2 ) 

( u x , u z ) Cr 14 Mn 20 Fe 20 Co 20 Ni 26 Cr 26 Mn 20 Fe 20 Co 20 Ni 14 

( 0 , 
√ 

3 
12 

b ) 151 ± 21 183 ± 17 

( 0 , 
√ 

3 
6 

b ) [ γ usf ] 282 ± 19 309 ± 20 

( 0 , 
√ 

3 
3 

b ) [ γ isf ] 30 ± 24 11 ± 16 

( 0 , 2 
√ 

3 
3 

b ) [ γ max ] 1455 ± 20 1524 ± 21 

( 1 
4 

b, 0 ) 449 ± 20 462 ± 24 

( 1 
2 

b, 0 ) 779 ± 21 769 ± 22 
Additional EMTO calculations of the SFEs in the FiM-II magnetic 

tate (not shown here) reveal a similar compositional trend as the 

MTO data at 300 K for the DLM state but the overall SFEs are

hifted higher by about 50 to 60 mJ/m 

2 . Magnetic and chemical 

RO, if present, may further increase the derived SFEs. There are 

arious possible reasons for the difference in SFEs derived from 
11 
heory and experiments, which we will discuss in Section 5.3 . 

eanwhile, an important outcome of the present study is the 

emonstration of the shortcomings of EMTO in which atomic re- 

axations are not taken into account. In this regard, at least for 

he PAW data, this neglect causes a downward shift by as much 

s ∼60 mJ/m 

2 (compare filled and empty red squares in Fig. 9 c) 

nd we therefore speculate that an inclusion of relaxation energies 

ould lead to a much better agreement of the EMTO and experi- 

ental data. 

.11. Comparison of experimental and ab initio computed Shockley 

artial separations 

Comparison of the SFEs determined by TEM and simulations 

s not straightforward because of their differing underlying def- 

nitions and approximations. Experimentally, the Shockley partial 

eparation is assumed to reflect equilibrium between the elastic 

epulsion of the partials (assuming elastic isotropy) and their at- 

raction to minimize the surface area of the stacking fault. In con- 

rast, extended stacking faults without any dislocations are con- 

idered in simulations, i.e. , the SFE represents the excess energy 

er unit area of a stacking fault compared to the perfect lattice. 

n the simulations, the starting (perfect lattice) and ending ener- 

ies (stable stacking fault energy) are considered. However, more 

ccurate descriptions should account for the full energy pathway. 

n this context, Kibey et al . [93] suggested that the Shockley par- 

ial separation depends on the whole γ -surface (also called GSFE 

48] ). Using DFT calculations to compute the γ -surface and a gen- 

ralized Peierls–Nabarro model, Kibey et al . [93] pointed out that 

he unstable SFE ( γ us [94] ) is a critical parameter governing the 

eparation distance between Shockley partials. As shown in Sec- 

ion G of the supplementary materials, we find that this correction 

s particularly important for alloys with high SFEs ( i.e. , with large 

ore effects) while the Volterra solution provided in Eq. S10 is an 

xcellent approximation for low SFEs. 

To compute the Shockley partial separation distances, we sam- 

led the γ -surface at six points with the PAW method. The co- 

rdinates of these points, the corresponding energies and statisti- 

al uncertainties are reported in Table 5 . The GSFEs were used to 

arametrize the γ -surface with Eq. S14. From this, following the 

eierls-Nabarro formalism outlined in Section G of the supplemen- 

ary materials, we computed the Shockley partial separation dis- 

ances reported in Fig. 9 b employing the elastic moduli and lattice 

arameters measured experimentally. The computed distances are 

lightly larger (by 3–5 nm) than those measured by TEM because 

he intrinsic SFEs calculated with the PAW method are lower than 

he experimental SFEs ( cf . Fig. 9 c). The statistical error bars on the

eparation distances are very large and are almost entirely deter- 

ined by the corresponding uncertainties of the intrinsic SFEs. For 

he Cr 26 Mn 20 Fe 20 Co 20 Ni 14 alloy, the lower bound of the error bar 

s even negative, which would lead to an infinite partial separation 

istance. However, it is worth noting that these ab initio simula- 
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Fig. 10. Microstructure and Shockley partial separation distances in a two-phase σ+ FCC Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA. (a) Phase map obtained by EBSD where the FCC matrix 

is shown in yellow and the σ precipitates in blue. Two corresponding Kikuchi maps from the σ and FCC phases are shown at the bottom. (b) Shockley partial separation as 

a function of dislocation character ( β) for the FCC matrix with an average composition: Cr 24 Mn 20 Fe 20 Co 20 Ni 16 . 
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ions reasonably reproduce the experimental trend despite the fact 

hat the simulations were performed at 0 K in a ferrimagnetic state 

hile the experiments were carried out at 300 K, at which the al- 

oys are paramagnetic. 

To further verify the validity of the parameters utilized for fit- 

ing the γ -surface, we computed the single-crystal shear modulus 

sing the following expression [95] 

 { 111 } 〈 1 ̄1 0 〉 = ma x u x 

{
2 π

∂γ

∂ u x 

}
. (6) 

We obtained values of 63 ± 2 GPa and 64 ± 3 GPa for the 

r 14 Mn 20 Fe 20 Co 20 Ni 26 and Cr 26 Mn 20 Fe 20 Co 20 Ni 14 alloys, respec- 

ively, i.e. , G { 111 }〈 1 ̄1 0 〉 appears to be almost independent of the Cr/Ni 

atio, in excellent agreement with the data shown in Figs. 5 a- 

. These values are very close to the experimentally estimated 

 { 111 }〈 1 ̄1 0 〉 for the Cantor alloy, 56 GPa, using the following expres- 

ion [96] 

 { 111 } 〈 1 ̄1 0 〉 = 

3 ( c 11 − c 12 ) c 44 

c 11 − c 12 + 4 c 44 

, (7) 

nd the single-crystal elastic constants reported by Teramoto et al . 

86] extrapolated to 0 K 

2 . 

. Discussion 

.1. Effect of precipitation of the σ phase on the SFE 

A piece of the cold-worked Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEA was an- 

ealed at 1173 K for 1 h. The resulting microstructure is displayed 

n the EBSD phase map of Fig. 10 a where a two-phase σ+ FCC mi-

rostructure can be observed. Here the FCC matrix and σ particles 

re shown in yellow and blue, respectively, and two representative 

ikuchi patterns from these phases are presented at the bottom of 

ig. 10 a. From the phase map, the σ -phase surface area percentage 

as estimated to be ∼6%, which is lower than the equilibrium vol- 

me fraction of ∼18% at 1173 K [31] , indicating that this is not an

quilibrium state. Due to the precipitation of the Cr-rich σ phase, 

he FCC matrix is correspondingly depleted and its composition, 

hich was determined by TEM-EDX far away from the precipitates, 

as found to be approximately Cr 24 Mn 20 Fe 20 Co 20 Ni 16 (average of 

ve measurements). 
2 Note that the temperature dependencies of the elastic moduli ( E and G ) re- 

orted by Teramoto et al . for isotropic polycrystals are in excellent agreement with 

hose shown in Figs. 5 a,b. 

fl

W

d

[

12 
Using WBDF imaging, the dissociation width of perfect dislo- 

ations was determined in regions far away from σ particles. The 

esults are displayed in Fig. 10 b where the partial separations in 

he two-phase σ+ FCC Cr 26 Mn 20 Fe 20 Co 20 Ni 14 alloy range from ∼4 

o 8 nm whereas they are between ∼5 and 10 nm when the alloy 

as annealed at a higher temperature to establish a single-phase 

CC microstructure (compare Figs. 10 b and 9 a). This indicates that 

he SFE decreases with the precipitation of the σ phase due to a 

hange of the Cr/Ni ratio. As the FCC composition in the two-phase 

lloy was found to be Cr 24 Mn 20 Fe 20 Co 20 Ni 16 , the corresponding 

FE is marked with an empty symbol in Fig. 9 c at a Cr concentra-

ion of 24 at.%. Its value (26 mJ/m 

2 ) is consistent with the SFE ex-

ected based on a linear interpolation of the filled data points, see 

ig. 9 c. If we now compare the scatter of the data points in single-

hase and two-phase alloys in Figs. 10 b and 9 a, the experimental 

ispersion is slightly larger for the two-phase alloy. This is prob- 

bly due to the composition of the FCC matrix in the two-phase 

lloy being heterogeneous since the precipitation of the σ phase is 

ncomplete, i.e. , there are concentration gradients in the FCC ma- 

rix and the Cr/Ni ratio gradually decreases and thus the partial 

eparation decreases as one approaches the σ particles [32] . More 

mportantly, our results demonstrate that the SFE of HEAs can be 

ngineered through the precipitation of a secondary phase. 

.2. Can local-SFE fluctuations in HEAs be detected by weak-beam 

ark-field imaging? 

Several theoretical simulations of MEAs [97] and HEAs [ 98 , 99 ] 

ave indicated there should be variations in the local atomic con- 

guration/chemistry along the dislocation line leading to variations 

n the local SFEs and, in turn, the distance between Shockley par- 

ials. Consistent with this notion, separation distances measured in 

he CrMnFeCoNi HEA using LAADF/HAADF STEM, Nye tensor and 

enter of symmetry analysis showed large variations at different 

ocations, associated with complex solute configurations [98] . To 

ur knowledge, similar analyses for pure metals are not available 

or a direct comparison. However, as pointed out in a recent paper 

5] , Shockley partial spacings in HEAs/MEAs, and in the pure met- 

ls Cu and Ag, all determined from WBDF analyses, show a similar 

pread in dissociation widths suggesting that compositional varia- 

ions along the dislocation line are not the cause of the observed 

uctuations in partial separations, at least when imaged in the 

BDF mode. For further clarification, we compare in Fig. 11 a,b our 

ata for HEAs with those reported in the literature for pure copper 

43] (medium SFE) and silver [ 43 , 100 ] (low SFE). The slopes at the 
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Fig. 11. Stacking fault widths in FCC (a) HEAs and (b) pure metals. The plots show the Shockley partial separation versus angle β determined by WBDF imaging. (a) Data 

obtained in the present study for the Cr 14 Mn 20 Fe 20 Co 20 Ni 26 and Cr 26 Mn 20 Fe 20 Co 20 Ni 14 HEAs. (b) Data from the literature for Cu [43] and Ag [ 43 , 100 ]. The experimental 

scatter bands are similar for HEAs and pure metals. Below each alloy designation, the SFEs are noted. 
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nflection points of the S-shaped curves appear somewhat steeper 

or the pure metals compared to the HEAs. This is related to the 

oisson’s ratio of these different classes of materials: 0.37–0.40 for 

ure Cu and Ag and ∼0.26 for our HEAs. However, the experimen- 

al scatter bands of the S-shaped curves are similar for the HEAs 

nd pure metals. Since partial separations and, therefore, local vari- 

tions in SFE are not discernably different in HEAs compared to 

ure metals, at least when using WBDF images, techniques similar 

o those in [98] must be applied to pure metals to better quan- 

ify the degree of difference (if any) between highly alloyed and 

ilute/pure metals. 

.3. Systematic offset between experimentally determined and ab 

nitio calculated SFEs 

Several computational papers have predicted that the Cantor 

lloy should have near-zero or even a negative SFE at 0 K [101–

07] , while experimental values at 293 K range between 28 and 

5 mJ/m 

2 [ 5 , 21 , 22 , 24 , 108 ]. This discrepancy has triggered a de-

ate on “negative SFEs” [109–113] . In this context, it is important 

o note that absolute values computed from DFT can be often off

or several reasons although compositional trends are usually much 

etter described. A typical example is over-/under-binding related 

o different approximations of the exchange-correlation functional 

n DFT resulting in under-/overestimated absolute lattice constants 

114] , which can have strong effects on SFEs. For instance, for the 

antor alloy, the SFE can be higher if calculations are performed 

sing the experimental lattice constants rather than the signifi- 

antly smaller computationally predicted ones ( Table 3 ) whereas 

ompositional trends are hardly affected [115] . 

Besides the systematic errors due to the approximations of DFT, 

s mentioned here and elsewhere, five additional factors can be re- 

ponsible for the offset between theoretical and experimental SFEs, 

amely: 

(1) Finite temperature effects 

(2) Atomic relaxations 

(3) Magnetic effects 

(4) Chemical short-range ordering (SRO) [116–119] 

(5) Strong dislocation/solute interactions [111] or lattice frictions 

[88] that counteract the elastic repulsion of the partials 

All these explanations are plausible, but their experimental vali- 

ation/refutation is extremely challenging. Here, we limit our com- 

ents to points (1–3) since they were investigated in the present 

tudy. By comparing the EMTO data at 0 K and 300 K in Fig. 9 c, it

s evident that finite temperature effects play an important role in 
13 
etermining the SFE. Moreover, by looking at the PAW data, it can 

e seen that atomic relaxations have a similar impact. Both contri- 

utions increase the SFE substantially, bringing it closer to experi- 

ental values. These two factors are clearly not independent from 

ach other and cannot be simply added up, but they may be suffi- 

ient to account for the systematic shift between theory and exper- 

ments. Therefore, we argue that good quantitative agreement with 

he experimental data could be reached if it was possible to simul- 

aneously consider all the different ingredients, namely: (i) vibra- 

ional, electronic, and magnetic excitations; (ii) atomic relaxations. 

nfortunately, computational approaches that account for all these 

ontributions at once are presently too expensive for composition- 

lly complex materials, hence the best compromise must be sought 

n practice. 

. Conclusions 

Ten pseudobinary HEAs, Cr x Mn 20 Fe 20 Co 20 Ni 40- x , spanning a 

road composition range 0 ≤ x ≤ 26 at.% were investigated. All the 

lloys were chemically homogeneous, untextured, and single-phase 

CC in the recrystallized state. The physical properties of these al- 

oys, including their lattice parameters, melting range, thermal be- 

avior, elastic moduli, magnetism and stacking fault energies were 

easured and compared with ab initio calculations. From the ob- 

ained results, the following conclusions can be drawn: 

• The lattice parameter ( a ≈ 0.3599 nm) of all the investigated 

alloys at 293 K is approximately independent of composition. 

The solidus temperature increases linearly by ∼30 K with in- 

creasing x from 0 to 26 at.% while the liquidus temperature is 

roughly independent of composition. 

◦ For x ≥ 10 at.%, the HEAs are not magnetic between 100 and 

673 K. Additionally, the temperature dependence of the coeffi- 

cients of thermal expansion and elastic moduli of these alloys 

are nearly identical. The average temperature dependencies of 

the Young’s and shear moduli are given by: 

◦ E(T ) = 214 . 5 − 21 . 7 

e 
271 

T −1 

and G (T ) = 85 . 4 − 9 . 7 

e 
275 . 3 

T −1 

◦ Two of the alloys Cr 5 Mn 20 Fe 20 Co 20 Ni 35 and Mn 20 Fe 20 Co 20 Ni 40 

become magnetic below critical temperatures of ∼200 K and 

∼440 K, respectively. These Curie temperatures are qualitatively 

reproduced by our ab initio calculations. The magnetic transi- 

tions are associated with magnetostriction, which is clearly vis- 

ible on the α( T ) and Q 

−1 ( T ) curves. 

◦ Experimentally, the SFE at 300 K increases linearly from 

23 mJ/m 

2 for Cr 26 Mn 20 Fe 20 Co 20 Ni 14 to 69 mJ/m 

2 for 

Cr Mn Fe Co Ni (the SFE of the equiatomic alloy is 
14 20 20 20 26 
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35 mJ/m 

2 , consistent with previous experimental studies). The- 

oretical simulations reproduce the compositional trends but the 

absolute values are systematically lower than the experimental 

ones. 

◦ Our ab initio simulations reveal that atomic relaxations, finite 

temperature effects, and magnetic effects, when considered in- 

dividually, have a strong influence on the SFE and if these fac- 

tors are not accounted for, the SFEs can be greatly underesti- 

mated. Therefore, we conjecture that if all these factors were 

included simultaneously in computations, the experimental and 

simulation values of the SFEs may match closely. However, such 

simulations are currently too expensive to perform. 

◦ Ab initio calculations were also performed to compute the γ - 

surface of the Cr 26 Mn 20 Fe 20 Co 20 Ni 14 and Cr 14 Mn 20 Fe 20 Co 20 Ni 26 

HEAs. These calculations in combination with the Peierls- 

Nabarro formalism allowed us to compute the separation dis- 

tances between Shockley partials, which were found to re- 

produce the compositional trend observed experimentally. Ad- 

ditionally, the shear moduli G { 111 }〈 1 ̄1 0 〉 derived from the γ - 

surfaces are nearly independent of composition, in agreement 

with our results, and their magnitudes are consistent with ex- 

perimental values reported in the literature for the Cantor alloy. 

As a final remark, it is worth noting that, in the present work, 

 broad concentration range (14 ≤ x ≤ 26 at.%) was identified in 

hich the SFE can be finely tuned while all the other physical 

roperties remain almost constant. Therefore, the pseudo-binary 

ubsets of the Cr-MnFeCoNi alloy can be considered as model HEAs 

o investigate the effect of SFE on mechanical properties without 

onfounding effects of other physical properties. 
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