
Scripta Materialia 252 (2024) 116264

1359-6462/© 2024 Acta Materialia Inc. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar
technologies.

Computational thermodynamics-guided alloy design and phase stability in 
CoCrFeMnNi-based medium-and high-entropy alloys: An 
experimental-theoretical study 
David D.S. Silva a,b,*, Gustavo Bertoli a,b, Nelson D. Campos Neto b, Norbert Schell c, Kester 
D. Clarke b,d, Michael J. Kaufman b, Amy J. Clarke b,d, Francisco G. Coury e, 
Claudemiro Bolfarini e 

a Federal University of São Carlos, Graduate Program in Materials Science and Engineering, 13565-905, São Carlos, SP, Brazil 
b Colorado School of Mines, George S. Ansell Department of Metallurgical and Materials Engineering, 80401, Golden, CO, USA 
c Helmholtz-Zentrum Hereon, Institute of Materials Physics, Max-Planck-Str. 1, 21502, Geesthacht, Germany 
d Los Alamos National Laboratory, Sigma Manufacturing Science Division, 87545, Los Alamos, NM, USA 
e Federal University of São Carlos, Department of Materials Engineering, 13565-905, São Carlos, SP, Brazil   

A R T I C L E  I N F O   

Keywords: 
Medium- and high-entropy alloys 
CALPHAD 
Thermodynamic calculations 
Sigma phase 
High-energy synchrotron X-ray diffraction 

A B S T R A C T   

A computational thermodynamics approach has been employed to design CoCrFeMnNi-based medium- and high- 
entropy alloys (M/HEAs) with systematically varied compositions (Co((80-X)/2)Cr((80-X)/2)FeXMn10Ni10 with x =
30, 40, and 50 at.%) and phase stability. Since the formation of sigma phase, usually brittle and undesirable, is a 
common concern, when this class of alloys is subjected to elevated temperatures (600–1000 ◦C), predicting its 
formation becomes essential. Thus, its formation and the phase equilibria were studied using the CALPHAD 
method, and two empirical methods, namely, valence electron concentration (VEC) and paired sigma-forming 
element (PSFE). Isothermal aging treatments at 900–1100 ◦C for 20 h were performed, since CALPHAD and 
VEC/PSFE predictions diverged. Both prediction methods were compared with experimental characterization by 
a combination of scanning electron microscopy and high-energy synchrotron X-ray diffraction. The predictions 
from the VEC/PSFE and CALPHAD calculations (depending on the database used) were shown to be quite 
accurate.   

Medium/high entropy alloys (M/HEAs) are attracting considerable 
attention in the literature due to the good combination of properties 
exhibited by some compositions, such as excellent mechanical response, 
and excellent oxidation and corrosion resistance [1,2]. While initially 
equiatomic M/HEAs were mostly produced [3,4], Recently the focus 
shifted to compositions with optimized properties, which typically 
happens at non-equiatomic compositions [5–7]. Therefore, accurate 
ways of determining temperature-dependent phase stabilities for large 
composition fields are of great interest [8]. 

The most used computational methods for M/HEAs design include 
the calculation of phase diagrams (CALPHAD), density functional the-
ory, molecular dynamics, and Monte Carlo [9]. Of these, CALPHAD-type 
approaches, in general have broader applicability and have been shown 
to be useful in predicting phase stability in several cases [10,11]. 
However, for cases in which competing intermetallic phases appear, 

such as Laves (C14, C15, C36, and PuNi3), A15, chi (χ), mu (µ), and 
sigma (σ), this approach currently has limited predictive power [12–15]. 

Regarding the sigma phase, its formation is a real concern for face- 
centered cubic (FCC) alloys subjected to elevated temperatures 
(600–1000 ◦C); and, it is frequently observed in the CoCrFeMnNi system 
[16,17]. Its precipitation can be responsible for embrittlement, and loss 
of corrosion and oxidation resistance [18–22]. Therefore, predicting its 
formation is essential. Considering that predicting sigma phase forma-
tion using CALPHAD can be unreliable on novel compositions [23], Tsai 
et al. [24,25] formulated two criteria to predict the formation of the 
sigma phase: valence electron concentration (VEC) and paired 
sigma-forming element (PSFE), here called the "Tsai criteria". In sum-
mary, the Tsai criteria predict the alloys will be: i) sigma-free, if the VEC 
is outside the range of 6.8 and 7.84 or the PSFE is lower than 25 %; ii) 
sigma-prone, if the VEC is inside the range of 6.88 and 7.84 and the PSFE 
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is higher than 40 %; iii) uncertain about sigma phase formation, if the 
VEC is inside the range of 6.88 and 7.84 and the PSFE is inside the range 
of 25 % and 40 %. 

In this study, we critically evaluate both the CALPHAD and Tsai 
criteria prediction methods, comparing their accuracies and identifying 
the factors influencing their precision. Additionally, we compare these 
prediction methods with experimental characterization, employing 
scanning electron microscopy and high-energy synchrotron X-ray 
diffraction to validate our predictions. Although comparisons and vali-
dations between the methods used (CALPHAD and Tsai criteria) will be 
performed, the main focus of this work is to design new M/HEAs derived 
from the Cantor alloy with enhanced FCC phase stability, thereby 
making the formation of single-phase compositions more likely. This 
work significantly contributes to our understanding of the CoCrFeMnNi 
system, particularly regarding its potential susceptibility to sigma phase 
formation. Our findings have the potential to provide valuable guidance 
for future alloy design and optimization efforts. 

The M/HEAs in the Co((80-X)/2)Cr((80-X)/2)FeXMn10Ni10 system, with 
x= 30, 40 and 50, at.%, were designed and resulted in the following 
nominal compositions: Co15Cr15Fe50Mn10Ni10, Co20Cr20Fe40Mn10Ni10, 
and Co25Cr25Fe30Mn10Ni10 (at.%), hereinafter denoted by Co15Cr15, 
Co20Cr20 and Co25Cr25, respectively. Thermodynamic calculations 
were performed to estimate the equilibrium phases at different tem-
peratures. These calculations were performed using two recent ther-
modynamic databases for M/HEAs, TCHEA5 (Thermo-Calc® software 
(version 2021b)) and PanHEA2022 (Pandat® software (version 2022)). 
For the CoCrFeMnNi system, the TCHEA5 database describes 10/10 
binary (fraction of assessed binaries fAB = 1) and 5/10 ternary systems 
(fraction of assessed ternaries fAT = 0.5). In contrast, the PanHEA2022 
database fully describes 10/10 binaries (fAB = 1) and 8/10 ternaries (fAT 
= 0.8). Specifically, Miracle and Senkov [1] suggested that for a data-
base to be suitable, it is important that fAB = 1 and that one has the 
highest possible value of fAT. However, the prediction reliability also 
depends on the thermodynamic model adopted to describe the constit-
uent phases [26,27]. The sigma phase has a tetragonal lattice (space 
group #136 P42/mnm, Pearson symbol tP30) containing 30 atoms per 
unit cell, which are divided into five Wyckoff positions (2a, 4f, 8i, 8i’, 
and 8j) [26]. PanHEA2022 database uses the three sublattices model 
(8i’)8 (4f)4 (2a,8i,8j)18 or (Co,Cr,Fe,Mn,Ni)8 (Cr,Fe)4 (Co,Cr,Fe,Mn,Ni)18 
to describe the sigma phase, where not all constituent elements can 
occupy any sublattice. In contrast, TCHEA5 database uses another three 
sublattices model: (2a,8i’)10 (4f)4 (8i,8j)16 or (Co,Cr,Fe,Mn,Ni)10 (Co,Cr, 
Fe,Mn,Ni)4 (Co,Cr,Fe,Mn,Ni)16. Thus, although the PanHEA2022 data-
base has a higher fraction of assessed ternaries for this system, TCHEA5 
provides a more comprehensive description of the sigma phase. There-
fore, a comparative analysis will be performed here. 

Two empirical methods (Tsai criteria) were also used to predict the 
formation or absence of the sigma phase. The 1st Tsai criterion [24] is 
based upon the VEC of the alloy, which is a weighted average (by atomic 
fraction) of the VEC of the constituent components [1,24] and may be 
calculated according to Eq. (1) [24]: 

VEC =
∑

n

i=1
ci(VEC)i (1)  

where n is the number of components in the alloy, and ci is the atomic 
fraction of the ith component. According to the 1st Tsai criterion, the 
sigma phase is not formed in alloys with VEC values outside the range 
between 6.88 and 7.84. However, some binary alloys, even those where 
the VEC predicts sigma phase formation, do not have sigma in their 
phase diagram, e.g., the Fe-Mn system, where the FeMn composition has 
a VEC of 7.5 [28]. For this reason, Tsai et al. [25] proposed a 2nd cri-
terion that introduced the new parameter, PSFE. 

The PSFE considers if the constituent elements are sigma-prone when 
in solid solution, and will be given by: 

PSFE(cA, cB) =

⎧

⎪

⎨

⎪

⎩

2
∑

cA, if
∑ cA
∑ cB

≤ 1

2
∑

cB, otherwise
(2)  

where cA and cB are the atom fractions of A and B, respectively. Ac-
cording to the 2nd Tsai criterion, the sigma phase should not form in 
alloys with PSFE 〈25 % and should form in alloys with PSFE 〉 40 %. 
Between these limits, the sigma phase may or may not form. 

In the current work, the A elements (transition metals of groups VB- 
VIIB) could be Cr and Mn, whereas B elements (transition metals of 
groups VIIB-VIIIB) could be Mn, Fe, Co, and Ni. To properly select ele-
ments A and B, and to obtain greater accuracy in the predictions, all 
binary phase diagrams [28] of the CoCrFeMnNi system were consulted 
to identify those that exhibit the sigma phase at three different tem-
peratures, 900, 1000, and 1100 ◦C. Table S1 (supplementary materials 
section) compiles the sigma-prone binaries for the temperatures evalu-
ated. Based on Table S1, Cr is an A element; Mn, Fe, and Co are B ele-
ments; and Ni is neither an A nor a B element. 

The ingots were produced by vacuum induction melting. All raw 
materials used for casting the alloys were commercially available pure 
elements. 0.5 at.% Al was added as a deoxidizer to avoid large angular 
oxide inclusions. After solidification, the as-cast ingots were homoge-
nized at 1200 ◦C for 2 h, followed by water quenching. The homoge-
nized alloys were hot rolled at 1100 ◦C with a total rolling reduction 
ratio of ≈ 87.5 %, followed by water quenching. After hot rolling, the 
alloys were cold-rolled with a total reduction ratio of ≈ 50 %. Samples 
with dimensions 10×10×1 mm3 were produced by wire electrical 
discharge machining (EDM) from the alloy sheets. The first group of 
samples were then annealed at 900 ◦C for 0.25 h, followed by water 
quenching to obtain fully recrystallized microstructures, whereas the 
second group of samples were aged at 900, 1000, and 1100 ◦C for 20 h, 
followed by water-quenching to allow the formation of the sigma phase. 
According to the results reported in the literature [16,17], it is reason-
able to suppose that an aging time of 20 h provides sufficient time for the 
sigma phase to form. Furthermore, plastic deformation during cold 
rolling can also accelerate its formation by providing heterogeneous 
nucleation sites and high defect density [29]. 

Chemical analysis of the major alloying elements (Co, Cr, Fe, Mn, Ni 
and Al) was carried out using inductively coupled plasma-optical 
emission spectrometry (ICP-OES, Thermo 6000). The interstitial ele-
ments (C, S, O, N, and H) were also determined - C and S by direct 
combustion in a Leco® CS-844 analyzer, O and H by infrared absorption 
radiation, and N by thermal conductivity in a Leco® ONH-836 analyzer. 
The microstructures of the M/HEAs were investigated using a TESCAN 
S8252G scanning electron microscope (SEM) equipped with an energy 
dispersive spectroscopy (EDS) and a backscattered electron (BSE) de-
tectors. A FEI Helios Nanolab 600i was used for electron backscatter 
diffraction (EBSD) analysis. 

High-energy synchrotron X-ray diffraction (HE-SXRD) was used to 
identify the phase structure evolution. The synchrotron experiments 
were performed at the P07B High Energy Materials Science beamline of 
PETRA III/DESY [30]. A high-photon beam energy of 87.1 KeV was 
used. This photon energy allowed performing diffraction experiments in 
transmission mode. LaB6 powder was used as a standard for the cali-
bration of the instrument parameters, and to determine the 
sample-to-detector distance. A two-dimensional PerkinElmer fast de-
tector was used to collect the Debbye-Scherrer rings. 

Phase predictions under equilibrium are plotted in Fig. 1 (a-f) using 
TCHEA5 database (Fig. 1 (a-c)) and PanHEA2022 database (Fig. 1 (d-f)). 
For both databases, the three alloys are predicted to be single-phase FCC 
at 1200 ◦C. Sigma phase is predicted to form from the FCC phase after 
solidification is complete, but not until temperatures below 1180 ◦C 
(Fig. 1(c)) and 912 ◦C (Fig. 1(f)) were attained, depending on the alloy 
and database, with increasing volume fractions at lower temperatures 
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(600–900 ◦C). Fig. 1 (a-f) also shows that when selecting the tempera-
ture range between 900 ◦C and 1100 ◦C, the phases predictions using 
TCHEA5 and PanHEA2022 databases completely diverged. Therefore, to 
assess the accuracy of the CALPHAD method by using two different 
databases for predicting the formation of the sigma phase, temperatures 
of 900, 1000, and 1100 ◦C were selected for thermal aging treatments. 

Fig. 2 (a-p) shows the CALPHAD phase equilibria predictions for Fe- 
Cr50Co50–Ni50Mn50 pseudo-ternary phase diagrams at 1200, 1100, 
1000, and 900 ◦C. Decreasing the temperature from 1200 to 900 ◦C, the 
FCC phase field shrinks significantly and favors the formation of the 

sigma phase, especially for the Cr and Co-rich alloys. However, when 
comparing the CALPHAD predictions using the TCHEA5 (Fig. 2 (a-h)) 
and PanHEA2022 (Fig. 2 (i-p)) databases results have revealed a 
completely different behavior. On the one hand, the calculations using 
the TCHEA5 database predicted the formation of sigma phase for the 
Co20Cr20 and Co25Cr25 alloys at 1100 ◦C and for the three alloys 
(Co15Cr15, Co20Cr20, and Co25Cr25) at 1000 and 900 ◦C. On the other 
hand, the sigma phase formation was only predicted for the Co25Cr25 
alloy at 900 ◦C when the PanHEA2022 database was used, highlighting 
the importance of database selection. To ensure the viability of the 

Fig. 1. Equilibrium volume fraction of phases calculated by the CALPHAD method at different temperatures for (a, d) Co15Cr15, (b, e) Co20Cr20 and (c, f) Co25Cr25 
alloy. Thermo-Calc® software using TCHEA5 database, and Pandat® software using PanHEA2022 database were used to calculate Fig. 2 (a-c) and Fig. 2 (d-f), 
respectively. The highlighted regions in golden in the diagrams represent the temperatures chosen (900 ◦C, 1000 ◦C, and 1100 ◦C) to predict sigma phase formation. 
It should be noted that these thermodynamic calculations were performed under equilibrium conditions. The data were plotted using nominal, rather than actual, 
alloy compositions. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.). 
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CALPHAD method and accuracy of the database used, it is critical to 
compare predictions to the experimental data. 

Previous investigators have studied the effects of alloying elements 
on the phase stability in the CoCrFeMnNi system, and it is well estab-
lished that the sigma phase is strongly stabilized by both Cr and Mn, 
with Cr playing a much more significant role than Mn, or the combi-
nation of Cr with Mn [16,17,31–33]. In contrast, Ni, Co, and Fe are 
strong FCC stabilizers, suppressing the formation of the sigma phase [13, 
32,34–36]. To date, similarly detailed studies have not been conducted, 
when simultaneously varying Co and Cr in equivalent ratios, at the 
expense of Fe, while keeping Ni and Mn constant, and as a result, the 
synergistic effects of these elements (Co and Cr) remain unclear. Inde-
pendent of database used, the CALPHAD calculations indicate a pro-
nounced Cr-driven stabilization of the sigma phase, outweighing the 
influence of Co on FCC phase stability. A concurrent increase in Co and 
Cr concentrations in equivalent ratios yields a higher volumetric fraction 

of the predicted sigma phase, rendering it progressively thermody-
namically favored, irrespective of temperature. 

Tsai criteria predictions using two empirical methods, VEC and PSFE, 
are shown in Fig. 3. To further explore the dimension of the composi-
tional fields, the predictions were expanded to a wide range of compo-
sitions, in which pseudo-ternary diagrams for the Fe- 
Cr50Co50–Ni50Mn50 system are presented in Fig. 3 (a, b) for the VEC and 
PSFE predictions, respectively. Furthermore, to make the Tsai criteria 
clearer and more intuitive, a graphical representation was generated, as 
shown in Fig. 3(c). Through the correlation between PSFE and VEC, 
three distinct zones can be observed: sigma-free, sigma-prone, and un-
certain. The Tsai criteria predictions diverged when used the TCHEA5 
database, since the Tsai criteria did not predict sigma phase formation 
for the alloys studied. However, special attention should be paid to the 
Co20Cr20 and Co25Cr25 alloys, since these alloys present the VEC and 
PSFE close to the boundary for sigma phase formation. Moreover, it is 

Fig. 2. Pseudo-ternary phase diagram (in at.%) for the Fe-Cr50Co50–Ni50Mn50 system. All single-phase fields are identified. Panels (a, c, e, g) show the 1200 ◦C, 1100 
◦C, 1000 ◦C, and 900 ◦C isotherms, respectively, and Panels (b, d, f, h) display the calculated volume fraction of sigma phase (%) over the (FCC + σ) region predicted 
by Thermo-Calc® software using TCHEA5 database. Panels (i, k, m, o) show the 1200 ◦C, 1100 ◦C, 1000 ◦C, and 900 ◦C isotherms, respectively, and Panels (j, l, n, p) 
display the calculated volume fraction of sigma phase (%) over the (FCC + σ) region predicted by Pandat® software using PanHEA2022 database. The dark gray 
points in panels ((b, d, f, h), (j, l, n, p)) depict predicted sigma phase fractions by the CALPHAD method. A Python code was developed for calculating additional data 
points within the range of known data points using bilinear interpolation. The colored stars in panels (a-p) represent the three alloys produced in this study. These 
thermodynamic calculations were performed under equilibrium conditions. The data were plotted using nominal, rather than actual, alloy compositions. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.). 
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important to emphasize that the validation of these empirical methods 
(VEC/PSFE) demands precise experimental investigations. 

The actual compositions deviate only slightly from the designed 
compositions (Co14.9Cr13.8Fe49.5Mn11.4Ni10.3Al0.1, Co19.3Cr18.5-
Fe39.4Mn11.4Ni10.3Al0.1, and Co23.4Cr22.2Fe32.5Mn10.4Ni10.5 Al0.1, in at. 
%). Furthermore, the measured total contents of C, S, O, N, and H were 
below 355, 65, 315, 225, and 35 wt. ppm, respectively, for all alloys, 
which is relatively low. The presence of these interstitial elements is 
highly likely due to contamination of the melting equipment and the 
starting feedstocks used in the fabrication of the alloys. 

Representative microstructures of recrystallized and aged samples 
are presented in Fig. 4. The EBSD inverse pole figure analysis reveals the 
average grain sizes range from 4.0 to 156.5 µm (Co15Cr15), 3.8 to 75.4 
µm (Co20Cr20), and 2.7 to 67.3 µm (Co25Cr25) compared to the 
recrystallized sample (900 ◦C for 0.25 h) and the 1100 ◦C for 20 h 
condition. It implies these alloys present different grain growth kinetics. 
Despite 20 h of aging at 900, 1000, and 1100 ◦C, it was observed that the 
sigma phase did not form in any of these alloys. Instead, all alloys 

consistently retained a single FCC phase. Although Co is not as effective 
as Ni in suppressing the formation of the sigma phase, it does stabilize 
the FCC phase, and its effect must be considered. 

Although the interstitial elements concentrations in the M/HEAs 
were at ppm levels, NMIs were observed. To further clarify the micro-
structure and elemental composition, SEM-BSE/EDS analysis was per-
formed; the results are also shown in Fig. 4. Based on SEM-BSE/EDS 
qualitative analysis, the NMIs consist of a mixture of oxide, sulfide, 
and carbide compounds, categorized as follows: Al-rich, (Mn,Al)-rich, 
and (Mn,Cr)-rich oxides; Mn-rich sulfides; and Cr-rich and Mn-rich 
carbides. Further details on the identification of the NMIs types 
through a joint analysis with SEM-BSE/EDS and from the viewpoint of 
thermodynamics (Gibbs free energies of formation, ) can be found in the 
Supplementary Material. However, a detailed analysis of composition 
and structure of the NMIs is beyond the scope of this work. 

Integration of the obtained 2D diffraction rings into diffraction pat-
terns is detailed in Fig. 5, revealing the dominance of an FCC phase with 
very low traces of NMIs. The patterns were indexed to the FCC phase and 

Fig. 3. Pseudo-ternary diagram (in at.%) for the Fe-Cr50Co50–Ni50Mn50 system for the prediction of sigma phase formation using two empirical methods (Tsai 
criteria). (a) Valence electron concentration (VEC) and (b) Paired sigma-forming element (PSFE). It should be noted that different color bars are used for VEC (a) and 
PSFE (b) diagrams to better represent different ranges. Specifically, the color bar of the VEC diagram ranges from the lowest values (red for weak intensity) to the 
highest values (blue for strong intensity), while that in the PSFE diagram ranges from the lowest values (blue for weak intensity) to the highest values (red for strong 
intensity). (c) Correlation between PSFE and VEC for sigma phase prediction by the Tsai criteria indicated by the colored zones. Sigma-free (VEC outside 6.88–7.84 or 
PSFE < 25 % - blue zone); sigma-prone (VEC inside 6.88–7.84 and PSFE > 40 % - red zone); and Uncertain (VEC inside 6.88–7.84 and PSFE between 25 % and 40 % - 
light blue/red zone). To further reduce the field of uncertainty, lower and upper PSFE limits were established as 25 % and 40 %, respectively. A Python code was 
developed to calculate the VEC/PSFE for each composition over the same composition space (pseudo-ternary diagram in at.% for the Fe-Cr50Co50–Ni50Mn50 system) 
with increments of 0.5 at.%. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.). 
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NMIs, such as Al-rich oxide, (Mn,Cr)-rich oxide, (Mn,Al)-rich oxide, Mn- 
rich sulfide and M23C6 carbide. These findings were consistent with 
SEM-BSE/EDS examinations. The low-intensity diffraction peaks at 
specific 2θ positions (dashed line) can be attributed to FCC phase re-
flections caused by the 2nd harmonic [37–40]. 

Despite efforts to increase sigma phase formation kinetics by cold- 
rolling the alloys before thermal aging [29], both SEM-BSE/EDS and 
HE-SXRD analyses suggested the change in driving force and accelera-
tion of sigma phase formation kinetics may not have been sufficient. 
Schuh et al. [29] suggested the absence of clear experimental evidence 
of the sigma phase could possibly be attributed to kinetic suppression, 
rather than thermodynamic stability, implying thermodynamic equi-
librium may not have been reached, even after prolonged aging at 
specific temperatures. However, this possibility seems remote, consid-
ering the long time (20 h) the samples were held at a high temperature, 
900 ◦C (and above), which corresponds to 68 % (and above) of the 
homologous temperature. Additionally, since the samples from this 
work were previously cold worked, it reinforces the idea that these 
samples should indeed be sigma-free at the temperatures investigated. 
Further details on the comparative analysis of sigma phase prediction 
methods/criteria vs experimental data can be found in the Supplemen-
tary Material. 

In summary, after presenting and discussing the different aspects of 
sigma phase prediction methods (CALPHAD and Tsai criteria) and 
experimental characterization (SEM-BSE/EDS and HE-SXRD analysis), 

this work provides valuable guidance for further studies on CoCrFeMnNi 
M/HEAs that might be susceptible to the formation of the sigma phase. 
The discussions and critiques presented in this study help to further 
delineate the compositional fields of M/HEAs with enhanced FCC phase 
stability, providing guidance for future research in the CoCrFeMnNi 
system and the avoidance of the deleterious sigma phase. 
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Fig. 5. Representative high-energy synchrotron X-ray diffraction patterns (logarithmic intensity scale) of the M/HEAs. (a) recrystallized at 900 ◦C for 0.25 h, (b) 
thermally aged at 900 ◦C for 20 h, (c) thermally aged at 1000 ◦C for 20 h, and (d) thermally aged at 1100 ◦C for 20 h. As shown, peaks of the FCC phase were 
predominantly observed, along with very weak signals corresponding to non-metallic inclusions (NMIs) identified as oxides, sulfides, and carbides. The unindexed, 
low-intensity diffraction peaks (dashed line) correspond to FCC phase reflections caused by the 2nd harmonic of the synchrotron X-ray beam. Notably, no indications 
of the sigma phase were detected. More detailed confirmation of the absence of the sigma phase is available in Fig. 6. The data were plotted by integrating the 2D 
diffraction patterns along the full azimuthal angle integration. (For color interpretation of the references in this figure legend, please refer to the Web version of 
this article.). 
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Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.scriptamat.2024.116264. 
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