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High-entropy alloys (HEAs) are promising materials for high-temperature structural applications such as nuclear
reactors due to their outstanding mechanical properties and thermal stability. Instead of the trial-and-error
method, it is efficient to design and prepare single-phase face-centered cubic (FCC) structured HEAs using
semi-empirical phase formation rules. However, almost all of phase formation rules were proposed without
taking into account the cobalt-free situation. The HEAs containing cobalt are unsuitable for nuclear applications
because of the long-term activation of cobalt. Here, six parameters, d-orbital energy level, valance electron
concentration, entropy of mixing, enthalpy of mixing, atom size differences, and parameter of the entropy of
mixing (£2) were calculated to determine the solid solution phase, especially the FCC phase formation rules in
cobalt-free HEAs. HEAs of 4 components were arc melted to verify the newly developed phase formation rules.
The nanomechanical properties of produced HEAs were evaluated using nanoindentation. Among the six pa-
rameters, the d-orbital energy level and valance electron concentration are the critical factors that determine the
FCC phase stability in cobalt-free alloys. Interestingly, the d-orbital energy level can be alone used as a
benchmark for developing mechanical properties.

proposed to replace the traditional trial-and-error approach [13-15].
However, previous studies are mainly based on Co-containing HEAs,

1. Introduction

The harsh service conditions of nuclear fission or fusion reactors
place stringent demands on the performance of structural materials. The
radiation resistance of conventional materials does not seem to satisfy
the higher requirements of next-generation nuclear energy systems
[1-3]. However, high-entropy alloys (HEAs) composed of multiple
metallic elements in an equimolar or near equimolar ratio have attracted
increasing interest due to their excellent features, such as high strength
[4,5], high ductility [6,7], good thermal stability [8], superior wear
resistance [9] and great corrosion resistance [10,11]. It is assumed that
the higher radiation resistance of HEAs resulting from their great point
defect recombination ability and slower solute diffusivity under irradi-
ation is attributed to their high configurational entropy [12]. Innovative
design strategies for the chemical composition of HEAs have been
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whereas cobalt has been proven to exhibit activation under irradiation
and is thus unsuitable for nuclear energy applications [16-18]. More-
over, the elimination of Co as an FCC phase stabilizer results in the
instability of the FCC structure in HEAs, which then tends to convert into
the BCC phase with reduced plasticity. However, the development of
design strategies for Co-free HEAs with FCC structures remains a
challenge.

The physical and chemical properties of HEAs are highly related to
the microstructures, whereas the compositional complexity makes it
difficult to predict the final structures and phases of HEAs [19]. Zhang
et al. [20] summarized numerous HEAs with various compositions and
calculated the corresponding enthalpy of mixing (AHp;), entropy of
mixing (ASy;) and atom size differences (5). It was reported that a solid
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solution usually forms when AH,;, and AS;, are in the ranges from —15
to 5 kJ-mol ! and from 12 to 17.5 J-K~!-mol ' respectively, and when 5
is <6.5%. Another parameter, valance electron concentration (VEC), is
also used to characterize the phases of HEAs. Researchers [21] revealed
that a higher VEC value (> 8) facilitates the stability of the face centered
cubic (FCC) phase and that the body centered cubic (BCC) phase is more
stable at a lower VEC value (< 6.87). Lu et al. [22] were the first to apply
the d-orbital energy level (Md) parameter for predicting phases in HEAs.
It is found that topological close-packed (TCP) phase is more stable
when Md > 1.09. Unfortunately, there is no unified standard for the
criteria for the phase prediction of HEAs, especially the composition
design rules of HEAs for radiation resistant applications, which are still
lacking.

In the present work, the parameters of various reported multicom-

ponent alloy systems are calculated carefully, including Md, VEC, ASpx,
AHpix, 2 and 6. The solid solution formation rules, in particular the FCC
formation rules, for Co-free HEAs were proposed in this study, and they
were verified by CoasCrasFegsNiss, CogoCraoFegoMnyoNigg, and
V10C010CrisFegsMnsNios  alloys and a  newly  developed
V10Cr20Fe30Mn10Ni30 alloy.

2. Methods
2.1. Data collection

The collection of multicomponent systems was carried out using
reported literature [15,18-20,23-63]. The alloy systems collected were
all cast or subjected only to a simple homogenization treatment of water
quenching, which involved as-cast and as-homogenized states. Accord-
ing to reports on the aging behavior of HEAs, some alloys undergo phase
transformation and phase precipitation during certain aging treatments
[37,64-66]. However, investigating into whether the collected alloy
systems are capable of forming solid solution phase, particularly a
single-phase FCC phase, is important in this work. Therefore, the ques-
tion of whether the alloy remains in a stable phase after aging treatment
is not the focus of research. The definitions of Md, VEC, ASnix, AHpix, 2
and & are explained in the following section, and the corresponding
phases as well as these parameters of various Co-containing multicom-
ponent alloy systems are listed in Table Al. A series of Co-free multi-
component alloy systems and their parameters serving as references are
also shown in Table A2. The solid solution phase is defined as a single
FCC/BCC phase or a mixed FCC + BCC phase without any intermetallic
phase in HEAs. HEAs with only solid solution phases or a mixture of solid
solution and intermetallic phases fabricated by casting and homogeni-
zation are considered in this work.

2.2. Definition of parameters

Md is widely recognized as reflecting the metallurgical properties of
transition group metal elements and was proposed as [22]:

Md =" c(Md), o)

i=1

where ¢; is the atomic percentage of the ith element and (Md); is the d-
orbital energy level of the ith element in the M element centered cluster
in the i-M binary alloy. The value of (Md); in this study, which is
consistent with Lu’s work [22], was calculated based on an assumed
single FCC NisAl structure, which can be found in the literature [67].
Another d-electron-related parameter, VEC, was also utilized. The VEC
has been successfully used to determine the stability of solid solution
phases and intermetallic phases in HEAs [20,68,69], which was defined
by [20,70]:

International Journal of Refractory Metals and Hard Materials 124 (2024) 106834

VEC = (VEC),, @)

i=1

where (VEC); is the VEC for the ith element, which is listed in Ref. [69].
Another four extensively used parameters for phase prediction are
adopted in addition to the two d-electron related parameters mentioned
above: AHpiy, ASmix €2 and 6. They were defined by Egs. (3)-(6),
respectively [19,58,711]:

n
AHm,‘X = Z !2,:,'CI’C]‘7 (3)
i=1,i4

where 2 = 4AHY is an interaction parameter between the ith and jth
elements in the i - j binary liquid alloy that can be found in Ref. [72]; and

AS,,,LX = —R Z c,»lnci, (4)
i=1

where R is the ideal gas constant 8.314 J-K *-mol~!; and

 TAS
[AHm|

(5)

where Ty, is the melting temperature of the multicomponent alloy. £ was
proposed by Zhang et al. to determine the solid solution phase stability
[71], and

6 =100 x (6)

where r; is the atomic radius of the ith element and 7 = Y[ ;¢;r; is the
average atomic radius.

2.3. Experimental details

Co25CrasFessNigs and CoggCragFesgMnggNisg are both typical alloy
systems with stable single FCC phases that have been extensively studied
[73,74]. The V19Co19CrisFessMnsNigs alloy, which has a more complex
alloy system with more constituent elements and a stable single FCC
phase, was also selected [75]. Vanadium in certain HEAs shows strong
miscibility with other transition elements, and can form a single-phase
solid solution phase in a wide range of binary phase diagrams [75].
The atomic size of V is slightly larger than that of the other atoms in
certain alloy systems. The lattice distortion caused by V can result in
solid solution strengthening. The selection of these three representative
alloy systems as references, which exhibit a stable single FCC phase,
facilitates the fabrication of Co-containing HEAs with a single FCC
phase, thereby enabling a comparative assessment of phase stability
with Co-free HEAs. A newly designed V;oCraoFe3oMn;oNiso alloy has
been modified to exclude the element Co and to stabilize the values of
semi-empirical parameters within the established range for a single FCC
phase, based on the V13Co1(Cr;sFe3sMnsNiys alloy. The exclusion of Co
is intended to satisfy the requirements of nuclear applications.

The HEAs studied in this work, i.e., Co5CrasFessNiss, CoogCrag.
FegoMl‘lgoNigo, V10C010Cr15Fe35Mn5Ni25, and V10CI‘20F630M1‘110Ni30,
were prepared by arc-melting in a high-purity argon atmosphere. The
ingots, consisting of high purity metals, i.e., Co (> 99.5%), Cr (>
99.5%), Fe (> 99.99%), Mn (> 99.99%), Ni (> 99.97%) and V (>
99.7%), were flipped and remelted 6 times to ensure chemical homo-
geneity. The as-cast alloys were homogenized at 1200 °C for 4 h in an
argon atmosphere, followed by water quenching. The crystal structure
of the samples was characterized by using D8 Discover X-ray diffraction
(XRD) with Cu Ka radiation. A voltage of 40 kV, a current of 40 mA and a
scan speed of 2°-s~! were used. Nanoindentation tests were performed
on an MML Nano Test Vantage using a Berkovich diamond tip indenter
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at ambient temperature. To ensure the accuracy and reliability of the
results, a 7 x 7 array of indentations was made for each case. Tests were
conducted at a loading/unloading speed of 5 mN-s™! and a maximum
load of 150 mN.

3. Results
3.1. Effects of individual parameters

The effects of parameters §, VEC, Md, €, ASpix and AH;, on multi-
component alloys can be clearly shown in Fig. 1, which is plotted by
summarizing the data in Tables 1 and 2. The alloys with a single BCC/
FCC phase or a BCC and FCC mixed phase are denoted as the solid so-
lution phase (SS) in Fig. 1. From Fig. 1a, it can be seen that the range of §
for Co-free alloys is shorter than the counterparts of Co-containing al-
loys, and 6 values are distributed in the ranges from 2.53% to 7.08% and
from 0 to 6.6%, respectively. Conversely, the ranges of VEC and Md for
Co-free alloys are slightly wider, as shown in Fig. 1b and c. The solid
solution phase is more stable in Co-free alloys when VEC and Md are in
the ranges from 6.46 to 9.00 and from 0.787 to 1.260, respectively. The

decrease in VEC and increase in Md result from the substitution of ele-

ments with lower VEC values and higher Md values, such as Nb, Ti, Zr
and Ta [67,69], for Co. The individual parameters 2 and AHp,; seem to
have no significant effect on the formation of the solid solution phase
between Co-free alloys and Co-containing alloys, as shown in Fig. 1d and
f. ASpix, in Fig. 1e, shows a weak effect on the solid solution phase sta-
bility between the two types of alloys. A solid solution forms in Co-free
alloys when AS;;, is low; in contrast, the solid solution phase of Co-
containing alloys tends to form when ASy;, is slightly higher. It is
noteworthy that in most cases, the distribution of the solid solution and

O SS (Co-containing)
A SS (Co-free)

O SS+IM (Co-containing)
vV SS+IM (Co-free)
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intermetallic mixed phase almost coincides with the solid solution
phase, which is consistent with other reports [70,71].

3.2. Collective effect of parameters

According to the Hume-Rothery rule, one of the necessary conditions
to form solid solution phases is to have relatively small atomic size
differences [76]. To better explore the comprehensive effect of multiple
factors on phase stability, five figures plotted by & superimposed with
VEC, Md, 2, ASpix and AHp,;, are shown in Fig. 2. The parameters of Co-
free HEAs indicate a different distribution from Co-containing HEAs.
From Fig. 2a, it is revealed that VEC has a negative correlation with §
and that the solid solution phase exhibits a nearly linear decrease in VEC
with increasing 8. The fitting curves of the two solid solution phases
show that the VEC of Co-containing alloys varies more drastically with §
than that of Co-free alloys. The fitting curves of the solid solution phase
for Co-containing and Co-free alloys are defined as y = —0.06x? +
0.15x+8.66 and y = — 0.06x%+ 0.27x+ 7.97, respectively. This
demonstrates that the solid solution phases of Co-free alloys have lower
VEC values when é < 5.75% and higher VEC values than Co-containing
alloys when & exceeds 5.65%. The parameter Md shows an opposite
fitting trend to VEC, as shown in Fig. 2b. Compared to VEC, the distri-
bution of the phases in the Md - § map is more convergent. The corre-
sponding fitting curves for Co-containing and Co-free alloys are defined
as y = 0.01x> — 0.03x + 0.85 and y = 0.02x*> — 0.11x+ 1.02, respec-
tively. In contrast to VEC, the Md values of Co-free alloys are higher than
those of Co-containing alloys when 6 is <3.98%. The Md values increase
more rapidly with § when § is larger than 3.98%. As mentioned above, it
is difficult to dedicate the distribution difference of the solid solution
phase between Co-free and Co-containing HEAs by parameters 2 and

(a) (b) (c)
v WAV V N VW VVVvVVvVVv v VWW v vwvw
VaVa¥aVs s s\ WAV SANA’A'AVAVAVAAVAYAAN N NN AAINVINNNNNXNON AAA PAWANPAAV AN\ NCACAWANCANWANIVA WA VAV A\NIIVA'A\U4N
(o] [e10 000 0010/0] OO OO QO OO0
oo oo om 0 OO0 Omrnmrs 0000 O MOMOmmmoomon O 0 0O OOOmOOOTmm 00 M 00
0 1 2 3 4 5 6 i 6.0 6.5 7.0 75 8.0 8.5 9.0 9.5 0.7 0.8 0.9 1.0 14 1.2 153
5 VEC Md
(d) (e) (f)
AYAVAVAAV.V,v4 v vV W VVVvVV wv vV VvVwvwW v
PAYA'A/ASAAVAVA'A AVACAAN A A A A A PANA \WA'A7AN7A\WANAL/A YANWANIVACA N A A AZSIVONINRININ ALY\ A
@O0 O (o] @ (o] Ao © O
O MM 00 Mo a o a [m] a OOOmITm 000 OOOmM Onmm Mo g
4 10 100 8 9 10 il 12 13 14 15 16 17 18 -20 -15 -10 -5 0 L3 10
& A (J-KTmol) AH,, (kJ-mol™)

Fig. 1. Distributions of parameters &, VEC, Md, £, ASy,; and AH,;, for HEAs. The symbol, [, represents SS phase forming Co-containing alloys, o represents SS and
intermetallic mixed phase forming Co-containing alloys, /\ represents SS phase forming Co-free alloys, and \/ represents SS and intermetallic mixed phase forming

Co-free alloys.
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Table 1
Calculated results from XRD tests.
Materials FCC (°) BCC (°) FCC o (A)
111 200 220 311 222 110
C025CrasFeasNiass 43.84 50.95 74.88 91.13 - - 3.576
Co20CraoFezoMnyoNisg 43.55 50.60 74.45 90.53 - - 3.596
V10C010Cr;s5FezsMnsNias 43.43 50.36 74.09 90.01 95.33 - 3.606
V10CraoFesoMnioNiso 43.27 50.28 74.01 89.96 - 44.20 3.613
Table 2
Calculated parameters of Md, VEC, ASpix, AHpmix €2, 8, and phase of four HEAs.
Materials Md VEC ASpmix (J-K 1:mol ™) AHppie (kJ-mol™1) Q 5 Phase
Co25CrasFeqsNios 0.874 8.25 11.53 -3.75 5.75 0.32 FCC
C020Cra0Fe2oMnagNing 0.890 8.00 13.38 -4.16 5.79 3.27 FCC
V10C010Cri5FegsMnsNiss 0.931 7.95 13.38 —6.26 3.98 2.41 FCC
V10CraoFesoMn;oNizg 0.951 7.80 12.51 —6.64 3.52 2.86 FCC + BCC
95
( A
@) (b) & © .4
90} O A 12 b b
O - _DiA ’ : 100 F A
T q - IN
851 A
- m& AAE A o A
AL o A
80 A %A o ﬁo
O A i o k=] (u}
g Aoq% a 2% |2 1o} N % A,y c
75 v 1a © og. o

70t ;
A& N &9 - A
65| N aAve N 081 A
o L . . : . . . . ' ; . . : . : . i L . ; . : . : .
o 1 2 3 4 5 & 7 o 1 2 3 4 5 & 7 o 1 2 3 4 5 6 7
5 (%) 3 (%) 5 (%)
18 10
(d ) o (e ) A Co-containing Co-free
oL - oSS A ss
18 B 8 oo o Baopn 0 SS+M v SS+IM
o T em Y e
= Sﬂwo A = ol . NN . SS fitting curve SS fitting curve
g 1l 3 g 'I% s o oo A@X aA
T o %0 of v AL Y
> & AL = = Wl
<12f A o £ A
2& o AA"% N % a7 3 a0l IEAD %%A
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Fig. 2. Distributions of § superimposed with parameters (a)VEC, (b) Md, (c) 2, (d) AS i and (€) AHppiy. The purple and orange dash-dotted lines in (a) and (b) are fit
curves of SS phases in Co-containing and Co-free alloys, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

AHp;, from Fig. 2c and e. Nevertheless, the clear ranges of § < 7.08%, 2
> 1.54 and — 15.40 < AHp < 7.66 kJ-mol~! for solid solution phase
formation in Co-free HEAs can be verified. For ASy;, in Fig. 2d, the solid
solution phase in Co-free HEAs stabilized with smaller values, from 9.59
to 14.90 J-K 1-mol !, than that of Co-containing HEAs. When ASp;, >
14.90 J-K~!:mol !, the high entropy of the mixing value facilitates the
formation of a solid solution phase and intermetallic phase in Co-
containing HEAs.

The similar trends in VEC and Md in Fig. 2 indicate that a correlation
exists between these two factors. A series of combinations among VEC
and Md, Md and AHp;, as well as VEC and AHp;, that have linear cor-
relation are plotted in Fig. 3. A significant negative linear correlation
between VEC and Md is exhibited in Fig. 3a. A fitting line of the SS phase

with a steeper slope can be observed in Co-free alloys than in Co-
containing alloys. When Md < 1.08, a higher VEC is needed to form
stable SS phases in Co-free alloys, and when Md > 1.08, the formation of
SS phases in Co-free alloys requires less VEC than in Co-containing al-
loys. Interestingly, most of the SS and intermetallic mixed phases in Co-
containing and Co-free alloys are distributed above and below the fitting
line, respectively. AHy; also has a negative correlation with Md, as
shown in Fig. 3b. The AHp,; needed for SS phase formation is higher
overall for Co-free alloys at the same Md. In contrast to the relationships
between Md and VEC, and Md and AHy,;, two near-parallel fitting lines
are plotted in the AHp;, - VEC map, as shown in Fig. 3c. The solid so-
lution phase stability of Co-free and Co-containing alloys has a similar
sensitivity to AHy,;, at the same VEC. Although there is overlap between
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AH,,,, (kJ-mol™)
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Md
Co-containing Co-free
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O S8S+IM vV SS+IM
—-—- SSfitting line  —-—- SSfitting line

Fig. 3. Binary factor map among (a) Md and VEC, (b) Md and £, and (c) Md and AH,,;, on SS phase stability in Co-containing and Co-free alloys.

the mixed phase and solid solution phase regions, the mixed phase re-
mains stable in the regions of VEC < 8.14 and Md > 0.981. This region is
suggested to be avoided when designing solid solution-phase HEAs.

3.3. FCC phase formation rules for Co-free alloys

HEAs with FCC structures have garnered significant attention as
viable reactor structural materials due to their exceptional thermo-
mechanical properties [77-79]. Therefore, the SS phases are classified as
BCC, FCC, and mixed phases to derive the FCC phase formation rules
about Co-free alloys in VEC - Md, AHpx - ASmix, and 2 - § maps, as
presented in Fig. 4. The smoother slope of the FCC fitting curve shown in
Fig. 4a for Co-free alloys indicates a reduced susceptibility to modifi-
cations in the VEC and Md, which may contribute to enhanced FCC
phase stability in these materials. The FCC phase of Co-free alloys can be
stabilized when 0.787 < Md < 0.992 and 7.67 < VEC < 9.00. The FCC
phase stable regions in Co-free alloys are smaller than those in Co-
containing alloys, as indicated by the two sets of parallel dash-dotted
lines in Fig. 4b and c. The stability of the FCC phase in Co-free alloys
is enhanced when the values of 9.59 < ASy; < 13.38 J~K’1~mol’1,
—11.00 < AHpix < 4.64 kJ-mol ™}, 2.53% < § < 5.30%, and 2 > 1.77 are
met.

3.4. Validation of FCC phase formation rules

To verify the phase formation rules demonstrated in Figs. 2-4, three
classical multicomponent systems of CogsCrasFessNiss, CogCrag.
FeyoMnggNisg, and V19Coq0CrisFessMnsNiys were manufactured, and a
new alloy system of V;CraoFe3oMn;oNigp was developed. Fig. 5 exhibits
the XRD patterns of four different HEAs subjected to homogenizing and
water quenching. As shown in Fig. 5a, the Co-containing samples

C025Cr25Fe25N125, COzQszoFezoanoNigo and V10C010CI‘15F635MI15N125
present only a single FCC phase. In CogoCryoFegoMnyoNiyy and
V10CrisMnsFessCo1gNigs, the peak intensities of (200) and (111) are
extremely high, indicating the formation of a strong texture in the alloy
[80]. The 20 degree of the non-FCC phase peak observed in the
V10CrisMnsFessCo1Nigs alloy is consistent with the degree of the BCC
phase (110) peak reported in previous studies [19,20,44,64], which can
be confirmed as the BCC phase. The 26 degrees of the FCC and BCC peaks
and the calculated lattice constants of the FCC structures are summa-
rized in Table 1. The change in the lattice constant due to the different
compositions of the HEAs is reflected in Fig. 5b as a slight shift of the
peaks. A weak peak of the BCC phase is detected in Co-free
V10CraoFe3oMn;gNizg. A very small volume fraction of the BCC phase
forms in the main FCC phase of the Co-free alloy.

Table 1 presents the calculated values of the lattice constants, Md,
VEC, ASpix, AHpix, £2 and & of the four HEAs. The lattice constants of the
four alloy systems increase with the addition of V and the increase in Mn
content after the replacement of Co. The parameters of the three clas-
sical Co-containing alloy systems CogsCrasFessNizs, Co20Crag.
FeyoMnggNigg and V1¢Co19CrisFessMnsNiys are constant with the solid
solution formation rules proposed by Zhang et al. [19,71]. The param-
eters of the newly developed VioCraoFe3oMnigNigg are all within the
aforementioned solid solution formation rules for Co-free alloys, which
are 0.787 < Md < 1.260, 6.46 < VEC < 9.00, 9.59 < AS; < 14.90
JK1mol™, —15.40 < AHpx < 7.66 kJ-mol ™!, 2 > 1.54 and 6 < 7.08%.
The detected peak in the BCC phase in the new alloy may be explained
by the proximity of the values of Md and VEC to the boundaries of the
FCC phase formation rules shown in Fig. 4, as their ranges are restricted.
It is suggested that Md and VEC are the more critical parameters
determining the formation of the FCC phase in Co-free alloys. Despite
the presence of a few BCC phases, the formation of the main FCC phase
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Fig. 5. (a) XRD patterns of four HEAs, and (b) enlarged view with a 26 from 42.5° to 45°.

supports the logic behind the FCC formation rules for Co-free alloys,
which are 0.787 < Md < 0.992, 7.67 < VEC < 9.00, 9.59 < ASpix <
13.38 J K 'mol™}, —11.00 < AHpy < 4.64 kJ-mol~!, 2.53% < 6 <
5.30%, and 2 > 1.77.

3.5. Nanomechanical properties

The typical load-displacement (P-h) curves of the four HEAs are
shown in Fig. 6a. The HEAs of varying compositions demonstrate a
reduction in their maximum indentation depth when subjected to
identical loads. The indentation results show that V;oCrygFe3oMn;oNisg

possesses the highest hardness compared to the other three alloys. The
mechanical properties of HEAs, including hardness and elastic modulus,
are plotted in Fig. 6b, and the specific values are summarized in Table 3.
The hardness of the HEAs increases from 2.08 GPa to 2.44 GPa. Inter-
estingly, there is no indication of a decrease in the elastic modulus with
increased hardness. The new alloy possesses almost the same level of
elastic modulus as classical Coy¢CragFezoMnygNisg. The nanoindentation
tests show that Co-free V;oCryoFesoMn;oNizg with FCC + BCC phases
exhibit high hardness with excellent elastic modulus.
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elastic modulus.

Table 3

Nanomechanical properties of the four HEAs.

Materials Hardness (GPa) Elastic modulus (GPa)
Co25CrasFeasNisg 2.08 + 0.04 165.39 + 2.40
C020Cra0FeaoMnagNisg 2.20 £ 0.18 161.36 =+ 3.05
V10C010Cr1sFe3sMnsNiss 2.38 + 0.06 173.47 + 2.66
V10CraoFesoMn;oNizg 2.44 + 0.24 162.88 + 5.44

4. Discussion
4.1. Effects of various parameters on phase formation for Co-free HEAs

The enthalpy of mixing and entropy of mixing are widely used to
predict solid solution phase stability in HEAs. AHp;, represents the
miscibility of various elements in the liquid alloy [71]. Theoretically, the
closer H is to zero, the more favorable it is for the formation of random
solid solutions. However, whether in past studies or in the current
research, it has been observed that the range for stabilization of the solid
solution phase is broader when AHp; is in negative values. The
parameter ASp;, should be considered as well as AH,;, when predicting
the phase stability. The value of AS;, indicates the extent of confusion
of the alloy system, and multicomponent systems generally possess a
positive ASp;, [71]. The large ASp;, value can noticeably decrease the
system’s Gibbs free energy and enable the random dispersal of different
elements in the lattice, thereby inhibiting the formation of ordered
phases, such as B2, ¢, and Laves phases [81,82]. Guo et al. [69] proposed
a smaller range of values for solid solution formation in HEAs based on
the theory of Zhang et al. [19]: —22 < AHpx < 7 kJ-mol~! and 11 <
ASmix < 19.5 J-K~1-mol~. However, for Co-free HEAs, the value range
should be more precise, which is determined as —15.40 < AHp; < 7.66
kJ-mol ! and 9.59 < ASnmix < 14.90 J~K‘1~mol_l, and the values for FCC
phase formation are —11.00 < AH;, < 4.64 kJ .mol~! and 9.59 < ASmix
< 13.38 J K L.mol~! according to the present study. As indicated in
Fig. 1 and Fig. 4, ASnyix plays a more significant role in differentiating
between Co-containing and Co-free phases in regard to the formation
rules of solid solution and FCC phases than AHpy.

The empirical parameter 2 combined effects of T;;,ASyi and AHpy
were proposed to be one of the solid solution phase criteria in 2012 [71].
When Q fluctuates above and below 1, T, ASmix and AH,,y, alternate in

dominance. It is more likely to form a solid solution phase if the value of
ASmix is high enough to offset the positive or large negative AHp;y
[71,81]. In the current case, the solid solution phases of Co-containing
and Co-free alloys have the same range of 2 values. However, a pre-
cise range of 2 can be determined. To stabilize the solid solution phase,
Q is >1.54, while for FCC phase stabilization in Co-free alloys, £2 should
be >1.77 in Co-free alloys. The trend can be indicated by the different
preferences of AS;;, between Co-free and Co-containing alloys from
Figs. 1 and 4. Another physical parameter typically accompanied by (2 is
8. Excessive § causes lattice distortion, impeding atomic diffusion and
hindering solid solution phase formation, ultimately leading to the
production of an intermetallic phase or glassy phase [69,71,83]. In most
reports, § has a significant effect on the phase prediction of HEAs. Guo
et al. [69] extended the upper limit of solid solution formation rules for §
in HEAs from 6.6 to 8.5%. Senkov et al. [84] reported a boundary of § =
3.47% between the FCC and intermetallic phases, despite £ and AHy;,
being ineffective in their case. According to the present work, the FCC
phase in Co-free alloys forms when § < 5.30%. The smaller § range for
FCC phase formation in Co-free alloys may be attributed to the substi-
tution of elements with larger atomic size differences, such as V, Mo and
Mn, for Co. To avoid the adverse effects of large atomic differences on
the formation of FCC phases, a more stringent limit is needed for Co-free
alloys.

4.2. Valence electron-related parameters VEC and Md

There is a substantial association between VEC and Md in estimating
the phase stability of HEAs, with both variables being correlated with d-
electrons, as evidenced by Figs. 2, 3 and 4. When considering electron
concentration, two concepts are usually considered: the average number
of valence electrons per atom (e/a) and the number of total valence
electrons including atoms filled in d-band (VEC) [68,85,86]. Due to the
uncertain nature of e/a on transition metals, this work solely adopts VEC
[85,87]. This method has proven to be essential in distinguishing be-
tween the FCC and BCC phases of HEAs [44,70,85]. It is widely
acknowledged that a high VEC favors the stability of the FCC phase,
while the opposite is true for the BCC phase. Guo et al. [20] proposed
that the FCC phase is stable at VEC > 8, the BCC phase is stable at VEC <
6.87 and a mixture of FCC and BCC phases forms in the middle region.
Afterwards, a VEC threshold of approximately 7.5 was reported to
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distinguish between FCC and BCC phases [70]. In addition to the
inherent FCC lattice of FCC stabilizing elements, such as Co, Cu and Ni,
their high VEC values also lead to elevated VEC values in FCC-structured
HEAs. Therefore, the threshold for stabilization of the FCC phase is
lowered when Co in the HEA is replaced by Mn, V and/or Mo with lower
VEC values. In the present research, a single FCC phase forms in Co-free
alloys when the VEC is above 7.67.

The average value of the energy level of the d-orbital, i.e., Md, is
another parameter regarding d-electrons. According to the theory of
Morinaga et al. [88], Md correlates with the electronegativity and
atomic radius of both solute and solvent elements. The transfer of charge
from elements with higher d-level energy to those with lower d-level
energy is governed by the electronegativity of the atoms involved. Thus,
Md shows a trend opposite to electronegativity. The energy of the d-level
increases as the d-orbital radius increases, resulting in a high value of Md
[89]. The Md method has been successfully used in the phase stability
prediction of Ni-based [90] alloys, Cr-based alloys [91], Ti-based alloys
[92] and Fe-based alloys [93]. It was found that the selection of the main
elements affects the Md threshold values for the crystal structure of al-
loys. However, HEAs lack primary constituents and exhibit near-
equimolar elemental compositions. The Md method is rarely utilized
to estimate phase stability in HEAs, and it is necessary to confirm its
practicability in HEAs to further develop superior performance HEAs.
Some studies have reported that a single-phase forms in HEAs when
0.80 < Md < 2.60 and that the range for eutectic HEAs is 0.95 < Md <
1.20 [94]. A critical Md value of 0.97 for FCC phase formation was
determined in HEAs containing 3d transition elements only [95]. These
studies indicated that a single solid solution phase can form when the Md
value is within the critical value. A critical Md value of 0.992 for FCC-
structured Co-free alloys including 4d transition elements is proposed
in this work. The substitution of V, Mn and Mo a with a higher Md value
for Co increases the critical value compared to other Co-containing al-
loys. While there is no assurance that Co-free alloys with Md values
below a critical point are certainly a single FCC phase, the cooling rate
may result in the formation of a minute quantity of the BCC phase [96].
Nevertheless, the Md method remains a dependable reference when
formulating the composition of Co-free alloys.

4.3. Effects of VEC and Md on the mechanical properties of HEAs

The correlation between VEC and Md in relation to phase prediction
can be readily observed in Figs. 3 and 4. To explore the effects of VEC

and Md on the mechanical properties of HEAs, the hardness super-
imposed with VEC and Md are plotted in Fig. 7. The hardness of HEAs
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increases as VEC decreases and Md increases. Moreover, compared to the
VEC, the correlation between Md and hardness displays greater
convergence and closely aligns with the fitted line. This suggests a near-
ideal positive correlation between the two variables. Considering this
perspective, Md may serve as a superior reference compared to VEC
when guiding the performance design of alloys. The VEC and Md
methods have proven effective in the design of mechanical properties for
other alloys as well as in predicting phase stability in some reports. It
was found that the ductility of refractory HEAs composed of high
melting point elements, such as Zr, Hf, V, Nb and Ta, can be improved by
decreasing the VEC value [97]. Cast Ni alloys exhibited a maximum
yield strength when Md and Bo (bond order) were 0.98 and 0.67,
respectively [89]. The bond order and d-orbital energy level map for
BCC phase stability evaluation of alloys confirms that the BCC phase
undergoes transformation from a metastable to stable state as Md in-
creases [98-100]. The stable BCC phase possesses higher strength and
hardness and lower plasticity than the metastable BCC phase. Based on
the experimental data in this work, the FCC structural HEAs demonstrate
a similar trend of hardness increase with increasing Md values. This can
be similarly explained by the effect of the d-orbital energy level on the
stability of the FCC phase. The correlation between the mechanical
properties and Md inspires us to design the composition in such a way
that the Md value can be increased as much as possible to obtain a Co-
free alloy with high strength while maintaining the single FCC phase.

5. Conclusions

In this work, six parameters, Md, VEC, ASmix, AHpiy, 2 and 8, were
calculated to determine the solid solution phase, especially the FCC
phase formation rules in Co-free HEAs. A new multicomponent system
was designed to verify the formation rules. The conclusions are as
follows:

(1) The solid solution phase in Co-free alloys forms when 0.787 <
Md < 1.260, 6.46 < VEC < 9.00, 9.59 < ASpmy < 14.90
JK 'mol !, —~15.40 < AHpx < 7.66 kJ-mol ™!, 2 > 1.54 and 6 <
7.08% are satisfied simultaneously.

(2) The formation of the FCC phase is contingent upon satisfying
specific criteria: 0.787 < Md < 0.992,7.67 < VEC <9.00,9.59 <
ASmix < 13.38 K 1-mol™!, —~11.00 < AHp;x < 4.64 kJ-mol 1, 5 <
5.30%, and 2 > 1.77.

(3) Among the six parameters, the d-electron related Md and VEC are
the critical factors that determine the FCC phase stability in Co-
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Fig. 7. Relationship between hardness and (a) VEC and (b) Md.
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free alloys and Md can serve as a benchmark for developing
mechanical properties.

(4) The newly designed alloy exhibits good mechanical properties
with a hardness of 2.44 GPa and an elastic modulus of 162.88 GPa
obtained by nanoindentation.
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Compositions of Co-containing multi-component alloys and parameters Md, VEC, ASmix, AHpix, £2, 5 and phases. Notation: the intermetallic phases are denoted as IM.

Materials md VEC ASmix (J-K-1-mol-1) AHmix (kJ-mol-1) Q S Phase Ref.
Aly.3CoCrNiCuFe 0.883 8.47 14.43 0.16 158.62 3.44 FCC [23]
Alp.5CoCrCug.sFeNi 0.950 8.00 14.53 —4.60 5.45 4.37 FCC [34]
Alp.5CoCrCuFeNi 0.920 8.27 14.70 -1.52 16.36 4.17 FCC [271
Alj.5CoCrCuFeNiTig.g 1.091 7.73 16.00 -10.11 2.73 6.24 BCC + FCC + IM [32]
Aly.sCoCrCuFeNiTiy.q 1.128 7.62 16.01 —11.60 2.39 6.52 BCC + FCC + IM [32]
Alj.5CoCrCuFeNiTiy.2 1.162 7.51 15.97 -12.89 2.15 6.73 BCC + FCC + IM [32]
Alj.5CoCrCuFeNiV 1.016 7.77 16.01 —5.25 5.39 4.04 BCC + FCC [35]
Alp.5CoCrCuFeNiVy., 0.942 8.16 15.45 —2.50 10.57 4.14 FCC [35]
Aly.5CoCrCuFeNiVy.4 0.962 8.05 15.76 -3.34 8.14 4.11 BCC -+ FCC [35]
Aly.5CoCrCuFeNiVy.¢ 0.981 7.95 15.92 —4.07 6.81 4.09 BCC + FCC + IM [35]
Alp.5CoCrCuFeNiV(.g 0.999 7.86 16.00 -4.71 5.97 4.06 BCC + FCC + IM [35]
Aly.5CrFeCoNi 0.988 7.67 13.15 -9.09 2.56 4.59 FCC [19]
Aly.gFeCoNiCrCu 0.971 8.00 14.87 -3.61 6.80 4.92 BCC + FCC [23]
Al;.5CoCrCug.sFeNi 1.109 7.17 14.53 -10.14 2.29 6.11 BCC + FCC [34]
Aly.oFeCoNiCrCu 1.130 7.14 14.53 —8.65 2.57 6.24 BCC + FCC [23]
Aly.3FeCoNiCrCu 1.162 6.97 14.35 -9.38 2.30 6.39 BCC + FCC [23]
Aly.gFeCoNiCrCu 1.209 6.72 14.01 —10.28 2.00 6.55 BCC [23]
AlyCoCrCug.sFeNi 1.169 6.85 14.23 —11.60 1.89 6.45 BCC + FCC [34]
Al3.oFeCoNiCrCu 1.226 6.63 13.86 —10.56 1.91 6.60 BCC [23]
Als5Cr;9Co25MngNizg 0.906 8.10 12.05 -8.99 2.25 4.40 FCC [30]
Al5Cr19Co3oMnasNisg 0.897 8.20 12.05 -8.63 2.36 4.31 FCC [30]
Als5Cr;9Co30MngoNigs 0.909 8.05 12.05 -8.72 2.32 4.38 FCC [30]
AlCog.5CrCug.sFeNi 1.063 7.40 14.53 -7.92 3.02 5.70 BCC + FCC [34]
AlCog.5CrCuFeNi 1.022 7.73 14.70 —4.50 5.29 5.44 BCC + FCC [34]
AlCo4.5CrCug.sFeNi 1.015 7.67 14.53 —7.83 3.09 5.32 BCC + FCC [34]
AlCo,CrCuyg.sFeNi 0.997 7.77 14.23 -7.67 3.10 5.17 BCC -+ FCC [34]
AlCo3.5CrCug.sFeNi 0.956 8.00 13.09 —7.03 3.15 4.74 BCC + FCC [34]
AlCo3CrCuyg.sFeNi 0.967 7.93 13.48 -7.25 3.13 4.87 BCC + FCC [34]
AlCoCr(.5Cug.sFeNi 1.026 7.70 14.53 -8.32 2.80 5.34 BCC + FCC [34]
AlCoCr(.5CuFeNi 0.989 8.00 14.70 —5.02 4.62 5.43 BCC + FCC [27]
AlCoCry.5Cug.5FeNi 1.045 7.42 14.53 —7.56 3.27 5.34 BCC + FCC [34]
AlCoCrCuy.sFeNi 1.037 7.55 14.70 -7.93 3.06 5.50 BCC [27]1
AlCoCrCuFey.sNi 1.015 7.82 14.70 —5.55 4.27 5.39 BCC + FCC [271
AlCoCrCuFeNi 1.002 7.83 14.90 —4.78 5.08 5.28 BCC + FCC [34]
AlCoCrCuFeNiy.5 1.027 7.64 14.70 -3.90 6.11 5.42 BCC + FCC [27]1
AlCoCrFeNi 1.079 7.20 13.38 -12.32 1.83 5.76 FCC + B2 [371

(continued on next page)
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Table A1 (continued)
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Materials md VEC ASmix (J-K-1-mol-1) AHmix (kJ-mol-1) Q S Phase Ref.
AlCoCuyg.sFeNi 1.013 7.89 13.15 —8.69 2.33 5.89 BCC + FCC [34]
AlCrFeCoNiCug.25 1.057 7.38 14.34 -9.94 2.41 5.63 BCC [26]
Cog.5CrFeNiAlMog.5 1.156 6.90 14.53 -11.72 2.23 5.91 BCC + IM [33]
Co1.5CrFeNiAlMoyg.5 1.093 7.25 14.53 —11.08 2.35 5.58 BCC + IM [33]
CoyCrFeNiAlMog.5 1.069 7.38 14.23 —10.70 2.38 5.42 BCC + FCC + IM [33]
CoCrCuyg.5FeNi 0.845 8.56 13.15 0.49 48.30 0.77 FCC [24]
CoCrCuyg.sFeNiTi 1.104 7.73 14.70 -11.77 2.29 6.37 FCC + IM [24]
CoCrCuyq.5FeNiTig.1 0.876 8.46 13.73 —-1.26 19.85 2.59 FCC [24]
CoCrCuyg.5FeNiTig.3 0.934 8.27 14.27 —4.33 6.00 4.11 FCC [24]
CoCrCuyg.sFeNiTig.5 0.987 8.10 14.53 -6.92 3.84 5.04 FCC + B2 + IM [24]
CoCrCuFeMnNiTiV 1.110 7.50 17.29 -8.13 3.85 5.49 BCC + FCC + IM [31]
CoCrCuFeNiTi 1.063 8.00 14.90 —8.44 3.17 6.11 FCC + IM [28]
CoCrCuFeNiTig.q 0.850 8.71 13.92 1.60 15.43 2.51 FCC [28]
CoCrCuFeNiTig.5 0.954 8.36 14.70 -3.70 7.08 4.82 FCC [28]
CoCrCuFeNiTip.g 1.022 8.14 14.87 —6.75 3.95 5.68 FCC + IM [28]
CoCrFe.cNiAlMoyg.5 1.142 7.02 14.61 -12.32 2.13 5.83 BCC + IM [36]
CoCrFe;.sNiAlMog.s5 1.100 7.17 14.53 —10.50 2.49 5.61 BCC + IM [36]
CoCrFe;NiAlMog.5 1.081 7.23 14.23 -9.70 2.64 5.50 BCC + IM [36]
CoCrFeNiy 0.842 8.60 11.08 -3.84 5.32 0.00 FCC [38]
CoCrFeNiAlMoyg.s 1.122 7.09 14.70 —11.44 2.31 5.74 BCC + IM [36]
CoCrFeNiCuAlMo 1.080 7.57 16.18 —3.51 8.34 5.29 BCC + IM [29]
CoCrFeNiCuAlMoy.4 1.036 7.72 15.91 —4.20 6.47 5.30 BCC + IM [29]
CoCrFeNiCuAlMog.¢ 1.051 7.67 16.08 -3.95 7.10 5.31 BCC + IM [29]
CoCrFeNiCuAlMoy.g 1.066 7.62 16.16 -3.72 7.73 5.30 BCC + IM [29]
FeCoNiCrCu 0.822 8.80 13.38 3.20 7.40 1.05 FCC [23]
FeCoNiCrCuAl;.5 1.071 7.46 14.78 —-7.05 3.30 5.88 BCC + FCC [23]
Ti.5C01.5CrFeNij.sMog.5 1.025 7.92 14.17 -10.25 2.69 5.09 FCC + IM [25]
Ti.5C01.5CrFeNi;.sMog.g 1.050 7.83 14.39 -9.96 2.87 5.17 FCC + IM [25]
VCuFeCoNi 0.902 8.60 13.38 -2.24 10.57 2.21 FCC [26]

Table A2

Compositions of Co-free multi-component alloys and parameters Md, VEC, ASpix, AHpix, 2, 8 and phases. Notation: the intermetallic phases are denoted as IM.

Materials Md VEC ASmix (J-K-1-mol-1) AHmix (kJ-mol-1) kel S Phase Ref.
Alp.oCrCuFe 0.936 8.00 10.51 7.66 2.37 3.55 BCC + FCC [20]
Alp.oCrCuFeNiy 0.852 8.77 12.01 0.12 175.41 2.92 FCC [20]
Alp.3CrCuFeMnNi 0.917 8.09 14.43 -0.27 89.33 4.20 BCC + FCC [48]
Aly.3CrFe;.sMnNig.5 1.003 7.19 12.32 —5.51 3.93 4.69 BCC + FCC + IM [62]
Alg.4CrCuFeNiy 0.891 8.56 12.45 -1.70 12.44 4.63 FCC [20]
Alp.5Crp.gFeNiz.5V.2 0.968 8.02 11.06 —11.00 1.77 4.44 FCC [60]
Alg.5Crg.sFe3gMng.s5Nig.5 0.900 7.82 9.89 —2.41 7.39 3.19 FCC [49]
Alp.5CrCuFeMnNi 0.953 7.91 14.70 -1.92 12.63 4.65 BCC + FCC [48]
Alp.5CrCuFeNiy 0.909 8.45 12.60 —2.51 8.46 4.18 FCC [41]
Aly.5CrFeq.5sMnNig.5 1.043 7.00 12.66 -7.26 3.00 5.15 BCC + FCC + IM [62]
Alp.6CrCuFeNiy 0.927 8.36 12.72 -3.27 6.51 4.47 FCC [20]
Aly.7CrCuFeNiy 0.944 8.26 12.81 -3.96 5.36 4.73 FCC [41]
Alg.gCrg.oFesg.8Mng.oNig.o 0.905 7.80 10.02 —2.65 6.81 3.33 BCC + FCC [49]
Aly.gCrCuy.sFeMnNi 0.971 7.92 14.74 -1.74 13.44 4.94 BCC + FCC [48]
Aly.gCrCuFe;.sMnNi 0.990 7.68 14.74 -3.31 7.25 5.07 BCC + FCC [48]
Alp.gCrCuFeMn;.5Ni 0.998 7.60 14.74 —4.23 5.58 5.06 BCC + FCC [48]
Alp.gCrCuFeMnNi 1.002 7.66 14.87 -3.97 6.03 5.14 BCC + FCC [48]
Aly.gCrCuFeNiy 0.960 8.17 12.88 —4.61 4.60 4.94 FCC [20]
Aly.gCrFe;.sMnNig.5 1.097 6.75 12.90 -9.32 2.31 5.62 BCC [44]
Alg.oCro.gFes.1Nia.1 1.008 7.65 10.84 —10.49 1.76 5.24 BCC + FCC [53]
Alp.oCrCuFeNiy 0.976 8.08 12.94 —5.22 4.05 5.14 BCC + FCC [41]
Al;.oCrgFe3sMngNig 0.908 7.78 10.11 —2.81 6.46 3.41 BCC + FCC [49]
Al;.oCrCuFe 1.165 6.81 11.50 —0.54 32.54 6.16 BCC + FCC [20]
Aly.oCrCuFeNiy 1.021 7.84 13.02 —6.78 3.07 5.59 BCC + FCC [20]
Al;.5CrFeq.sMnNig.5 1.159 6.46 12.94 —-11.29 1.85 6.02 BCC [44]
Al;.5CrCuFeNiy 1.061 7.62 13.01 —8.05 2.54 5.92 BCC + FCC [41]
Al;.gCrCuFeNiy 1.098 7.41 12.95 -9.07 2.20 6.16 BCC [41]
Al;oCroFes3eMnsggNig 1.011 7.14 11.63 —6.87 2.79 5.09 BCC + FCC [46]
Aly.oCrCuFeNiy 1.121 7.29 12.89 —9.63 2.04 6.29 BCC [41]
Aly.oCrCuFeNiy 1.143 7.17 12.81 —10.12 1.91 6.40 BCC [41]
Aly.5CrCuFeNiy 1.173 7.00 12.68 -10.74 1.75 6.51 BCC [41]
Al;.5Cr11Fe40.oMngoNizg.3 0.981 7.33 11.73 —5.82 3.40 4.87 BCC + FCC + IM [52]
Al;CryFegoNis3 0.913 8.31 9.70 —8.42 2.05 3.77 FCC [56]
AlCoCrFeNi, 1.019 7.67 12.98 —12.00 1.83 5.39 FCC + IM [38]
AlCr.5CuFeNiTi 1.260 7.09 14.70 —15.40 1.54 7.08 BCC + FCC [33]
AlCr.5CuFeNiTi 1.242 6.92 14.78 -12.26 2.05 6.90 BCC + FCC [33]
AlCryCuFeNiTi 1.235 6.86 14.53 -11.10 2.27 6.77 BCC + FCC [33]
AlCr3CuFeNiTi 1.223 6.75 13.86 -9.31 2.66 6.55 BCC + FCC [33]
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Table A2 (continued)
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Materials Md VEC ASmix (J-K-1-mol-1) AHmix (kJ-mol-1) Q S Phase Ref.

AICrCug.sFeNi 1.094 7.22 13.15 -7.70 2.78 5.90 BCC + FCC [34]

AlCrCuFeMnNi 1.032 7.50 14.90 -5.11 4.63 5.37 BCC [48]

AlCrCuFeNiy 0.992 8.00 12.98 —5.78 3.65 5.30 FCC [48]

AlCrCuFeNiTi 1.251 7.00 14.90 —13.67 1.81 6.99 BCC + FCC [55]

AlCrFeMnNi 1.115 6.80 13.38 —12.48 1.75 5.81 BCC + IM [51]

AlCrFeNi 1.154 6.75 11.53 —13.25 1.45 6.25 BCC + IM [39]

AlCrFeNig.75 1.183 6.53 11.47 -12.87 1.48 6.37 BCC + IM [58]

CryoFe4oMnyNiqo 0.893 7.86 9.59 —2.04 8.51 2.98 FCC [49]

Cr;gFeg;MnyyNigg 0.896 7.93 11.41 —4.24 4.78 3.67 FCC [15]

CrasFesoMnioNias 0.904 7.90 10.72 —3.55 5.60 2.53 FCC [63]

CryCuyFeMnyNi 0.875 8.25 12.97 4.50 4.92 3.32 BCC + FCC [43]

CryCuzFeMnNiy 0.845 8.63 12.97 3.25 6.91 2.68 BCC + FCC [43]

CroCuFeaMn;Nia 0.885 8.11 13.15 0.10 234.16 3.36 FCC [43]

CryCuFe,MnNi 0.898 8.00 12.89 2.61 8.87 2.90 BCC + FCC [40]

CrCuyFe,MnyNi 0.840 8.50 12.97 4.69 4.59 3.38 BCC + FCC [43]

CrCuzFeaMnNig 0.810 8.88 12.97 3.88 5.64 2.74 FCC [43]

CrCuFeMn2Nij 0.852 8.43 12.89 —0.49 44.51 3.55 FCC [43]

CrCuFeMnNi 0.858 8.40 13.38 2.72 8.46 3.19 BCC + FCC [48]

CrCuFeMoNi 0.976 8.20 13.38 4.64 5.75 3.56 FCC [37]

CrCuMnNi 0.858 8.50 11.53 1.75 11.17 3.27 BCC + FCC [59]

CrFe;.sMnNio.5 0.936 7.50 10.98 -2.13 9.40 3.61 FCC + IM [44]

CrFe;MnNi 0.906 7.80 11.08 —3.04 6.59 3.35 FCC [47]

CrFeMnNi 0.919 7.75 11.53 —4.00 5.21 3.56 FCC [18]

CrFeMnNiy 1.125 6.50 11.53 -2.25 9.85 3.55 BCC [50]

CrFeMnNiTi 1.189 7.00 13.38 —13.28 1.85 6.57 BCC + FCC + IM [61]

CuFeMnNi 0.787 9.00 11.53 2.75 6.72 3.41 FCC [42]

Fe4oMny5CraoNiss 0.918 7.65 10.97 —2.44 8.09 3.62 BCC + FCC [45]

FesoMng7NiqoCris 0.908 7.67 9.94 -1.61 10.96 3.73 FCC [57]

VCrFeMn 0.878 8.20 11.08 —5.28 3.76 3.30 FCC [50]
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