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1. Introduction

Metallic alloys are conventionally designed in terms of a solvent–
solute criterion:[1] the base element—which is present in high
concentrations and determines the main properties of the
alloy—is considered a solvent, whilst the other alloying
elements—which are added in minor concentrations—act as sol-
utes. The advantage related to this approach is the possibility to
tune the properties of the base material by controlling its
chemical composition.

Indeed, the concentration of solute elements, as well as the
processing and postprocessing conditions, have great influence

on microstructural features and mechanical
properties of metallic materials. As a rule of
thumb, when the concentration of solute
elements is rather low, the microstructure
of alloys assumes the characteristics of a
solid solution (SS) that is usually character-
ized by a ductile behavior.[2] At higher con-
centrations, alloying elements tend to form
intermetallic (IM) compounds, commonly
leading to low ductility and high strength.
This explains why the chemical composi-
tion range of metallic alloys is usually lim-
ited to the corners of phase diagrams, where
one element dominates on the others.[3]

In 2004, Yeh, Cantor, and respective
co-workers[4,5] independently proposed a
new strategy to design metallic alloys.
They were able to stabilize in alloys
single-phase SS by increasing the concen-

tration of the alloying elements, in order to reach an equiatomic
mixing. The term “high-entropy alloys” (HEAs) was therefore
coined to denominate this new class of alloys, generally com-
posed by more than five principal elements.

The key concept behind the stability of a phase with respect to
another is the minimization of the Gibbs free energy of the
desired phase, that is

ΔG ¼ ΔH � TΔS (1)

Therefore, the stability of the SS with respect to IMs in HEAs
was justified by Yeh et al. by the increase of the configurational
entropy of the mixture (ΔSmix) due to the high concentrations of
alloying elements.[4] Indeed, high ΔSmix values reduce the Gibbs
free energy of mixing (ΔGmix) to values lower than the Gibbs free
energy of formation of IM compounds (ΔGIM), thus stabilizing
the SS.

HEAs have attracted great interest from the research commu-
nity in the past two decades[1–3,6] since numerous HEAs showed
superior mechanical and physical properties with respect to
conventional metallic alloys, such as outstanding toughness at
cryogenic temperature,[7] increased thermal stability on a wide
temperature range,[8,9] and the overcoming of the strength–
ductility trade-off.[10]

Regarding alloys for high-temperature applications, Senkov
et al. pioneered the field of refractory high-entropy alloys
(RHEAs) with their studies on MoNbTaW and MoNbTaVW
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equiatomic alloys.[8,9] The alloys which belong to this class of
HEAs are based on elements of the IV, V, and VI groups, that
is, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W. Though RHEAs exhibit
unprecedented combination of properties, they also show some
shortcomings that need to be faced. Many RHEAs show indeed
density higher than 12 g cm�3, low ductility at room temperature,
and contain expensive elements, compromising the industrial
uptake.[6]

A common strategy that has been investigated to decrease the
density of RHEAs consists of the replacement of heavy refractory
elements—such as W, Ta, Hf—with lighter refractory
elements—such as Ti, Zr, and V.[11,12] Moreover, the density
of RHEAs can be further decreased by adding light nonrefractory
elements, such as aluminum,[13,14] to a certain extent. However,
due to the negative enthalpy of mixing between aluminum and
many refractory elements, brittle IMs are likely to form.[2]

The design of HEAs is a challenging task, especially when
dealing with nonequiatomic compositions, since the unexplored
regions of the phase diagrams of these multicomponent systems
are immense.[1,3] To reduce the experimental effort, several
methods to predict the formation of SSs have been proposed,
which can be divided into two main groups, namely empirical
and computational methods. The empirical methods are based
on the Hume–Rothery rules and several thermodynamic param-
eters.[15,16] The computational methods rely on CALPHAD calcu-
lations,[17,18] atomistic simulations,[19,20] and machine learning
algorithms.[21,22] The present study focuses on predictive meth-
ods based on empirical parameters.

As demonstrated by Otto et al.,[23] ΔSmix appears not able to pre-
cisely predict the stability of SS even in equiatomicHEAs. Therefore,
in the past years, different empirical parameters have been proposed
in order to foresee phase stability and mechanical properties of
HEAs.[3,15] According to the Hume–Rothery rules,[2] composition-
weighted parameters such as the enthalpy of mixing, the atomic size
mismatch, the electronegativity difference, and the average valence
electron concentration (VEC) have been evaluated.[24–28]

The predicting empirical criteria proposed so far have been
often assessed by relying on a limited amount of data.
Moreover, most of such criteria are based on data that refer to
alloys in the as-cast condition, which can be misleading.
Indeed, an as-solidified microstructure is generally heteroge-
neous and usually SSs are stabilized by quenching HEAs from
high temperatures.[29] Moreover, usually the datasets do not dif-
ferentiate between refractory and nonrefractory HEAs, which are
commonly characterized by a body-centered cubic (BCC) and a
face-centered cubic (FCC) structure, respectively.[15]

Given this context, we developed a wide database including the
properties of 265 RHEAs that have been developed and reported
in the open literature so far. The validity of predictive empirical
criteria proposed in the literature have been assessed using the
data collected in the database. Moreover, the collected data has
been used to investigate on the relationship between empirical
parameters and microstructure and mechanical properties of
RHEAs and to propose new criteria that are more robust than
those proposed so far because based on much larger number
of alloy properties. Such guidelines will be a useful high-
throughput tool that will be available to material designers for
the development of new RHEAs.

2. Database

The database has been developed by an in-depth literature review
on RHEAs. The data have been extracted from the first paper of
Senkov and colleagues that was published in 2010[9] to a work
of Wang et al.[30] published in 2022. For each alloy, the database
includes the following information: chemical composition, alloy
density, measured or calculatedmelting temperature, stable phases
(SS and/or IM), empirical parameters, and mechanical properties.

More in the detail, the database includes the following param-
eters that were calculated based on the chemical composition of
RHEAs: average VEC, atomic size mismatch (δr), electronegativ-
ity difference (δχ), enthalpy of mixing (ΔHmix), entropy of mixing
(ΔSmix), enthalpy of formation of IM compounds (ΔHIM), excess
entropy (SXS), and the Ω, Λ, Φ, κ1, and κcr1 parameters. More
details about the different parameters used in this study and
equations for their calculations will be provided in the following
paragraphs. The mechanical properties include the yield stress
(σy), the peak stress (σp), the specific yield or peak stress (σ=ρ,
where ρ is the density of the alloy), the strain at failure (εf ),
and the elastic modulus (E). Moreover, for each mechanical prop-
erty, it has been reported whether it refers to compression or ten-
sion tests, the testing temperature, the strain rate, and the testing
condition of the material, for example, as cast or annealed.

The database totally collects 265 RHEAs with different com-
positions, belonging to 111 different alloy systems. Among
the collected alloys, 104 have been tested in the annealed condi-
tion and, among them, only eight have been tested in tension.
For the purposes of this work, due to the limited amount of data
related to tensile properties, we focused the analysis on annealed
RHEAs tested in compression at room temperature (in total, 96
alloys).[9,11,13,14,31–62]

3. Review of Empirical Criteria for Prediction of
Phase Stability

The first models that have been proposed were mainly based on
the Hume–Rothery rules, which state that the combination of
elements with similar atomic size, crystal structure, electronega-
tivity, and valence leads to a higher likelihood to form SSs.[2]

The effect of the atomic size is significant because it strictly
influences lattice distortion, sluggish diffusion, and phase stabil-
ity.[63] The Hume–Rothery rule for atomic radius mismatch for
conventional alloys consists of the comparison of the size of the
principal element atoms with that of the other alloying elements.
In the case of HEAs, the distinction between solute and solvent
atoms loses its meaning, and each element has the same proba-
bility to occupy a lattice site.[24,63,64] Therefore, it is more conve-
nient to use a statistical approach to calculate the atomic size
mismatch, that is, the standard deviation between the radii of
all the components.

δr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

xi 1� ri
r

� �
2

s
(2)

where ri and xi are the atomic radius and the atomic fraction of
the i-th element, respectively, and r ¼ P

xiri. An analogous
approach can be used to calculate the electronegativity difference.
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δχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

xi 1� χi
χ

� �
2

s
(3)

where χi is the electronegativity of the i-th element, and
χ ¼ P

xiχi.
The enthalpy of mixing and the entropy of mixing are

calculated as

ΔHmix ¼
X
i<j

4Hijxixj (4)

and

ΔSmix ¼ �R
X
i

xi ln xi (5)

respectively, whereHij is the enthalpy of mixing of the pair of the
elements i and j at the equimolar concentration in binary
systems, xi and xj are the atomic fraction of the elements i
and j, respectively, and R is the gas constant.

The VEC is calculated from a rule of mixture as follows

VEC ¼
X
i

xiVECi (6)

where VECi is the VEC of the i-th element. Guo et al.[27] dem-
onstrated that VEC plays a relevant role for the prediction of the
phase formation. Indeed, it can be seen as the physical parameter
that controls the phase stability for BCC and FCC SSs. They showed
that for VEC < 6.87, a BCC structure is prone to form, whereas for
VEC > 8, FCC structure is more likely to occur. For intermediate
VEC values, a mix of BCC and FCC phases is expected.

In 2008, Zhang and Zhou[24] proposed for the first time a cri-
terion based on δr and ΔHmix to predict the stability of SSs, IM
compounds, or bulk metallic glasses. According to their crite-
rion, the formation of SSs is favored when the conditions 0.5% <

δr < 6.5% and �17.5 kJmol�1 < ΔHmix < 5 kJmol�1 are simul-
taneously valid.[24] In 2013, Guo et al. achieved a similar result.[65]

The plot of ΔHmix as a function of δr for annealed RHEAs
from the data of our database is shown in Figure 1. The data
reported in the plot show a trend similar to that obtained by
Zhang and Zhou.[24] In the upper-left side of the plot there is

a region where alloys characterized by SSs are concentrated
(red color), while, at the bottom and bottom-right boundaries
the presence of IM compounds becomes predominant (black
and green color). The field of SS stability proposed by Zhang
and Zhou is delimited by the dashed box in Figure 1.
However, it is evident that also numerous points that refer to
RHEAs including IM phases are within that region. Moreover,
it is possible to see that SSs are predominantly found in
RHEAs based only on refractory elements, that is, Ti, V, Cr,
Zr, Nb, Mo, Hf, Ta, W (star symbols), while IM compounds
appear more prone to form in RHEAs containing also nonrefrac-
tory elements, such as Al and, in rarer cases, also C, Si, and Ni
(square symbols).

In 2012, Yang and Zhang[25] proposed a new criterion by intro-
ducing the Ω parameter, which is a descriptor that includes both
entropic and enthalpic terms. Indeed, it is defined as

Ω ¼ TmΔSmix

jΔHmixj
(7)

The plot ofΩ as a function of δr for annealed RHEAs using the
data included in the database that we developed is reported in
Figure 2. It can be stated that the higher the value of Ω and
the smaller the value of δr, the more the formation of SSs is
favored. The ranges for having a stable SS, according to Yang
and Zhang, are Ω ≥ 1.1 and δr ≤ 6.6%.[25] This ranges define
the region inside the dashed box in Figure 2. It is possible to
notice that the proposed limit on Ω leads numerous RHEAs with
IMs to be included in the proposed field of stability of SSs.

In 2014, Poletti and Battezzati[26] proposed a criterion for the
prediction of the stability of SSs and IM compounds based on the
values of Allen electronegativity (δχA). In 2016, Yurchenko et al.
achieved similar results.[66] More specifically, the Allen electro-
negativity is defined as the average ionization energy of the
valence electrons for free atoms in their ground state.[67,68] It
is based on both experimental and theoretical values and shows
values that are similar to Pauling electronegativity scale, but with
a discrepancy for what concerns transition metal atoms. The plot
of δχA as a function of δr for annealed RHEAs from the data of
our database is shown in Figure 3. The field of stability of SSs can
be found at low values of δχA and δr. The limits proposed
by Poletti and Battezzati are 1% < δr < 6% and

Figure 1. Plot of ΔHmix as a function of δr for annealed RHEAs from the
data collected in our database.

Figure 2. Plot of Ω as a function of δr for annealed RHEAs from the data
collected in our database.
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3% < δχA < 6%.[26] This region is delimited by the dashed box in
Figure 3. We can notice that the proposed limits are valid, though
quite conservative.

In 2015, Ye et al.,[69] introduced the Φ parameter, given by the
formula

Φ ξð Þ ¼ ΔSmix � ΔHmix=Tm

jSXS ξð Þj (8)

where ξ is the packing factor, that is, 0.68 for BCC and 0.74 for
FCC, and SXS is the excess of configurational entropy that
represents the deviation from the ideal SS. This thermodynamic
variable was calculated through the Mansoori model.[16,70,71]

SXS ¼ R F1 xi, ri, ξð Þ þ F2 xi, ri, ξð Þ þ F3 ξð Þ½ � (9)

where

F1 xi, ri, ξð Þ ¼ �3
2

1� y1 þ y2 þ y3ð Þ þ 3y2 þ 2y3ð Þ 1� ξð Þ�1

þ 3
2

1� y1 � y2 �
1
3
y3

� �
1� ξð Þ�2

þ y3 � 1ð Þ ln 1� ξð Þ

(10)

F2 xi, ri, ξð Þ ¼ �lnf 1þ ξþ ξ2ð Þ � 3ξ y1 þ y2ξð Þ � ξ3y3½ � 1� ξð Þ�3g
(11)

F3 ξð Þ ¼ � 3� 2ξð Þ 1� ξð Þ�2 þ 3

þ ln 1þ ξþ ξ2 � ξ3ð Þ 1� ξð Þ�3½ �
(12)

The terms y1, y2, and y3 can be calculated in the following way.

y1 ¼
Xn
j>i¼1

Δij di þ dj
� �

didj
� ��1

2 (13)

y2 ¼
Xn
j>i¼1

Δij

Xn
k¼1

ξi
ξ

� �
didj
� �1

2

dk
(14)

y3 ¼
Xn
i¼1

ξi
ξ

� �2
3
x

1
3
i

" #
3

(15)

where di ¼ 2ri is the diameter of the i-th element and n is the
number of constituent elements. The terms Δij and ξi=ξ are
calculated as in the following.

Δij ¼
ξi
ξ

� �1
2 ξj

ξ

� �1
2

	 

di � dj
� �

2

didj

" #
xixj
� �1

2 (16)

ξi
ξ
¼ d3i xiPn

k¼1 d3kxk
� � (17)

Since the Φ parameter depends on SXS, it requires numerous
operations to be calculated. However, from the plot reported in
Figure 4a, it can be noted that the Φ parameter has an almost
linear dependence with the Λ parameter, which was proposed
in 2014 by Singh et al.[72] It was defined as follows.

Λ ¼ ΔSmix

δr2
(18)

where δr2 represents the elastic energy associated with lattice dis-
tortion with respect to a perfect lattice. Since Λ is directly propor-
tional to ΔSmix and inversely proportional to δr2, it is possible to
make a comparison with Equation (8), which defines the Φ
parameter. Due to the high melting temperatures of RHEAs,

Figure 3. Plot of δχA as a function of δr for annealed RHEAs from the data
collected in our database.

Figure 4. Plot of a) Φ as a function of Λ and b) SXS as a function of δr2 for annealed RHEAs from the data collected in our database.
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the term ΔHmix=Tm gives a small contribution to Φ. Thus, it is
possible to consider ΔHmix=Tm � 0. Furthermore, as shown in
Figure 4b, a near-linear dependence is found by plotting SXS as a
function of δr2, which is in agreement with the results of
Takeuchi et al.[73] Thus, it is possible to consider SXS � δr2.
The conclusion is that theΦ parameter, which requires laborious
calculations, could be replaced by the Λ parameter, which is eas-
ier to be determined. This is confirmed by the diagrams reported
in Figure 5, where ΔSmix is plotted as a function of Φ and Λ,
respectively, showing a similar trend between ΔSmix and the
other two parameters.

Considering a dataset of about 50 HEAs, mainly FCC and
FCCþ BCC alloys, Ye et al.[69] noticed that for Φ ≥ 20, single
SSs were stable, while for Φ < 20, multiple SSs and IMs were
favorable. Therefore, the guideline proposed by Ye et al. to design
HEAs consisted of maximizing Φ by increasing ΔSmix and
decreasing ΔHmix and jSXS ξð Þj.[69,71] However, the criterion
developed by Ye et al. does not apply to BCC RHEAs, as can
be noticed from the plot of ΔSmix as a function of Φ reported
in Figure 5a. In this case, indeed, it is not possible to identify
a unique region containing only SSs for Φ > 20. This can be
related to the fact that the dataset used by Ye et al. is based mainly
on FCC HEAs. Therefore, their criterion can still be useful in the
field of 3d transition metal HEAs.

In 2015, Troparevsky et al.[74] proposed a thermodynamic cri-
terion to determine the formation of SS phases in HEAs. They
focused on the comparison between the Gibbs free energy of
mixing (ΔGmix) for SSs and the Gibbs free energy of formation
of IM compounds (ΔGIM). Since the enthalpic term inΔGmix and
the entropic term in ΔGIM are usually small, they assumed that
they can be neglected and made use of the expressions

ΔGmix � �TannΔSmix (19)

and

ΔGIM � ΔHIM
f (20)

where T ann is the annealing temperature and the termΔHIM
f rep-

resents the most negative value of enthalpy of formation of
binary IM phases between all the possible i and j pairs of alloying
elements. According to Troparevsky et al., SS alloys are expected
to have small values of ΔHIM

f .[74]

In 2016, Senkov and Miracle[75] proposed an enhanced version
of the criterion of Troparevsky et al. by minimizing ΔGmix with
respect to ΔGIM, that is

ΔGmix < ΔGIM (21)

They obtained a condition for SS stability given by[75]

κ1 < κcr1 Tannð Þ (22)

where

κ1 ¼
ΔHIM

ΔHmix
(23)

and

κcr1 Tannð Þ ¼ �TannΔSmix

ΔHmix
1� k2ð Þ þ 1 (24)

in which ΔHIM was calculated from values of formation
enthalpies for binary IMs[74] through the formula

ΔHIM ¼
Xn
j 6¼i

Xn
i¼1

4ΔHIM
ij xixj (25)

and the term κ2 ¼ ΔSIM=ΔSmix was set equal to 0.6, as in the case
of a partially ordered IM phase.[2]

Senkov and Miracle validated their criterion with 45 annealed
FCC and BCC HEAs. A plot of κcr1 Tannð Þ as a function of κ1 is
reported in Figure 6 for the annealed RHEAs that are listed
in our database. As stated in Equation (22), a HEA should be
in a SS state if it is located above the bisectrix of the plot, that
is, in the region highlighted by the light blue shade in
Figure 6. However, numerous SS RHEAs are also located slightly
below the bisectrix. This may indicate that the fulfillment of the
condition on κ1 in Equation (22) cannot be considered as a
unique guiding line to assess SS stability. Moreover, for
κ1 < 2, a consistent number of RHEAs above the bisectrix shows
the presence of IMs. This can further limit the application of κ1
as a prediction parameter for RHEAs.

In 2016, Sheikh et al.[28] proposed for the first time a criterion
which correlates the VEC and the room-temperature ductility.
They stated that RHEAs with low VEC values are prone to exhibit

Figure 5. Plot of ΔSmix as a function of a) Φ and b) Λ for annealed RHEAs from the data collected in our database.
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pronounced ductility. More precisely, when VEC ≤ 4.4, it is
more likely that RHEAs show marked ductility, while when
VEC ≥ 4.6 it is more likely that RHEAs show poor ductility.
However, Sheikh et al. based their observations on nine
RHEAs; therefore, it is important to validate this criterion with

a richer dataset. Moreover, a few years later, Senkov et al.[76]

pointed out that not a so clear brittle-to-ductile transition can
be observed with the decrease of VEC in RHEAs.

In Figure 7, the room-temperature strain at fracture (εf ) in
compression is plotted as a function of the VEC for annealed
RHEAs. The vertical dashed line highlights the value
VEC ¼ 4.4 below which, according to Sheikh et al., ductile
RHEAs should be located.[28] However, according to our data,
for VEC < 4.5 the values of εf drop significantly. This can be
related to the fact that almost all the alloys within this VEC range
are characterized by the presence of IM compounds.

The plot in Figure 8a reports ΔHmix as a function of VEC for
the annealed alloys in our database, while Figure 8b reports the
same data limited to the alloys whose composition spans on
refractory elements only, that is, Ti, V, Cr, Zr, Nb, Mo, Hf,
Ta, W. These alloys are mainly located in the shaded region
in Figure 8a. From the graph reported in Figure 8b, it is possible
to notice a nearly hyperbolic trend of ΔHmix as a function of VEC
for RHEAs based only on refractory elements. Combining these
two parameters with the room temperature εf , the ductility tends
to increase by decreasing the VEC and increasing the ΔHmix.
Such ductility is related to the stability of the SS phases, as shown
by the plot in Figure 8a, where it is possible to observe that for
high values of ΔHmix, SSs tend to become the only stable phases.

4. New Criteria for Prediction of Solid Solution
Stability and Final Remarks

As a concluding step of the present work, we propose new criteria
based on the above results to design RHEAs characterized by
stable SSs. All the possible correlations between pairs of
Hume–Rothery and thermodynamic parameters of RHEAs in
our database have been investigated. Considering only one
parameter at a time, the determination of a region containing
only SS alloys is not straightforward. A more reliable approach
is to define threshold values based on a combination of at least
two parameters.

Figure 9 and 10 show the relationships between couples of
different parameters which have been considered in our analysis,
in addition to those already shown in Figure 1 to 3. Vertical and
horizontal threshold lines have been drawn to highlight the

Figure 6. Plot of κcr1 ðTannÞ as a function of κ1 for annealed RHEAs from the
data collected in our database.

Figure 7. Plot of room-temperature compressive εf as a function of VEC
for annealed RHEAs from the data collected in our database.

Figure 8. a) Plot of ΔHmix as a function of VEC for annealed RHEAs from the data collected in our database. b) A portion of the previous plot for
ΔHmix > �7.5 kJmol�1.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 2301425 2301425 (6 of 9) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202301425 by C
ochraneItalia, W

iley O
nline L

ibrary on [11/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


proper boundary conditions for SS stability, and a shaded blue
color has been used to further highlight the area characterized
by the presence of SS RHEAs. Since a single parameter can
be correlated with several other parameters, the threshold values
for each parameter have been chosen in order to be valid for all
the considered correlation diagrams (from Figure 1 to 3 and in
Figure 9 and 10).

As shown in Figure 1, we propose to slightly change the limits
defined by Zhang and Zhou[24] in order to better fit the field of
stability of SSs in the ΔHmix- δr space. Indeed, more restrictive
limits for ΔHmix, that is, �5 kJmol�1 < ΔHmix < 5 kJmol�1,
seem to be more appropriate to exclude most of SSþ IM data
points. These limits work properly also in different parameter
spaces, such as those shown in Figure 9b,c and 10c.
Considering the relationship between Ω and δr—proposed by
Yang and Zhang[25] and reported in Figure 2—it seems more
convenient to choose a higher limit for Ω according to our
RHEA database. A proper value could be Ω > 10, which is also
in agreement with the data shown in Figure 9a and 10a. For what
concerns δχA, the limit δχA < 6% proposed by Poletti and
Battezzati[26] appears to be appropriate also for RHEAs, as shown
in Figure 3. This can also be confirmed by the graphs in
Figure 9c,d and 10a,b. Another parameter which seems to work
properly is ΔHIM. Indeed, by the analysis of the data reported in
Figure 9a,b,d and 10d, SSs appear to be stable within the range
�10 kJmol�1 < ΔHIM < 5 kJmol�1.

The threshold values proposed above appear to be able to
divide the parameter spaces formed by coupling ΔHmix,
ΔHIM, Ω and δχA into two major fields, that is, the field of sta-
bility of SSs and the field of formation of IMs. This is evident
from the graphs in Figure 9 and 10a. On the other hand, when
one of the abovementioned parameters is coupled with δr or
VEC, the data appear to be more scattered. This can be seen
in Figure 1, 2, and 3 for δr and in Figure 10b,c,d for VEC.
Therefore, the threshold values for δr and VEC have been defined
in order to extend as much as possible the field of SS
stability when coupled with ΔHmix, ΔHIM, Ω, and δχA. Our
proposal is δr < 7.5% and 4.5 < VEC < 5.5.

Thus, the full set of threshold values for all the different
empirical parameters able to predict SS stability for RHEAs
can be summarized as follows.

δr < 7.5% (26)

Ω > 10 (27)

δχA < 6% (28)

4.5 < VEC < 5.5 (29)

�5 kJmol�1 < ΔHmix < 5 kJmol�1 (30)

�10 kJmol�1 < ΔHIM < 5 kJmol�1 (31)

Figure 9. Plots showing the relationships between couples of different empirical parameters for annealed RHEAs from the data collected in our database.
a) Plot of ΔHIM as a function of Ω. b) Plot of ΔHIM as a function of ΔHmix. c) Plot of ΔHmix as a function of δχA. d) Plot of ΔHIM as a function of δχA.
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In conclusion, empirical criteria based on thermodynamic
parameters have been shown to be able to profitably differentiate
between SS RHEAs and RHEAs containing IM phases. Such
kinds of models can be considered as a precious guideline for
the high-throughput screening of unexplored RHEA composi-
tions, thus reducing the experimental effort to design new
high-performing refractory materials. However, the reliability
of the predictive criteria is deeply chained to the quality of the
associated datasets. Therefore, further investigation on a wider
compositional range is required in order to confirm and/or
improve the existing criteria. Finally, up to date, the criteria
for the prediction of mechanical properties of RHEAs are very
limited and mainly rely on alloys tested in compression.
Therefore, more data on tensile tests of RHEAs are required
in order to further improve reliability of current database.
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