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Abstract Due to the wide range of compositional possi-
bilities in the high-entropy alloy (HEA) field, empirical
models and the CALPHAD method have been imple-
mented to efficiently design HEAs. Although most design
strategies have been tested on as-cast alloys, their valida-
tion for thermal sprayed HEA coatings is lacking. In this
work, empirical models and the CALPHAD method under
equilibrium and non-equilibrium conditions are assessed
for phase prediction in five HEAs in the as-cast, laser clad
and thermal sprayed conditions. High-velocity oxygen fuel
coatings were prepared for these five HEAs, and their
phases were identified by the x-ray diffraction analysis.
These processes, even though their cooling rates vary sig-
nificantly, show similar phase formation as indicated by a
literature review and the current experimental study. The
CALPHAD equilibrium calculation predicted most of the
phases at specified temperatures. Furthermore, the CAL-
PHAD-based non-equilibrium simulations correctly pre-
dicted the major phases present in the HEA coatings. The
empirical models also show good prediction capability, but
the intermetallic sigma phase is problematic for the
parameter-based models. Therefore, the CALPHAD
method can be used to efficiently design and develop HEAs
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prepared under conditions that encompass rapid cooling,
such as occurring during thermal spray processes.

Keywords CALPHAD - empirical models - high-entropy
alloys (HEAs) - phase prediction - thermal spray

Introduction

Based on compositional principles, high-entropy alloys
(HEAs) are composed of five or more elements with each
varying between 5 and 35% in atomic percentage. On the
other hand, based on entropy considerations, HEAs are
categorized with a configurational entropy higher than or
equal to 1.5R, where R is the ideal gas constant (Ref 1, 2).
The high configurational entropy associated with HEAs
promotes solid solution formation and decreases inter-
metallic phase stability, thereby reducing the number of
phases formed (Ref 3). Furthermore, the HEA design
concept shifts the focus from the boundaries of a multi-
component phase diagram, usually studied in conventional
alloys, to the unexplored central regions of quinary, senary,
septenary, etc., compositional space (Ref 2, 4).

As-cast HEAs can achieve superior properties than
conventional materials, including higher strength, hardness
and excellent wear, corrosion, and oxidation resistance
(Ref 5-7). More importantly, the notable properties of
HEAs can be exploited in the form of surface coatings via
methods such as thermal spray, laser cladding and vapor
deposition. Thermal spray (TS), with its wide manufac-
turing scale and flexibility to support various feedstock
forms, offers the potential to develop high-entropy alloy
coatings for extreme engineering environments. This is
important in the development of HEAs since the charac-
teristics of HEAs may vary profoundly according to their


http://orcid.org/0000-0001-7664-9971
http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-023-01586-2&amp;domain=pdf
https://doi.org/10.1007/s11666-023-01586-2

J Therm Spray Tech (2023) 32:1840-1855

1841

composition. Reports of TS HEA coatings surpassing tra-
ditional materials have stimulated research in this field (Ref
8).

The main motivation in HEA studies relies on the
concept that a high configurational entropy favors a single-
phase solid solution (SSS) over intermetallic compounds
(IM) (Ref 2, 9, 10). However, studies have indicated that
the phase formation in HEAs cannot be entirely justified by
the stability rule based on configurational entropy (Ref
11, 12). According to Steurer (Ref 13), only 20% of HEAs
were composed of SSS, based on data extracted from over
3100 papers on HEAs published up to 2019. This literature
survey indicated that the random selection of elements does
not always lead to HEAs with single-phase solid solutions.

Due to the availability of a vast compositional hyper-
space, researchers have implemented strategies such as
empirical models (Ref 14-27) and the CALPHAD method
(Ref 28-30) to efficiently design HEAs. Within the domain
of empirical models, parameter-based models were devel-
oped to predict phase formation and stability in HEAs (Ref
31). The parameters compare the chemical and topological
similarity between the elements in an alloy, functioning as
extensions of Hume-Rothery’s solid solubility rules (Ref
17, 32). The most used parameter for chemical comparison
is the mixing enthalpy (AH,,;y), while the atomic size
difference (8) often represents topological similarity; i.e.,
the more similar the elements, the higher the alloy’s ten-
dency to form solid solutions. The criteria for solid solution
phase formation are obtained by plotting the parameter
values for reported alloys, correlating these with the phases
found in the literature and delineating the regions corre-
sponding to solid solutions (Ref 33).

Another strategy for predicting phase formation is the
free energy-based models, which compare the driving
forces for forming solid solutions and intermetallic phases
(Ref 33). The major difference between the free energy-
based models is the hypothetical intermetallic compound
that competes for solute in the solid solution (Ref 23). Li
et al. (Ref 33) benchmarked the accuracies of parameter-
based and free energy-based models with the data available
in the open literature and concluded that the free energy-
based models more reliably predicted phase formation than
parameter-based models.

The processing route plays a significant role in using
empirical models for phase prediction. The most common
method for synthesizing HEAs is the melting and casting
route, either by vacuum arc melting or vacuum induction
melting (Ref 34). Therefore, most of the experimental data
are derived from materials in the as-cast condition. Since
the empirical models depend on experimental results to
determine their criteria values, they may not be effective
for processes with higher cooling rates than casting, such as
thermal spraying and laser cladding.

Another method for predicting solid solution phases is
the computational approach based on CALPHAD. The
principle of the CALPHAD method is to use thermody-
namic models for fitting experimental data from binary and
ternary phase diagrams, thereby allowing extrapolation for
higher-order alloys (Ref 4). Thus, a reliable database with
as many assessed phase diagrams for the studied system is
crucial for accurate predictions using CALPHAD (Ref
35, 36). This is true for conventional materials, such as
steels, which have a large set of available experimental
data. However, HEAs are new materials that follow from
unconventional alloy design strategy. Thus, the availability
of a dedicated HEA database and its accuracy and relia-
bility for phase prediction is limited and still under
development. Recently, engineering software packages,
such as Thermo-Calc (Ref 37) and Pandat (Ref 38),
released their HEA databases, called TCHEA and PAN-
HEA, respectively.

Equilibrium phase diagrams assume infinite slow cool-
ing so that equilibrium is reached at every step of solidi-
fication. However, for non-equilibrium processing routes,
such as thermal spraying, the rapid cooling rates do not
allow the equilibrium redistribution of alloying elements
(Ref 34). Consequently, Thermo-Calc and Pandat simulate
solidification by the Scheil model, which employs the
Scheil-Gulliver equation (Ref 39) and its derivatives. These
equations consider reduced or negligible diffusion in the
solidified structure, resulting in a more accurate estimation
of the phases before any subsequent heat treatment (Ref
40).

In this work, both empirical models and the CALPHAD
method simulate phase formation for HEA compositions:
CoCrFeNi,' CoCrFeNiMoy,, CoCrFeNiMogs, AlCr-
FeMnNi and AICoCrFeNi. The alloy CoCrFeNi is not
considered a HEA, since it has only four elements and its
configurational entropy is lower than 1.5R. Nevertheless,
this composition is investigated in this paper since it is
reported in many studies. Co, Cr, Fe and Ni were selected
as the primary elements for investigation as they are the
most used elements in HEA coatings, followed by Al (Ref
8, 41). The study also includes Mo as an element that
promotes intermetallic compound formation (Ref 42) and
Mn in a Co-free composition. Since the CALPHAD and
empirical approaches depend on databases, it is important
to examine their accuracy with less frequently employed
elements, such as Mo and Mn.

' Equimolar quaternary alloys, such as CoCrFeNi, are defined as
medium entropy alloys (MEAs). MEAs are categorized with a
configurational entropy (AS.;x) higher than or equal to 1.0R and
lower than 1.5R (Ref 78). However, to ensure consistency with prior
research and open literature, the widely used term “HEA” is
employed for CoCrFeNi in this study.
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Table 1 The parameter and free energy-based models and their respective solid solution forming criteria to assess high-entropy alloy phase
prediction using empirical approaches. Number of citations on the Scopus database (until September 2022)

Model Author Solid solution criteria Number of citations

Ml Zhang et al. (Ref 14) —15 < AHpix < 5 kJ/mol 1537
12 < AS,ix < 17.5 J/K.mol
S < 4.6%

M2 Yang et al. (Ref 16) Q= w > 1.1 1222
d < 6.6%

M3 Guo et al. (Ref 15) — 22 < AHpix < 7 kJ/mol 1099
11 < ASix < 19.5 J/K mol
3 <85%

M4 Ye et al. (Ref 22) 0<d<5% 1043
— 15 < AH,,jx < 5 kJ/mol

M5 Andreoli et al. (Ref 26) BCC FCC 24
3.59 < AH,; < 20.08 kJ/mol AH,; < 6.8 kJ/mol
4.0 < VEC <6.2 VEC > 8.0

M6 Jiang et al. (Ref 27) BCC FCC 28
—7.27 < AH,,ix < 4 kJ/mol —7.27 < AH,,ix < 4 kJ/mol
S <4.27% S <4.27%
VEC < 6.87 VEC > 8

M7 Troparevsky et al. (Ref 23) ~TannASmix < AHy < 37 meV/atom 291

M8 Senkov et al. (Ref 24) ki <k 131

The phase prediction calculations in the CALPHAD
method were performed for both equilibrium and non-
equilibrium conditions. The simulation results are com-
pared with the experimental data available in the open
literature for the respective as-cast, laser clad and thermal
sprayed HEAs. As-clad data were used because laser
cladding is one of the leading methods to produce HEA
coatings. Furthermore, a comparison was also made with
phases obtained from HEA coatings developed using the
high-velocity oxygen fuel (HVOF) process, as an experi-
mental validation within the scope of the current study. The
selection of the HVOF process was based on its lower in-
flight oxidation in comparison with other thermal spray
methods, such as the atmospheric plasma spray (APS) (Ref
8). Due to the limitations of both empirical models and the
CALPHAD method in predicting oxidation, HVOF
experimental results can be more conveniently compared
with phase predictions if the formation of oxides in the
coatings is minimized.

The scope of this study is to discuss the utilization of
empirical models and the CALPHAD method for phase
prediction in high-entropy alloys under conditions that
involve rapid cooling, including casting, laser cladding and
thermal spraying. The focus of the research is to evaluate
the accuracy of these methods for designing HEAs by
comparing the prediction results with the experimental data

@ Springer

available in the open literature and the HVOF coatings
produced in this work.

Materials and Methods
Empirical Models

Eight empirical models regarding phase prediction in
HEAs were assessed. The four parameter-based models
proposed by Zhang et al. (Ref 14), Yang et al. (Ref 16),
Guo et al. (Ref 15), and Ye et al. (Ref 22) are the most cited
on the Scopus database (see M1 to M4 in Table 1). Two
parameter-based models, proposed by Andreoli et al. (Ref
26) and Jiang et al. (Ref 27), were chosen for their capa-
bility to predict either the body-centered cubic (BCC) or
face-centered cubic (FCC) phases (see M5 and M6 in
Table 1). In addition, two free energy-based models, pro-
posed by Troparevsky et al. (Ref 23) and Senkov et al. (Ref
24), were selected based on their higher accuracy in phase
prediction for HEAs (see M7 and M8 in Table 1). It is
stressed that the ordered BCC phase (B2) is considered to
be an intermetallic for all models, except for the one pro-
posed by Guo et al. (Ref 15) which considers the B2 phase
as a solid solution.

The solid solution criteria for each of the models
assessed in the current study are summarized in Table 1.
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Table 2 High-velocity oxygen

fuel (HVOF) spray parameters HVOF system

GTV HVOF K2, GTV Verschleilschutz GmbH, Germany

for the development of Fuel
CoCrFeNi, CoCrFeNiMoy »,
CoCrFeNiMo 5, AICrFeMnNi
and AlCoCrFeNi HEA coatings
(Ref 44)

Fuel flow rate
Oxygen flow rate
Stand-off distance
Powder feed rate
Carrier gas

Carrier gas flow rate

Kerosene
28 1/min
950 I/min
380 mm
50 g/min
Argon

7 l/min

Supplementary Data A presents the respective equations
for each model.

AH,,;x and AS,;, are the enthalpy of mixing and the
entropy of mixing for a random solid solution, respectively.
o0 is the atomic size difference. T,, is the alloy melting
temperature. AHg, is the elastic-strain energy. VEC is the
valence electron concentration. T,,, is the annealing tem-
perature according to the experimental setting. AH; is the
lowest possible formation enthalpy among all the binary
element pairs in the alloy. k; and k{* are defined in Sup-
plementary Data A.

Thermo-Calc Predictions (CALPHAD)

Thermo-Calc v. 2022b  (Thermo-Calc  Software AB,
Stockholm, Sweden), with the TCHEAS.1 equilibrium
database and MOBHEA?2 mobility database, evaluated the
volume fraction of phases as a function of temperature and
composition (Ref 43). Equilibrium phase diagrams were
plotted to access phase stability for the five HEAs. In
addition, phase formation was estimated under non-equi-
librium conditions employing Scheil solidification models.
The Scheil model assumes that no diffusion occurs in the
solid state, while it is infinitely fast in the liquid state. The
expected phases for both equilibrium and non-equilibrium
simulations were compared to the phases found experi-
mentally in the HVOF coatings as well as with the as-cast,
as laser cladded and as thermal sprayed data from the
literature.

HVOF Spraying Procedure

Commercially available CoCrFeNi, CoCrFeNiMoy,,
CoCrFeNiMoy 5, AICrFeMnNi and AlCoCrFeNi powders
(Jiangsu Vilory, China) produced using gas atomization
(GA) were employed as the feedstock for the HEA coat-
ings. The feedstock was 15 to 53 um in size, and the
stainless steel substrate (SS316L) was 3 mm thick. The
substrate was grit blasted with alumina before spraying.
The HEA powders were sprayed with a HVOF thermal
spray system (GTV HVOF K2, GTV Verschleiflschutz
GmbH, Germany) following the spray settings proposed by

Meghwal et al. (Ref 44) shown in Table 2. The coating
thicknesses range between 200 and 300 pm.

X-ray Diffraction (XRD)

The D8 Discover Powder x-ray diffraction (XRD) instru-
ment from Bruker performed the phase investigation. The
powders and HVOF samples were scanned under Cu Ko
radiation over a 20 scan range of 25°-85° at 40 mA and
40 kV with a 0.05° 20 step size. XRD patterns were further
evaluated in DIFFRAC.SUITE TOPAS 4.2 (Bruker Corp.,
Billerica, MA, USA) to determine the lattice parameters.

Results and Discussion

The phase predictions for the five HEAs, extrapolated from
eight models selected for the empirical approach, are
shown in Table 3. The addition of Mo in the CoCrFeNi
HEA does not have a considerable impact on the phase
predictions, except for the M1, M6 and M7 models. On the
other hand, the expected phases are severely influenced by
the addition of Al in the CoCrFeNi HEA. For the
AlCoCrFeNi HEA, six empirical methods indicate the
formation of an intermetallic phase. The substitution of Co
for Mn, as shown in the AlCrFeMnNi and AlCoCrFeNi
HEAs, has not had any influence on the empirical method
predictions. Please refer to Supplementary Data B for the
parameter values for each model.

The phases observed in the open literature for the five
HEAs in the as-cast condition, and for as-clad, APS and
HVOF coatings, are shown in Table 4. In addition, Table 4
also includes the phases observed from the gas atomized
powders and HVOF coatings developed in the current
study.

It is not uncommon that identical alloy chemistries,
prepared by the same manufacturing route but with dif-
ferent process parameters, can result in different phases.
For example, four different microstructures are observed in
Table 4 for the APS AICoCrFeNi coatings. For thermal
spray, the feedstock production method and spray param-
eters such as gas flow rate, power input, powder feed rate

@ Springer
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Table 3 Phase predictions of the five HEAs for the eight empirical models. The solid solutions in M5 and M6 are FCC-based phase structures

Alloy M1 | M2 | M3 | M4 | M5 | M6 | M7 | M8 | Total IM | Total SS
CoCrFeNi IM | SS|SS|SS|SS|SS|SS|SS 1 7
CoCrFeNiMoo2 | SS | SS | SS | SS | SS | SS | IM | SS 1 7
CoCrFeNiMoos | SS | SS | SS|SS|SS |IM | IM | SS 2 6
AICrFeMnNi |IM |SS|(SS ' IM | IM | IM | IM | IM 6 2
AlCoCrFeNi IM|{SS|SS|IM|IM | IM | IM | IM 6 2
Total IM 3 0 0 2 2 3 4 2
Total SS 2 5 5 3 3 2 1 3
SS: solid solution, /M: intermetallic phase(s).
:il})llli ‘:hcf,}slflfgiseglilsiegjl\ll—eeitropy Alloy Processing route Phase(s)
alloys produced using melting CoCrFeNi GA powder FCC (current study)
and casting, laser cladding and
thermal spray routes (LC: laser HVOF FCC (current study)
cladding, HVOF: high-velocity LC FCC (Ref 45)
oxygen fuel spray, APS: Casting FCC (Ref 46-48)
?Eml:i :rer;lgtfl)lll?zr;i;si r(a;})/)and CoCrFeNiMog » GA powder FCC (current study)
HVOF FCC (current study)
FCC + oxides (Ref 49)
APS FCC + oxides (Ref 49)
LC FCC (Ref 50)
FCC + IM (o + ) (Ref 51)
Casting FCC (Ref 52-54)
CoCrFeNiMoyg 5 GA powder FCC + IM (o) (current study)
HVOF FCC + IM (o) + oxides (current study)
Casting FCC + IM (o) (Ref 47)
FCC + IM (o + ) (Ref 55)
AICrFeMnNi GA powder BCC + B2 (current study)
HVOF BCC + B2 (current study)
LC BCC (Ref 56)
Casting BCC + B2 (Ref 57-59)
BCC + B2 + FCC (Ref 60)
AlCoCrFeNi GA powder BCC + B2 (current study)
HVOF BCC + B2 (current study)
BCC + B2 (Ref 44)
BCC + FCC + B2 (Ref 61)
APS BCC + FCC + oxides (Ref 62, 63)
BCC (Ref 64)
2 BCC + FCC + oxides (Ref 65)
BCC + FCC + B2 + oxides (Ref 66)
LC BCC + FCC (Ref 67, 68)
BCC + B2 (Ref 69, 70)
Casting BCC + B2 (Ref 71)
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B2 (Ref 72)
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_ F: FCC (A1 Type) o: Sigma phase (D8, Type)
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Fig. 1 XRD diffractograms of HVOF (a) CoCrFeNi, (b) CoCrFeNiMoy ,, (c) CoCrFeNiMoy s, (d) AICrFeMnNi and (e) AlCoCrFeNi HEA
coatings. An extended view of CoCrFeNiMoy s is provided for better visualization of the presence of intermetallic phase and oxidation peaks

Table 5 Atomic radius (Ref 4)

.. Element  Atomic radius, pm AH,,ix, kJ/mol

for the elements and the mixing
enthalpy (Ref 80) for the Fe Ni Cr Co Mn Mo Al
possible binaries of the five
HEA compositions Fe 124.12

Ni 124.59 - 16

Cr 124.91 - 15 - 6.7

Co 125.10 - 06 —-02 —45 ..

Mn 135.00 0.2 - 82 2.1 —-52

Mo 136.26 —-20 -173 0.4 — 49 49

Al 143.17 — 111 - 223 -99 — 18.8 —19.1 - 5.1
and stand-off distance are critical in determining the  CoCrFeNi

coating microstructure (Ref 8). These TS parameters offer
different solidification rates throughout the coating process
and, thereby, different phases evolve. Similarly, for vac-
uum arc melting and casting, the thermal history of the
sample is influenced by the arc current, the crucible cooling
system and the sample size (Ref 73). For laser cladding,
parameters such as the laser power, the powder feeding rate
and the cladding speed influence the phase structure (Ref
74). The typical cooling rates in processes such as casting,
laser cladding and thermal spray are 10 K/s (Ref 75),
10°-10° K/s (Ref 76), 10-10” K/s (Ref 77), respectively,
depending on the parameters discussed above.

The APS and HVOF processes tend to form oxides due
to in-flight oxidation of the feedstock particles (Ref 8).
Oxidation was not considered in our calculations for both
empirical and computational approaches. Therefore, the
oxides were not considered when comparing the phase
predictions with the literature and experimental data.

All empirical methods, except for MI, indicate solid
solution formation for CoCrFeNi HEA, as shown in
Table 3. The as-cast and as-clad data from the literature
confirm that the CoCrFeNi is primarily a single-phase solid
solution based on a FCC phase structure. The XRD
diffractogram for HVOF CoCrFeNi coating, shown in
Fig. 1(a), demonstrates that the coating spectrum presents
peaks related to a major FCC phase. The lattice parameter
of the FCC phase is 3.56 A, which is similar to other
CoCrFeNi HEA reports (Ref 46, 47). Furthermore, (i) the
lattice distortion effect, which causes the lattice parameter
to fluctuate around an average value, and (ii) the high
cooling rates of the HVOF process, leading to strain-in-
duced within splats, are responsible for the peak broaden-
ing observed in the diffractogram (Ref 78). Peak
broadening was observed in all HVOF coatings produced
in the current study.

The M1 method failed to predict a solid solution for
CoCrFeNi because the mixing entropy is 1.39R (11.55 J/
K.mol), which lies outside the solid solution criteria of
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Fig. 2 Phase diagrams as a function of temperature for the CoCrFeNi HEA (a) in equilibrium conditions and (b) Scheil simulation

12 < AS,ix < 17.5 J/K.mol. Hence, the M1 model will
not be effective in alloys that do not satisfy the configu-
rational entropy definition for HEAs, such as the CoCrFeNi
composition.

The similarity between Co, Cr, Fe and Ni elements
explains the empirical model’s success in predicting the
CoCrFeNi phase formation. All the elements are from the
fourth period in the periodic table, with their atomic radius
ranging from 124.12 pm for iron to 125.10 pm for cobalt,
and there is no substantial negative or positive atom pair
mixing enthalpy between elements, as can be seen in
Table 5. Therefore, the atomic size difference (d) for this
alloy is 0.3% and its AH,,;, is near zero (— 3.78 kJ/mol).
According to extensions of Hume-Rothery rules (Ref [79]),
near-zero enthalpy of mixing and small atomic size dif-
ferences are crucial for solid solution formation, which has
been observed in most of the models mentioned in Table 3.

An equilibrium phase diagram for the CoCrFeNi alloy is
shown in Fig. 2(a). Under equilibrium conditions, the FCC
phase dominates after solidification across a wide temper-
ature range. However, at 655 °C (point 1), the sigma phase
(o, the aqua blue line) starts to precipitate. The c phase is a
topologically close-packed (TCP) phase and it is an ubig-
uitous intermetallic phase in HEAs, especially in the 3d
transition metal HEA family (Ref 4, 81). Additional cool-
ing allows the formation of the B2 (purple line), ordered
FCC (FCC_L12, black line) and the BCC (green line)
phases. Since the FCC phase is unstable below 339 °C
(point 2), then o, B2, ordered FCC, and BCC phases are
the only stable phases at room temperature.

The phase prediction resulting from the CALPHAD
method using the Scheil simulation is shown in Fig. 2(b).
The result illustrates that rapid cooling inhibited the for-
mation of o, B2, ordered FCC and BCC phases, matching
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the results from the literature and HVOF coating produced
in the current study, Table 4. The high freezing tempera-
ture indicated by the Scheil simulation, 1427 °C (point 3),
i.e., where solidification ends, signifies that no other phases
form. The freezing/solidification range of the alloy is above
the precipitation temperatures of o, B2, ordered FCC and
BCC phases. As seen in the equilibrium diagram, Fig. 2(a),
the o phase starts forming at 655 °C (point 1), a much
lower temperature compared to the freezing temperature.

CoCrFeNiMo, ,

The CoCrFeNiMog, HEA is composed of single-phase
FCC in the as-cast condition as shown in Table 4, sug-
gesting that a small amount of Mo in CoCrFeNi HEA does
not imply additional phase formation or precipitation. On
the other hand, FCC + oxides are observed for both APS
and HVOF, and FCC and FCC + o + p are observed in
LC. No o or p phases were observed in the experimental
HVOF CoCrFeNiMoyg », as shown in Fig. 1(b). Like the ¢
phase, the mu (p) phase is topologically close-packed
(TCP) (Ref 79). The p phase presence in HEAs is not as
frequent as the o phase, but its formation is reported in
several alloys, such as CoFeMnMoNi and CoCrFeNiW
(Ref 79). The lattice parameter of the FCC phase has
slightly increased to 3.58 Ain comparison with 3.56 A for
CoCrFeNi HEA. A similar lattice parameter was observed
for another CoCrFeNiMo,, HEA (Ref 53). More impor-
tantly, no peaks related to the presence of oxides were
observed in the XRD diffractogram for the CoCrFeNiMo »
HVOF coating.

Molybdenum exhibits an atomic radius of 136.26 pm,
which is greater than the other elements in this alloy
(Table 5). However, since the mole percentage of Mo is
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Fig. 3 Phase diagrams as a function of temperature for the CoCrFeNiMoy, HEA (a) in equilibrium conditions and (b) Scheil simulation

just 4.7% in the CoCrFeNiMo, , HEA, the resulting d value
is still low, 1.99%. Molybdenum also shows low enthalpy
of mixing with the other elements in the alloy, which
results in an AH,,;x of —4.09 kJ/mol. These values indicate
that the empirical methods, except for M7, predict solid
solution formation, which matches the results for the as-
cast samples, thermal spray coatings and laser cladding.

M7 is the only empirical parameter that suggests the
formation of intermetallic phases in CoCrFeNiMo,, HEA.
The solid solution formation for this model is the inequality
-TnASmix < AHy < 37 meV/atom, which is not satisfied
because the most stable binary, Fe-Mo, has a formation
enthalpy (AH;) of —484 meV/atom, while -T,,,ASix is
equal to —137 meV/atom. However, the M7 model can be
customized with different annealing temperatures. The
annealing temperature selected for the calculations is
Tann = 0.55T,,, as suggested by the authors (Ref 23). It
should be noted, however, that any temperature from
Tann = 0.55T,, to Tuun = T, would not change the simu-
lation results for any of the alloys. The equilibrium phase
diagram for the CoCrFeNiMog, as a function of the tem-
perature is shown in Fig. 3(a). As observed, although the
FCC is the primary phase for most temperatures, there is no
single-phase region after solidification, suggesting good
predictions for the M7 model.

According to the equilibrium phase diagram for the
CoCrFeNiMoy, HEA, the o phase starts forming at
1486 °C (point 1) as the primary phase. The FCC phase
evolved at 1417 °C (point 2), taking over as the primary
phase until 426 °C (point 3). At room temperature, B2, o,
ordered FCC (FCC_L12), BCC and ¢ #2 (yellow line)
phases are stable in the equilibrium condition, resulting in a
complex structure. Within the Thermo-Calc software,

when there are identical phases present, but with different
compositions, they are labelled as #2, #3 and so on. Note
that the p phase, observed in one of the LC coatings, is not
in the equilibrium phase diagram at any temperature.

The phase diagram estimated using the Scheil simula-
tion for CoCrFeNiMo,, HEA is presented in Fig. 3(b).
Similar to the equilibrium diagram, the ¢ phase is the first
to be formed, indicating a distinct prediction for what was
found in the literature for the as-cast condition, APS and
HVOF coatings. However, the FCC is the major phase in
the simulation, and the mole percentage of the ¢ phase is
lower than 5%. The ¢ phase was found in one of the LC
coatings, in combination with the FCC and p phases,
suggesting that the o phase may precipitate for some
cooling conditions.

CoCrFeNiMo, s

The addition of Moy 5 into the CoCrFeNi alloy leads to the
formation of FCC and intermetallic phases in the as-cast
condition, as shown in Table 4. No CoCrFeNiMog, ;s HEA
has been reported in coating form using either thermal
spray or cladding route. The XRD pattern of the HVOF
CoCrFeNiMo, s HEA coating developed in the current
study is presented in Fig. 1(c). Major FCC peaks are
observed, in addition to minor peaks from a second phase
identified as a D8y-type ¢ phase (JCPDS card number 09-
0050). The FCC lattice parameter is 3.60 A, higher than the
lattice parameters identified in the CoCrFeNi and
CoCrFeNiMo,, HEAs, as expected by the Mo content
increase. The lattice parameter of the FCC phase is the
same as reported by Shun et al. (Ref 47). Iron oxides of
Fe;0,4 and Fe,O3 and spinels of the form AB,O, (A = Fe,
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Co, Ni and B = Fe, Cr) correspond to the minor oxide
peaks, as observed by Li et al. (Ref 49) in both APS and
HVOF CoCrFeNiMo, coatings.

Six empirical methods, M1, M2, M3, M4, M5 and MS,
could not precisely predict the formation of intermetallic
phases in the CoCrFeNiMo, s HEA. With 11.2 at.% Mo,
the influence of Mo on the & and AH,,; is still very low,
calculated to be 2.90% and —4.39 kJ/mol, respectively.
Considering these parameters, the CoCrFeNiMo,s HEA
should result in a solid solution, but, in contrast, the
additional o phase is found in the literature and the HVOF
coating in the current study, Table 4. Tsai et al. (Ref 79)
state that stable IM phases arise when there is a large
negative mixing enthalpy between two elements, but the
opposite outcome is not necessarily true. In fact, ¢ and p
phases can have near-zero enthalpy of mixing (Ref 79). In
addition, phases such as ¢ and p can be formed between
elements with minor atomic size differences, sometimes
causing misguided predictions when 6 and AH,;, are used
as parameters to filter the ¢ and p phases, as observed for
M1, M2, M3 and M4 models. The precipitation of hard and
brittle o and p intermetallic compounds can negatively
influence the alloy’s mechanical properties, such as
reducing the fracture toughness (Ref 82, 83). Therefore,
predicting ¢ and p phase formation and controlling their
volume fractions becomes crucial.

Tsai et al. (Ref 81) proposed an empirical model to
predict the ¢ phase formation in HEAs consisting of two
criteria, (i) the valence electron concentration (VEC) is
between 6.88 and 7.84, and (ii) the content of the paired
sigma-forming element (PSFE) is higher than 40 at.%. The
c phase will only form if both conditions are satisfied. The
VEC calculated for CoCrFeNiMog, s HEA is 8, outside of
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the sigma-forming range, and its PSFE is 66.6%. Thus, the
alloy does not satisfy the empirical model criteria proposed
by Tsai et al. (Ref 81). However, it has been suggested that
Mo-containing alloys can have distinct sigma-forming
VEC ranges (Ref 84), but the authors proposed no new
criterion range.

The empirical model M6 is the only parameter-based
model to predict the intermetallic formation in
CoCrFeNiMojy s HEA. Although the two parameters for
solid solution formation in this model, 6 and AH,,;, are
satisfied, the VEC, which is used to determine the alloy
crystal structure, is not fulfilled. As mentioned above, the
VEC for CoCrFeNiMoy s is 8, and FCC is only formed in
the case of VEC > 8, according to the model. Furthermore,
the elastic-strain energy criterion, AH,, used in model M5
as the topological parameter, could also not predict ©
formation.

As observed for CoCrFeNiMog, in Table 3, the M7
model suggests the formation of intermetallic phases
because the most stable binary, Fe-Mo, has an AH; of
—484 meV/atom, while -T,,,AS,ix is equal to —148 meV/
atom. On the other hand, M8, which is also a free energy-
based model, predicts the formation of a solid solution. The
criterion for solid solution formation on M8 is k; < k{', in
which k{" and k; represent the Gibbs free energy for the
solid solution, and the hypothetical intermetallic phase,
respectively. For the CoCrFeNiMoy s alloy, k{" = 2.30, and
k; = 2.20, satisfying the M8 criterion, therefore, indicating
solid solution formation in the CoCrFeNiMo, s HEA.

Within the computational approach, the equilibrium
phase diagram for CoCrFeNiMogs, Fig. 4(a), exhibits
similar patterns as for the CoCrFeNiMoy, HEA. The o
phase is the first to be formed at 1689 °C (point 1), but the
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Fig. 4 Phase diagrams as a function of temperature for the CoCrFeNiMo, s HEA (a) in equilibrium conditions and (b) Scheil simulation
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Fig. 5 The equilibrium pseudo-binary phase diagram of the
(CoCrFeNi)-Mo alloy system. The CoCrFeNiMo, (x = 0.2, 0.5, 0.8,
1) at 900 °C are marked in the phase diagram

FCC phase dominates after its formation at 1407 °C
(point 2). The increase of Mo from 4.8 at.% in the
CoCrFeNiMog, to 11.1 at.% in the CoCrFeNiMo, 5 makes
the ¢ phase prevalent at a higher temperature, reaching
57% of the molar phase fraction at 433 °C (point 3). At
room temperature, B2, ¢, ordered FCC (FCC_L12), BCC
and o #2 phases are stable at equilibrium.

The Scheil simulation for CoCrFeNiMoy 5 is presented
in Fig. 4(b). The o phase is the first to be formed at a
higher temperature as observed in the Scheil simulation of
CoCrFeNiMo,, HEA, Fig. 3(b). The mole fraction of the
c phase is approximately 25%, which solidifies from 1690
to 1409 °C. The only other phase predicted to form is FCC.
The formation of all other phases was suspended due to
rapid cooling and their lower precipitation temperatures.
According to the Scheil simulation, the alloy solidification
ends at 1383 °C (point 4). The temperature at which the
alloy solidifies completely is much higher than the B2
precipitation temperature, 487 °C, which is the first phase
to be formed after the ¢ and FCC phases, as indicated by
the equilibrium diagram. However, Scheil simulations
assume no diffusion after complete solidification of the
alloy; therefore, phases other than ¢ and FCC have not
been predicted by the simulation.

The p phase observed in one of the as-cast HEAs
(Table 4) is present in neither the equilibrium phase dia-
gram nor the Scheil simulation, which suggests mispre-
dictions related to | phase precipitation might occur when
using the TCHEAS.1 database. In fact, although the p
phase is one of the input phases in the TCHEAS.1 database,
it does not form at higher temperatures of the pseudo-

binary phase diagram of the (CoCrFeNi)-Mo alloy system
as shown in Fig. 5. Niu et al. (Ref 85) studied the
microstructural evolution of CoCrFeNiMo, HEA (x = 0.2,
0.5, 0.8, 1) annealed at 900 °C. In the CoCrFeNiMog,
HEA, the o phase precipitates in the FCC matrix. In
addition, the p phase is formed in CoCrFeNiMog s, with
another ¢ phase precipitating in both CoCrFeNiMo, g and
CoCrFeNiMo. According to the Thermo-Calc equilibrium
pseudo-binary phase diagram, all of the CoCrFeNiMoy
(x=0.2, 0.5, 0.8, 1) alloys annealed at 900 °C would
present an FCC + o phase, pointing out to the necessity of
a critical assessment for the Co-Cr-Fe-Mo-Ni alloy system,
especially when it comes to the evolution of p phase and
the phase stability of ¢ #2 phase.

AlCrFeMnNi

As shown in Table 4, the phases observed for AICrFeMnNi
HEA in the literature are BCC 4+ B2 and BCC + B2 +
FCC for the as-cast condition and BCC + B2 and BCC for
the HVOF and LC samples, respectively. The XRD pattern
for the HVOF AlCrFeMnNi HEA coating fabricated in the
current study is shown in Fig. 1(d). The alloy displays
BCC/B2 peaks with a lattice parameter of 2.90 A, which is
similar to the BCC lattice parameter (2.89 A) reported by
Zhang et al. (Ref 56).

Aluminum is known as a BCC stabilizer, and its pres-
ence in the alloy promotes BCC/B2 formation (Ref 86).
Out of 72 HEAs published in the literature with the B2
phase structure, 71 contained Al in their compositions. It is
suggested that the BCC ordering occurs due to the strong
atomic interaction between Al and other elements (Ref 12),
as can be verified with the mixing enthalpy between Al and
other elements in Table 5. In fact, on the binary diagrams
of the elements in the AICrFeMnNi alloy, the B2 phase is
found in the Al-Fe, Al-Ni and Al-Mn diagrams, attributing
the strong feasibility of B2 phase structure formation in
AICrFeMnNi HEA composition.

The negative mixing enthalpy, especially for the Al-Ni
and Al-Mn pairs, and the larger atomic radius of Al com-
pared to Cr, Fe, Ni and Mn, have an important influence on
AH,;x and 9, respectively. The AH,,;x of AICrFeMnNi is
—12.50 kJ/mol, and its 6 is 5.80%. Therefore, six empirical
models, Table 3, indicate the formation of intermetallic
phases; i.e., B2 is formed. For some of the parameter-based
models that use both d and AH,,,;,, such as M1 and M4, the
d is the critical criterion that indicates intermetallic for-
mation since the AH,,;, value is inside the solid solution
ranges. On the other hand, none of the three criteria, 9,
AH,,,;, and the valence electron concentration (VEC), were
satisfied in the M6 method. As mentioned above, the M3
model considers the B2 phase as a solid solution, which
explains its less strict criteria for solid solution formation.
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Fig. 6 Phase diagrams as a function of temperature for the AICrFeMnNi HEA (a) in equilibrium conditions and (b) Scheil simulation

M2 was the only model that predicted a solid solution
phase for the AICrFeMnNi alloy due to a broader & supe-
rior range, 6.6%, than the other models that use 9 to filter
the intermetallic formation.

For the free energy-based models, M7 and M8, their
proposed hypothetical intermetallic compounds are
strongly affected by the Al addition. For M7, the most
stable binary, Al-Ni, has an AH; of —677 meV/atom, while
-TannASmix equals —124 meV/atom. Thus, the inequality
criterion is not satisfied. For M8, the high mixing enthalpy
between the elements severely drops k', and the high
formation enthalpy (AHpy) increases k;. Therefore,
k; > k{', and so intermetallic formation is expected for
AlCrFeMnNi HEA.

An equilibrium phase diagram for the AlCrFeMnNi
alloy is displayed in Fig. 6(a). The first phase to be formed
on cooling from the liquid is the BCC phase at 1492 °C
(point 1). Additional cooling leads to the formation of the
B2 phase at 1379 °C (point 2), reaching a maximum of
56% of the phase fraction of the alloy at 1007 °C (point 3).
The growth of the B2 phase fraction occurs as the amount
of the BCC phase decreases. The o phase starts precipi-
tating at 1069 °C (point 4) and becomes the major phase at
806 °C (point 5). A new BCC phase (brown line) is formed
at 182 °C (point 6), with a maximum phase fraction of
0.03% at 66 °C. Note that the FCC phase is found in one of
the as-cast HEAs, but it is not observed in the equilibrium
phase diagram at any temperature.

The Scheil simulation for the AlCrFeMnNi alloy, pre-
sented in Fig. 6(b), indicates that the ¢ phase formation has
been suppressed during solidification with rapid cooling
rates. The non-equilibrium diagram complements the phase
structure observed in the HVOF coating manufactured in

@ Springer

the current study. The LC coating, which shows a single-
phase BCC, could have formed at a much higher cooling
rate than thermal spraying, thereby further suppressing the
BCC ordering (B2 phase).

AlCoCrFeNi

The AlCoCrFeNi HEA system has been documented in the
open literature. The phases observed for AICoCrFeNi HEA
are BCC + B2, and B2 in the as-cast condition, BCC +
FCC, and BCC + B2 for the LC coatings,
BCC + FCC + oxides, single-phase BCC,
2BCC + FCC + oxides and BCC + FCC + B2 + oxides
for the APS coatings, BCC + B2 and BCC + FCC + B2
for the HVOF coatings. The XRD pattern of the HVOF
AlCoCrFeNi HEA coating is presented in Fig. 1(e), dis-
playing peaks corresponding to BCC/B2 with a lattice
parameter of 2.89 A. The lattice parameters of the BCC/B2
phases are the same as the AICoCrFeNi HVOF coating
reported by Meghwal et al. (Ref 44).

The substitution of Mn with Co in AICrFeMnNi to form
AlCoCrFeNi has a low influence on the total mixing
enthalpy since the Mn and Co binary enthalpies among the
other alloying elements are similar, as shown in Table 5.
Therefore, the AH,;, for the AlCoCrFeNi HEA is
—12.30 kJ/mol, which is comparable to AH,,;x for AlCr-
FeMnNi (— 12.50 kJ/mol). In addition, Co has a similar
atomic size to Cr, Fe and Ni, when compared to Mn.
However, Mn has a more comparable atomic size to Al.
Thus, only a small decrease in & for AICoCrFeNi (5.77%)
is observed as compared to AICrFeMnNi (5.82%), favoring
similar phase formation predictions for both HEAs.
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None of the empirical model predictions (Table 3) for
the AlCrFeMnNi HEA changed for the AlICoCrFeNi HEA
composition. The similar AH,,;, and o values for both
alloys explain the same phase predictions for the models
that use these two parameters to filter intermetallic phases.
The VEC and AH, are also not heavily affected by sub-
stituting Mn for Co, which justifies similar phase predic-
tions for M5 and M6 models. For M7, the most
stable binary, the Al-Ni system, is the same as for the
AlCrFeMnNi HEA and the -T,,,AS,,ix value is not enough
to satisfy the model inequality. For the M8 model, the
mixing enthalpy for the intermetallic is higher than for the
AlCrFeMnNi alloy, which increases k;, and so inter-
metallic formation is expected.

All phases observed in the literature and the HVOF
coating were found within temperature ranges in the
CALPHAD equilibrium phase diagram, as shown in
Fig. 7(a). The B2 phase is the first to be formed at 1406 °C
(point 1) and is the major phase after solidification. With
cooling, the B2 phase is followed by the BCC phase at
1324 °C (point 2). Subsequently, the FCC and c phases are
formed at 1103 °C (point 3) and 1003 °C (point 4),
respectively. In addition, a new B2 phase, B2 #2 (grey
line), is formed at 465 °C (point 5), and its growth takes
place at the expense of the initial B2 phase. The BCC and
B2 #2 phases are stable at room temperature.

The Scheil simulation for AICoCrFeNi is presented in
Fig. 7(b). All the phases observed in the literature and the
HVOF coating were discovered in the non-equilibrium
simulation. The final phase structure in Scheil simulation is
composed of BCC + FCC 4 B2 phases, which are the
same mentioned phases as reported in the APS AICoCr-
FeNi HEA by Meghwal et al. (Ref 66) and HVOF
AlCoCrFeNi HEA by Lobel et al. (Ref 61) (Table 4). Note

that the formation of the intermetallic ¢ phase was sus-
pended due to rapid cooling.

In a summary, the empirical models and the CALPHAD
method exhibited good efficiency in predicting phase for-
mation in HEA coatings. The higher cooling rate in the TS
and LC processes, compared to casting, had only a small
influence on the phases formed. In designing HEA com-
positions, Fe, Ni, Co, Cr and Al are the most explored
elements (Ref 4). The alloys in the current study are also
mainly composed of these elements; therefore, the accu-
racy of the models may have improved, since the experi-
mental data available in the literature are essential to the
development of these models. In fact, the CoCrFeNi,
AlCoCrFeNi and CoCrFeNiMo, 5 compositions are present
in some of the model databases. Furthermore, the CoCr-
FeNi and AlCoCrFeNi HEAs were used in the TCHEA
database validation. Note that the addition of Mo, which is
an element that is not as common in HEA compositions,
already led to incorrect predictions in some of the empir-
ical models and the CALPHAD method. Therefore, caution
is recommended when using empirical models and the
CALPHAD method for phase prediction of alloys that
contain less used elements in HEAs.

Conclusions

Five high-entropy alloys were studied: CoCrFeNi,
CoCrFeNiMog,, CoCrFeNiMogs, AlCrFeMnNi and
AlCoCrFeNi. Phase predictions were performed by

empirical models and the CALPHAD method under equi-
librium and non-equilibrium conditions. The phase pre-
dictions were correlated with experimental data for as-cast,
laser clad and thermal sprayed HEAs. The empirical and
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computational approaches were validated by the experi-
mental results in the form of phases observed in HVOF
coatings. The main conclusions follow:

(a) Despite the cooling rate differences between casting,
laser cladding and thermal spraying, similar phase
formation is observed for each of the compositions.

(b) The empirical models successfully predict solid
solution formation for the CoCrFeNi HEAs due to
the similarity between the elements. Furthermore,
the phase diagram from the Scheil simulation
confirms that a single-phase FCC is formed, match-
ing the experimental observations.

(c) The small atomic size difference and a near-zero
mixing enthalpy for the ¢ and p phases may cause
phase misprediction by the parameter-based models,
as observed for the CoCrFeNiMoy, and
CoCrFeNiMo, s HEAs. In addition, incorrect pre-
dictions related to the p phase precipitation were
observed for equilibrium and non-equilibrium CAL-
PHAD phase diagrams. On the other hand, the FCC
and o phases for the CoCrFeNiMoys HEA are
correctly predicted by the Scheil simulation and
were experimentally validated.

(d) The significant influence of Al on the empirical
model parameters due to its larger atomic radius and
negative enthalpy of mixing assists in accurate
intermetallic predictability for AICrFeMnNi and
AlCoCrFeNi. In addition, the phase diagrams from
the Scheil simulations for both alloys are validated
by the experimental results.

(¢) The CALPHAD equilibrium diagrams correctly
predicted all the major phases in the alloys at
specified temperatures. The exceptions are the minor
phases of (i) the p phase for the CoCrFeNiMoy , and
CoCrFeNiMo 5 alloys, and (ii) the FCC phase for
the AlCrFeMnNi. Additionally, Scheil simulations
successfully predicted all the phases observed in the
HEA coatings, except for the p phase.

(f) For all the alloys, the rapid cooling in casting, HVOF
and laser cladding processing routes inhibited the
formation of predicted phases in the equilibrium
diagrams. Therefore, the Scheil simulations, which
assume no diffusion after complete solidification, are
more accurate when comparing the results from the
literature and HVOF coating produced in the current
study.

The empirical models and the CALPHAD method
exhibited good efficiency in predicting the phase formation
of the HEA coatings examined in this study. Further
research should explore their accuracy with coatings
composed of less commonly used elements in the HEA
field, and from other HEA families, such as refractory
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HEAs. Additionally, future studies should focus on
employing the Scheil simulations to quantitatively compare
simulated phase formation with experimental results from
non-equilibrium processing routes. Conducting these
studies would enhance the understanding of the capabilities
and limitations of the empirical models and the CALPHAD
method, thus facilitating HEA design.
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supplementary material available at https://doi.org/10.1007/s11666-
023-01586-2.
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