Journal of Alloys and Compounds 897 (2022) 162722

journal homepage: www.elsevier.com/locate/jalcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

JOURNAL OF

ALLOYS AND
COMPOUNDS

materiltoday

Thermodynamic modeling of the Al-Co-Cr-Fe-Ni high entropy alloys n

supported by key experiments

Check for
updates

Marlena Ostrowska®*, Paola Riani?, Brandon Bocklund®, Zi-Kui Liu®, Gabriele Cacciamani®

2 Department of Chemistry and Industrial Chemistry, University of Genoa, Italy

b Department of Materials Science and Engineering, The Pennsylvania State University, University Park, PA 16802, USA

ARTICLE INFO ABSTRACT

Article history:

Received 1 September 2021

Received in revised form 27 October 2021
Accepted 8 November 2021

Available online 19 November 2021

Al-Co-Cr-Fe-Ni alloys have been modeled by computational thermodynamics according to the CALPHAD
approach using literature data and results of a few key experiments performed in this work. As a result, an
Al-Co-Cr-Fe-Ni thermodynamic database has been developed, based on the thermodynamic assessments of
all the binary and ternary subsystems and the addition of a few quaternary interaction parameters. The

assessment was supported by ESPEI (Extensible Self-optimizing Phase Equilibria Infrastructure), a tool for
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thermodynamic database development within the CALPHAD method. Computed phase equilibria in the
quinary system are in good agreement with experimental data from the literature and the present ex-
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1. Introduction

High Entropy Alloys (HEA) have been intensively studied in re-
cent years with the hope to find among them new materials showing
improved properties with respect to the classical alloys [1]. HEAs
based on 3d transition metals and in particular Co, Cr, Fe and Ni,
have been especially investigated as a possible replacement of
classical superalloys for high temperature applications [2-6] and [7].
Another element to be taken into account is Al, already included in
classical superalloys for many reasons, such as formation of the
gamma prime phase in the alloy bulk, the thermal grown oxide
(TGO) on the alloy surface, and stabilization of bcc phase, as well as
reduction of density.

The present work focused on phase equilibria in the Al-Co-Cr-Fe-
Ni system through the CALPHAD approach|8] supported by a few key
experiments. It is known that the CALPHAD method enables the
prediction of phase equilibria in complex multicomponent materials,
such as HEAs, as a function of composition and other state variables,
once thermodynamic functions of the phases in lower order systems
are defined. These calculations can support experimental in-
vestigations and provide fundamental information, essential to ac-
celerate the development of new materials.
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Despite the Al-Co-Cr-Fe-Ni system is the most frequently in-
vestigated HEA, the experimental information on the influence of
alloying elements (especially Co, Cr and Fe) on the quinary phase
equilibria is still very limited and validation of such system purely
based on the literature data would be insufficient. Therefore, in the
present work, effects of the alloying elements on phase equilibria
were examined in annealed samples. The obtained information on
phase formation and phase compositions was used for the im-
provement of the database developed in the present work.

2. Thermodynamic modeling using CALPHAD method

A CALPHAD thermodynamic database contains a set of thermo-
dynamic functions describing Gibbs energies of individual phases in
a given system. The Gibbs energy is expressed according to the
Compound Energy Formalism (CEF) [9], a general approach which
allows to select the most appropriate model for each phase in the
framework of the same formalism. According to CEF, the different
constituents of a phase (neutral atoms, ions, vacancies, etc.) are
distributed in one or more sublattices, where they mix according to
the classical solution theory (adopting ideal, regular, subregular, etc.,
behavior) with different interaction parameters in different sub-
lattices.

The detailed description of how the total Gibbs energy is eval-
uated for individual phases can be found in our previous publication
[10] and in more detail in the recent overview by Liu [11].
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2.1. Thermodynamic modeling of binary and ternary sub-systems

The Al-Co-Cr-Fe-Ni system contains 10 binary and 10 ternary
sub-systems: modeling of all of them is needed to build the multi-
component database. In general, the parameters adopted from
published assessments were included in the new database, provided
that they are compatible with our phase models. In some cases,
however, more or less extended reassessment was needed in order
to be consistent with the models adopted in our database. In systems
where a reassessment was performed, parameters were optimized
using the ESPEI (Extensible Self-optimizing Phase Equilibria
Infrastructure) software package [12]. ESPEI is a tool for thermo-
dynamic database development within the CALPHAD method. It
optimizes CALPHAD model parameters and quantifies the un-
certainty of the model parameters using Markov Chain Monte Carlo
(MCMC). ESPEI supports adjustment of parameters simultaneously
in multi-component systems and related sub-systems, using PyCal-
phad as the computing engine[13].

The CEF model of a specific phase is usually related to its crys-
tallographic structure with sublattices corresponding to its Wyckoff
positions. However, the number of sublattices should be kept as low
as possible, without losing the ability to correctly reproduce the
experimentally observed phase equilibria. This can be achieved by
merging in a single sublattice the crystallographic sites having si-
milar coordination and being occupied by atoms similar in size.
Using a lower number of sublattices reduces the number of para-
meters that have to be evaluated during modeling.

For disordered solid solutions such as liquid, fcc, bcc, hep, one
sublattice is typically needed, because the unique crystallographic
site can be occupied by all elements. In the case of the solid solutions
fcc, bee and hep, an additional sublattice containing vacancies (Va) is
added to represent the interstitial sites.

For stoichiometric intermetallic phases, each sublattice contains
only a single element. If the crystal structure is unknown, the model
is determined by the experimentally observed composition. For
nonstoichiometric intermetallic phases with a solubility range, more
than one element is placed in the same sublattice.

For ordered phases derived from disordered solid solutions a
common description is possible. For simplicity, a 2-sublattice
model was chosen for the ordered bcc phase (B2). Both sublattices
are equivalent. In addition to all the present elements, they also
contain vacancies (Va) in order to reproduce the relatively high
concentration of thermal vacancies detected in B2 (e.g. Al-Co and
Al-Ni [14]). A 4-sublattice model would be necessary to describe
other ordered bcc structures, such as D03 and B32, but they are
seldom observed in HEA systems, and it would also require the
introduction of many interaction parameters. The L1, phase (or-
dered fcc structure) is also described with two sublattices, which
cannot describe other type of fcc ordering, such as L1g. Such
structures, however, are not common in the systems considered in
the present work.

All the solid phases present in the mentioned binary and ternary
sub-systems are listed in Table 1 together with the thermodynamic
models used in the present database.

2.1.1. Binary systems

Parameters describing all 10 binary sub-systems present in the
Al-Co-Cr-Fe-Ni have been added to the multicomponent database.

Re-assessment of the Al-Co system [10] is based on parameters
assessed by Stein et al. [15] with modifications regarding vacancies in
A2 and B2 and re-assessment of the bundle of phases close to the 4:13
stoichiometry, which were experimentally investigated by Priputen
et al. [16]. These are four phases having monoclinic or orthorhombic
structure with composition ranging from Al;;Coyg to Al77C03,
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The binary parameters describing the Co-Cr system were adopted
from Wang et al. [17]. The original parameters of the ¢ phase were
slightly modified to compensate the different choice of the lattice
stabilities of the ¢ phase. For the Co-Fe system, the description by
Wang et al. [18] was used together with parameters concerning
magnetic ordering assessed by Ohnuma et al. [19].

The remaining binary sub-systems, Al-Cr [20], Al-Fe [21], Al-Ni
[20], Co-Ni [22], Cr-Fe [23], Cr-Ni [24] and Fe-Ni [25], were adopted
from the available assessments without modifications.

2.1.2. Ternary systems

All 10 ternary subsystems of the Al-Co-Cr-Fe-Ni have been as-
sessed. Parameters for most of them were taken from the literature
and many of them required modifications. The main in-
compatibilities were related to thermodynamic models used to de-
scribe topologically close-packed (TCP) phases, such as it and o, as
well as to the binary parameters used to describe sub-systems,
especially in case of less recent assessments. The detailed descrip-
tion of model selection for p and ¢ phases and application of these
models in modeling of a series of selected ternary systems can be
found in our previous work [26].

The most recent assessment of Al-Co-Cr system by Liu et al. [27]
is incompatible with our database due to differences in binary
parameters and models describing the o phase. Therefore, the
system was completely reassessed in this work based on the ex-
perimental data from Liu et al., Moskvitina et al., and Ishikawa et al.
[27-29]. The Al-Co-Fe system was assessed in our previous work
[10]. The stabilities of intermetallic phases rich in Al, namely Co,Alg
and FeAl, were recently revised, after the publication of new ex-
perimental data by Zhu et al. [30]. The parameters describing the Al-
Co-Ni system were taken from the assessment by Wang and Cac-
ciamani [14], however, the A1, A2 and B2 parameters were re-opti-
mized using ESPEI [12]. The parameters from Wang and Cacciamani
were the starting values for the optimization. A slight improvement
of equilibria between the fcc and bcc phases was obtained. The de-
scription of the Al-Cr-Fe system was based on the assessment by
Wang et al. [31], however, due to differences in binary parameters,
the assessment had to undergo considerable modifications in major
phases, such as liquid, bcc, fcc, y-LT and y-HT. The parameters re-
garding the AI-Cr-Ni system assessed by Wang and Cacciamani [20]
were adopted in the present work. The Al-Fe-Ni assessment by
Zhang et al. [32] was implemented in the database. Due to the dis-
crepancies in binary parameters the equilibria between fcc and bcc
phases were revised and adjusted to the available experimental data.

The Co-Cr-Fe system was assessed in the present work using
ESPEI [12] for the optimization process with the experimental data
from Dombre et al. [33], who determined various isothermal sec-
tions at temperatures ranging from 800 to 1300°C. The resulted
isothermal sections compared with the experimental data were
presented in our previous publication [26]. The parameters de-
scribing the Co-Cr-Ni system were adopted from Cacciamani et al.
[34]. Due to differences in Co-Cr binary parameters, the A1, A2 and ¢
phases were remodeled. The Co-Fe-Ni system was assessed in the
present work based on the available experimental information re-
garding the equilibria between A1 and A2 phases in the temperature
range 500-800 °C determined by Koester and Haehl [35], as well as
data regarding magnetic transition investigated by Kase [36]. The
Cr-Fe-Ni thermodynamic database reported by Franke and Seifert
[25] combined with bcc parameters from Miettinen [37] was used as
a base for our assessment. However, in both publications, the model
used to describe the ¢ phase is not compatible with ours, therefore
the ¢ phase was reassessed in the present work.

Isothermal section of all 10 ternary subsystems calculated at 1100
°C with the present database are shown in Fig. 1.
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Table 1
Solid phases, their structural information and models used in the present database.

Phase Structure information Model

A2 cl2 - W - Im3m (Al,Co,Cr,Fe,Ni,Va);(Va);

B2 cP2 - CsCl - Pm3m (ALCo,Cr.FeNi\Va)os
(Al,Co,Cr,Fe,Ni,Va)y5(Va)s

Al cF4 - Cu - Fm3m (Al,Co,Cr,Fe,Ni);(Va),

L1, cP4 - AuCus - Pm3m (ALCo,Cr,Fe,Ni)o75
(Al,Co,Cr,Fe,Ni)p25(Va);

A3 hP2 - Mg - P65/mmc (AlL,Co,Cr,Fe,Ni);(Va)os

u hR13 - WgFe; - R-3m - D85 (Al,Co)4(Al,Co,Cr,Fe,Ni),
(Al,Co,Cr,Fe,Ni);(Al,Co,Cr,Fe,Ni)g

c tP30 - CrFe - P4;/mnm - D8, (Al,Co,Cr,Fe,Ni),(Al,Co,Cr,Fe,Ni)g
(Al,Co,Cr,Fe,Ni)s

Cl14 hP12 - MgZn, - P63/mmc (Al,Co,Cr,Fe,Ni);(Al,Co,Cr,Fe,Ni),

C15 cF24 - MgCu; - Fd-3m (Al,Co,Cr,Fe,Ni);(Al,Co,Cr,Fe,Ni),

C36 hP24 - MgNi, - P63/mmc (Co,Cr,Ni);(Co,Cr,Ni),

FeAl, aP18 - Fes(FeqsAlgs)3Al g (Co,Cr,Fe,Ni);(Al),

- P1

MoPt, 0l6 - MoPt; - Immm (Cr,Ni);(Cr,Ni),

MoSi, tI6 - MoSi, - [4/mmm - C11,, (Al,Co,Cr,Ni);(Al,Co,Cr,Ni),

D049 hP8 - Mg;Cd - P65/mmc (Al,Co,Cr,Ni);(Al,Co,Ni)3(Va),

CoAls mS36 — (Cog.gsNig.12)aAl121 (Co,Ni)o.255(Al)o.745

NiAl; oP16 - Fe3C (Co,Fe,Ni);(Al)3

CrAly 05584 - (Cr,Fe)(AlLVa),

Cr23.76(Cro.23Al0.77)21Alg6.10

CrAls mP48 - CrAls - P2 (Cr Fe)l(Al)

NiyAl; hP5 - NiAl; - (Al)3(Al,Co,Cr,Fe,Ni),(Co,Ni,Va),

Co,Als hP28 - CoAls (Co Fe ,Ni)y(Al)s

Fe,Als 0524 - FeAl, g - Cmcm (Co,Cr,Fe,Ni),(Al)s

CoyAlg mP22 - Co,Alg (Co,Fe,Ni),(Al)g

NisAly cl112 - NisGay (Co,Ni)3(Al)4

CrAly aP15 - MngAly; - P-1 (Cr)a(Al)q

0-Co,Al5 0P102 - Co4Aly3 (C0)o.24(Al)o.76

Y-CosAl3 m* - C2/m (Co,Ni)o.245(Al)o.755

M,Al3 mS102 - FesAly3 - C2/m (Co,Cr,Fe,Ni) 235(Al) 6275(Al,Va)1375

NisAl; 0516 - PtsGas (Ni)s(Al)3

Cr7Alys mC104 - V,Alys - C2/m (Cr,Fe,Ni);(Al)45

FesNizAly, (Fe)o.s(Ni)o24(Al)o.71

EPSILON3 oP - CryoFe; 5Al775 (Cr)o21(Fe)o.02(Al)o.77

y-HT cI52 - CusZng - 14-3/m - D8, (Al,Cr,Fe),(Al,Cr,Fe,Ni)3(Cr,Fe,Ni),
(Al,Fe)s

y-LT (AlCr);2(Al,Cr,Fe,Ni)s(Al,Cr,Fe,Ni)s
(Al,Cr,Fe)4

DAICoNi P10/mmm (Al)14(Al,Co,Ni);(Co,Ni)s

XAICoNi mS26 - - C2/m (Al)o(Co)x(Co,Ni),

Y,AICoNi 0l96 - - Immm (Al)3(Co,Ni),

Fe3NiAlyo mP22 - CoyAlg - P24/a (Fe, NI)Z(A1)5

FeNiAlg P10/mmm (Fe,Ni),(Al)g

01 0I366 - - Immm (Al,Cr,Fe)2g(Al).72

CrigFe Al (ALCr,Fe)2g(Al).72

Cry15FesAlsga s hR1389 - - R-3 (Cr)o.9(ALCr,Fe)2o(Al)

3. Experimental validation of Al-Co-Cr-Fe-Ni alloys

While the influence of Al in the quinary system Al-Co-Cr-Fe-Ni
has been extensively investigated by various authors [38-49], the
information about the impact of other elements on the constitution
and microstructure of these alloys is very limited. In the present
work, equilibrated alloys with various amounts of Co, Cr and Fe have
been prepared in order to provide the missing information on phase
equilibria, that can be compared with our calculations and used for
improvement of the database.

3.1. Materials and methods

Seven samples were prepared from a mixture of commercial
purity elemental metals (>99.99%). Their nominal compositions are
reported in Table 2. They were melted several times in a vacuum arc
furnace under Ar atmosphere using Zr as a getter. Multiple melting
improved homogeneity of the samples. Each sample was approxi-
mately 1 g and in all cases the weight loss after melting was less than

0.5 mass%. Samples were placed inside tantalum crucibles which
were sealed in quartz tubes under Argon atmosphere and annealed
for around 2160 h at 1050°C followed by air cooling.

The polished sections of alloys were prepared by standard me-
tallographic procedures. Microstructure of the samples was ex-
amined, and the phase compositions were determined using
Scanning Electron Microscope (Zeiss EVO 40, Carl Zeiss, Oberkochen,
Germany) equipped with an Energy Dispersive X-ray spectroscope
(EDX Pentafet, Oxford Instruments, Oxfordshire, U.K.). The BSE
images were taken with magnification between 700 and 10000x.
The acceleration voltage (EHT) was set to 20kV and working
distance (WD) to 8 mm.

The present phases were identified by X-Rays Diffraction (X'Pert
MPD Philips, Almedo, Netherlands) from a surface of a bulk material.
XRD patterns were recorded with a step scan mode ranging from 10
to 100" with the step size of 0.02" and 4 s time per step. The Match!3
software [50]| was used for the qualitative analysis of the obtained
XRD patterns. The quantitative analysis was done by Rietveld
refinement method by means of FullProf program [51].
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Fig. 1. Isothermal sections at 1100 °C calculated with the present database of a) Al-Co-Cr, b) Al-Co-Fe, c) Al-Co-Ni, d) Al-Cr-Fe, e) Al-Cr-Ni, f) Al-Fe-Ni, g) Co-Cr-Fe, h) Co-Cr-Ni, i)
Co-Fe-Ni and j) Cr-Fe-Ni systems.
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Table 2
Nominal composition of prepared samples.
Name Nominal composition
ARef AlCoCrFeNi
ACo00.5 AlCog 5CrFeNi
ACol.5 AlCo, sCrFeNi
ACr0.5 AlCoCrg sFeNi
ACr1.5 AlCoCr sFeNi
AFe0.5 AlCoCrFeg sNi
AFel.5 AlCoCrFeq sNi

3.2. Experimental results

Fig. 2 and Fig. 3 show representative SEM images of the annealed
samples. Two or three types of phases were identified in the sam-
ples. The reference sample (Fig. 2) is three-phase: darker phase se-
parated by a light phase and a mix of the lighter phase and a third
gray phase inside the darker phase. This gray phase precipitated
inside the lighter one can be seen also in Fig. 3d-f.

The XRD profiles with assigned phases are shown in Fig. 4. The
compositions of individual phases in the SEM images were measured
using EDX point analysis and are reported in Table 3. The matrix,
darker in micrographs of Fig. 3, is rich in Al and Ni and assigned as
the ordered B2 phase. The brighter regions correspond to the
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disordered A1 phase rich in Co, Cr and Fe while the less bright areas
are associated with the disordered bcc A2 phase rich in Cr.

In two samples (ACrl.5 and AFe0.5), the ¢ phase was observed,
which should not be stable at annealing temperature of 1050 °C.
According to the calculations, the A2 phase transforms into ¢ phase
at 887 °C for the sample ACr1.5 and 969°C for AFe0.5; moreover, the
A2 and o phases have very similar compositions. Taking all the in-
formation into account it was assumed that the ¢ phase precipitated
during cooling of the samples.

4. Validation with the experimental data

For the verification of the database, the calculated equilibrium
phases and their compositions were compared with the experi-
mental information obtained in the present work and reported in
the literature, which have been critically reviewed and carefully
chosen for the validation process, considering their reliability and
usability. Due to the sluggish diffusion in HEAs, it is expected that a
long time is necessary to bring an alloy into the equilibrium state.
However, some published results have been obtained after very
short annealing times and it is questionable if the reported phase
compositions correspond to an equilibrium state. This factor has
been taken into account while selecting the data for the validation in
this work. The collected data were used to improve the quality of

Fig. 2. SEM images of the ARef sample.

Fig. 3. SEM images of a) AC00.5, b) ACo1.5, c) ACr0.5, d) ACr1.5, e) AFe0.5 and f) AFel.5 samples.
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Fig. 4. XRD profiles of the samples annealed at 1050 °C for 2160 h.

calculations by adding or adjusting parameters for metastable end
members in lower order systems.

4.1. Literature review of the Al-Co-Cr-Fe-Ni system

The Al-Co-Cr-Fe-Ni is the most frequently studied HEA. In 2009
Kao et al. [38] prepared a series of arc-melted samples with different
Al contents, annealed at 1100°C for 24 h and water quenched. The
authors investigated the microstructure of as-cast, annealed and
deformed samples by means of SEM, EDS and XRD. The influence of
Al was also studied by Chou et al. [39] in the same year. They pre-
pared a series of AlxCoCrFeNi samples with x ranging from O to 2.
They were kept at 1100 °C for 24 h and water quenched; phases were
identified by XRD. Shun and Du [49] investigated samples with the
Alg 3CoCrFeNi composition by means of SEM, EDS and TEM techni-
ques. The specimens underwent annealing at 700 and 900 °C for 72 h
and quenching in cold water. Wang et al. [43] examined the evolu-
tion of the structure of the AlxCoCrFeNi samples (0 <x < 1.8) using
high temperature XRD, SEM and TEM. The samples for micro-
structural measurements were annealed at 900 and 1100 °C for 2 h.
Additionally, transition temperatures were determined by means of
DTA. In 2015 Tang et al. [48] compared the microstructure and phase
composition of as-cast samples and samples that underwent
homogenizing treatment by applying hot isostatic pressure (HIP)
and annealing at 1150°C for 50 h followed by cooling at 10°C/min.
The same fabrication method (HIP) was applied by Zhang et al. [45]
at 1250 °C for 50h. Afterwards, the samples AlgsCoCrFeNi and
Alg7CoCrFeNi were heat-treated at 700 and 1250 °C for 500 and
1000 h, respectively. The present phases were analysed by means of
XRD, SEM, EBSD, and APT techniques. Subsequently, Butler and
Weaver [47] investigated the high temperature phases and com-
pared the results with the predicted ones using the Thermo-Calc
database TCNI8 [52]. A series of samples were annealed at 700 °C for
1000 h and at 1050°C for 520 h, followed by water quenching.

Rao et al.[46] studied 3 alloys: Aly3CoCrFeNi, AlysCoCrFeNi and
Alp;CoCrFeNi by means of EBSD, TEM and APT. The samples were he-
ated at 1250 °C for 50 h followed by furnace cooling. The obtained data
were compared with thermodynamic calculations in the same work.
Wang et al. [40] examined the microstructure of the alloys with equi-
molar composition aged at 600, 800, 1000 and 1200 °C for 168 h and
water quenched. Sun et al. [53] prepared a set of samples with different
Al to Co ratios. They were arc-melted, homogenized at 800°C and
1000°C for 30 days and quenched in cold water. Their phase con-
stituents and microstructure were measured by SEM, EDS and XRD.

A series of alloys with different Cr content were investigated by
Cieslak et al. [54]. They were prepared by two different synthesis
methods: arc-melting and sintering from blended mixture of me-
tallic powders. The first ones were then annealed at 1000°C for 72 h

Table 3

Phase compositions (at%) measured by EDX point analysis.

B2

A2

Phases Al

Sample

Fe

Cr

Co

Al

Fe

Cr

Co

Al

Fe

Cr

Co

Al

Fe

Cr

Co

Al

identified
using

29.2 2.0 16.6 49.2 28.2 323 18.9 7.2 125
24

28.3

238

Al

ARef

A2,B2 56
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229
13.7

0.4
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8.4
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10.2 474 35.6 349
28.2 241 315
21.6 341 30.5
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30.0 15.5 334
25.7 373 35 13.5 434 36.4 319
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254
232
29.0
20.1

5
6
6.0
6

A2,B2 56
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Table 4
Annealing and cooling conditions of Al-Co-Cr-Fe-Ni samples reported in the literature.

Author Annealing conditions Cooling conditions
this work 1050°C for 2160 h in air
2009_Kao[38] 1100°C for 24 h cold water
2009_Chou[39] 1100 °C for 24 h cold water
2009_Shun[49] 700 and 900 °C for 72h  cold water
2014_Wang|43| 900 and 1100 °C for2h  cold water
2015_Tang[48] 1150°C for 50 h 10°C/min
2016_Zhang[45] 700 °C for 500 h

1250 °C for 1000 h
2017_Butler[47] 1050°C for 520 h cold water
2017_Raol46] 1250°C for 50 h furnace cooling
2017_Wang[40] 800, 1000 and 1200 °C cold water

for 168 h
2019_Sun[53] 800°C for 720 h cold water

1000°C for 720 h
2019_Cieslak[54] 1000°C for 336 h cold water
2020_ Stryzhyboroda[41] 750 °C for 48 h cold water

1000 °C for 24h
1300 °C for 6 h

while the samples prepared from as-compacted metallic powder
were annealed at the same temperature for 2 weeks. All samples
underwent quenching. In addition to structural studies, the transi-
tion temperatures were identified using the Differential Scanning

a) Al

II 19

m Ni

O
o)

mF

1]

mCr

mAl
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Calorimetry (DSC) technique. Stryzhyboroda et al. [41] investigated
the transition temperatures of as-cast samples by means of DTA
measurement with the heating rate of 20 K/min. Additionally, the
microstructural analysis was carried out on annealed samples by
means of SEM equipped with EDS and EBSD detectors. Samples with
different Al content were annealed at 1300, 1000 and 750 °C for 6, 24
and 48 h, respectively. The summary of the annealing conditions by
different authors is shown in Table 4.

4.2. Comparison and discussion

After the combination of the binary and ternary subsystems and
extrapolation to the quinary Al-Co-Cr-Fe-Ni system and comparison with
the experimental data it was observed that the stability of the A2 phase
was too low with respect to the experimental information. As a con-
sequence of the missing A2 phase, the mismatch between the calculated
and measured composition of the B2 phase was quite high. Moreover,
the calculated solidus and liquidus temperatures in the quinary system
were slightly lower than the measured ones. The mismatch required
the addition of a few metastable quaternary mixing parameters:
G(A2,Co,Cr,Fe,Ni:VA) = +482,300-100 *T, G(liquid,Al,Co,Cr,Fe:Va)=+120,000
and G(liquid Al,Co,Cr,Ni:Va) = +120,000. Additionally, in order to improve
the fit in the A1 phase composition the ternary Al parameters were
revised, in particular in the Al-Cr-Fe system. The modifications

b) B2

20

X NG 5
S S o °f7 < @
SRR Y
® v
A2

Fig. 5. Experimental phase compositions obtained in this work for the ARef sample annealed at 1050°C (EXP) compared with the calculated values before (Calc1) and after (Calc2)
optimization and with various experimental results from the literature [38,47,48,53,54] for a) A1, b) B2 and c) A2 phases.
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Fig. 6. Calculated vertical section of the AlxCoCrFeNi system compared to the experimental data regarding stable phases [38,40,41,45-49,53,54| and transformation

temperatures [41,43].
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Fig. 7. Calculated AlCo4CrFeNi vertical section for 0 <x < 2. The nominal composi-
tions of the investigated samples are added to the figures. Blue - liquid single phase;
yellow - B2 single phase; light blue - liquid is present; pink - ¢ is present.

significantly improved the agreement between calculations and
experiments.

4.2.1. Equimolar composition

The average phase compositions measured in this work in the
ARef sample with equimolar composition and the selected literature
data for the equimolar AlCoCrFeNi alloy at the temperature ranging
from 1000 to 1150°C [38,47,48,53,54] are compared in Fig. 5 with the
calculated values before (Calc1) and after (Calc2) the optimization in
order to check reliability of the multicomponent database.

The overall agreement between the experimental and calculated
data for the AlCoCrFeNi composition after the revision of the para-
meters is very good. The biggest discrepancy can be observed in the
A2 phase, where the calculated amount of Al is higher than the
measured one.

The discrepancies between various authors may result from the
fact that the samples were annealed at slightly different tempera-
tures, as reported in Table 4 (between 1000 and 1150°C). Moreover,
the annealing time varies significantly (from 24 h to 720 h). Finally,
some sintered samples were quenched in cold water [38,47,54],
whereas others were cooled at a controlled rate 10°C/min [48] or in
the air (this work). The A2 phase was not observed by some authors

[38,53]. It can result from the fact that it is very difficult to distin-
guish between ordered and disordered bcc phases using only the
XRD measurements, due to the low intensity of the peaks differ-
entiating the two phases, especially when the presence of the ad-
ditional phase is not clear in the SEM images.

4.2.2. Effect of Al

The influence of Al is presented in the calculated AlxCoCrFeNi
isopleth (Fig. 6) with 0 <x < 2. The experimental data points are
added. The data regarding stable phases were collected from several
references [38,40,41,45-49,53,54], whereas the transformation
temperatures were reported by Wang et al. [43] and Stryzhyboroda
et al. [41].

Some reported experimental results are not in agreement with
each other. It is especially the case of the A2 and B2 phases. As al-
ready mentioned, this might be caused by the fact that it is very
difficult to correctly distinguish these phases using only the EDS and
XRD measurements. Additionally, Tang et al. [48] observed the o
phase at 1150 °C for the equimolar composition. It is highly unlikely
that the o phase is stable at such an high temperature in this quinary
system; it is also in contradiction with several other experimental
data reported for this composition. The presence of the ¢ phase can
be a result of the slow cooling at a controlled rate of 10°C/min.
During such slow cooling the phases that are stable at lower tem-
peratures may precipitate. The ¢ phase was also observed in the
Alg7CoCrFeNi and AlygCoCrFeNi samples annealed at 900 °C by
Stryzhyboroda et al. [41]. Additionally, the same authors reported
that a single phase B2 is stable at 1300 °C for the compositions above
0.8 mol Al, while according to our calculations the A1 phase is stable
up to around 1.05 mol Al at that temperature. The solidus and li-
quidus temperatures measured by Stryzhyboroda et al. [41] and
solidus temperatures reported by Wang et al. [43] are reproduced in
a satisfactory way by the calculations, with a maximum difference of
40 °C.

4.2.3. Effect of Co

The presence of all phases observed in the samples have been
correctly predicted by the calculations as shown in Fig. 7. Nominal
compositions of our samples are marked at the equilibration tem-
perature in the figure which shows the calculated AlCoxCrFeNi ver-
tical section for 0 <x < 2.

It can be seen in Fig. 7 that the addition of Co to the equimolar
composition destabilizes the A2 phase and slightly increases the
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Fig. 8. Experimental phase compositions obtained in this work for samples a) AC00.5 and b) ACo1.5 annealed at 1050°C (EXP_TW) compared with the calculated values before

(Calc1) and after (Calc2) optimization.
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Fig. 9. Calculated vertical section of AlCoCryFeNi with the nominal compositions of
the samples added. Blue - liquid single phase; yellow - B2 single phase; light blue -
liquid present; pink - ¢ present.

solidus temperature. On the other hand, when the amount of Co is
decreased below 0.75 mol, the A1 phase does not form at tempera-
tures above 750°C. The experimentally measured average phase
compositions of the samples ACoq 5 and ACo, 5 are compared in Fig. 8
to the values calculated with the present database before (Calc1) and
after (Calc2) the optimization. The improved agreement of Calc2
with experiments can be noticed. Like in the case of the equimolar
composition, the calculated amount of Al in the A2 phase is con-
siderably higher than the measured one.

4.2.4. Effect of Cr

The calculated isopleth of AlCoCryFeNi (0 <x < 2) is shown in
Fig. 9 where the nominal compositions of the investigated samples
ARef, ACrg5 and ACry 5 are indicated.

It is clear from Fig. 9. that the addition of Cr to the equimolar
composition (ARef) increases the stability of A2 and ¢ phases while a
decreasing of the amount of Cr destabilizes the A2 phase which is no
longer stable above 750°C below 0.35 mol of Cr. Another important
observation is that the addition of Cr to the quaternary AlCoFeNi
alloy significantly decreases the liquidus and solidus temperatures.

Fig. 10. Experimentally obtained phase compositions in the present work of the
samples a) ACr0.5 and b) ACr1.5 annealed at 1050°C (EXP_TW) compared with the
calculated values before (Calc1) and after (Calc2) optimization and the measured
values by Cieslak et al. [54].

The average phase compositions of the samples ACrgs and ACry5
measured in the present work are compared in Fig. 10 to the values
calculated with the present database before (Calc1) and after (Calc2)
optimization, along with the data reported by Cieslak et al. [54]. As
mentioned before, we assumed that the ¢ phase experimentally
observed in the ACr1.5 sample has formed from the A2 phase during
cooling in the air. Therefore, in Fig. 10 the experimentally
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determined composition of the ¢ phase was compared with the
calculated composition of the A2 phase. A general good agreement
can be observed: only the amount of Fe in A1l phase tends to be
lower than the experimental data while its amount in B2 is higher
than measured, as it can be seen in Fig. 10b. However, the optimi-
zation (Calc2) allowed to minimize the difference.

1500 this work:
X AT+A2+B2

o A1+B1+liq
‘0 1250 A1+B2
E A1+A2+B2
o
g
3 AFeqs ARef AFe;s
2 x x x
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0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
n(Fe)

Fig. 11. Calculated vertical section of AlCoCrFeyNi (0 <x < 2) with the nominal
compositions of the samples. Blue - liquid single phase; yellow - B2 single phase;
light blue - liquid present; pink - ¢ present.
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Fig. 12. Experimentally obtained phase compositions in this work of the samples a)
AFe0.5 and b) AFel.5 annealed at 1050°C (EXP_TW) compared with the calculated
values before (Calc1) and after (Calc2) optimization.

4.2.5. Effect of Fe

The effect of Fe is shown in Fig. 11, where the isopleth of Al-
CoCrFeyNi (0 <x < 2) is calculated with the present database. The
nominal compositions of the samples ARef, AFeys and AFe;s are
marked in the figure.

As it can be seen in Fig. 11, the addition of Fe destabilizes the A2
phase. Moreover, with the increasing amount of Fe the solidus
temperature increases. On the other hand, by removing Fe from the
equimolar composition, the ¢ phase increases its stability and forms
at around 1050 °C in the Fe-free alloy.

The measured phase compositions of the AFe0.5 and AFel5
samples are compared in Fig. 12 with the values calculated with the
present database before (Calc1) and after (Calc2) optimization. Like
in the ACrl.5 sample, the ¢ phase experimentally observed in the
AFe0.5 sample was probably formed from the A2 phase during slow
cooling. Therefore, in Fig. 12, the experimentally determined com-
position of the ¢ phase was compared with the calculated compo-
sition of the A2 phase. It can be seen that, similarly to Fig. 10b, an
overall good agreement has been obtained. The amount of Fe in the
A1 phase tends to be slightly lower than measured, while its value in
B2 phase is higher. Another discrepancy is the amount of Al in the A2
phase. Considering the high amount of elements involved in this
equilibria, such mismatch is acceptable.

4.2.6. Phase amounts

Phase amounts in investigated samples were determined from
both XRD profiles and SEM images. Micrographs were analysed with
the freeware image processing program Image]. Converting the
image type to 8-bit and adjusting threshold allowed for the eva-
luation of the quantity of each phase. Such analysis gave approx-
imate information on phase amounts though with large uncertainty
mainly due to the superposition of the gray scale of the different
phases used to define the different phase areas. It was especially the
case when A2 phase was formed with an intermediate gray shade, as
it can be seen in Fig. 2 and Fig. 3. The quantitative analysis of the
XRD profiles using Rietveld method allowed for obtaining the
quantities of the identified phases, however, even this method has
large uncertainty. Most peaks of the disordered and ordered bcc
phases overlap with each other, making it difficult to evaluate the
quantities of these phases correctly. For all these reasons, the
quantities of A2 and B2 phases in Table 5 are merged for comparison
with the calculated values.

Considering the uncertainty of the measured values, a good
agreement has been obtained between the experiments and the
calculations. The largest discrepancy can be observed in case of
AFe; s sample.

Table 5

Phase quantities experimentally obtained from micrographs (SEM) and from XRD profiles (XRD) compared with the calculated values (CALC).
SAMPLE ARef ACogs ACros ACry5 AFeqg s AFeq s
PHASE Al A2 +B2 Al B2 Al B2 Al A2 +B2 Al A2 +B2 Al A2 +B2
SEM 22 78 52 48 34 66 28 72 16 84 41 59
XRD 17.8 82.2 414 58.6 271 72.9 79 931 94 90.6 479 521
CALC 18 82 45.5 54.5 20.7 79.3 124 87.6 133 86.7 23 77

10
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5. Summary

In the present work the Al-Co-Cr-Fe-Ni system was thermo-
dynamically assessed based on our experimental measurements and
data reported in the literature:

(1) Selected compositions of high entropy alloys from the Al-Co-Cr-
Fe-Ni system were prepared by arc-melting and annealed at
1050 °C for 2160 h in order to examine the effects of Co, Cr and Fe
on phase stability.

(2) The samples were analysed by means of SEM, EDS and XRD
measurements.

(3) Three phases were generally observed in the samples: the matrix
identified as the B2 ordered phase rich in Al and Ni, the uni-
formly distributed A1 phase rich in Co, Cr and Fe and, in some
cases, a disordered A2/c phase rich in Cr precipitated within the
A1 phase.
The phase equilibrium information obtained in the present work
and critically selected from the literature were used for the op-
timization of the Al-Cr-Fe ternary Al parameters and a me-
tastable quaternary A2 parameter in the Co-Cr-Fe-Ni system.
(5) The phase compositions measured in the present work and in
selected publications from the literature were compared with
the calculations, using the multicomponent database developed
in the present work. In particular the equimolar alloy at
1000-1150°C was considered. The measured solidus and liquidus
temperatures and the data reported on phase stabilities with
varying amount of Al were compared with the calculations and a
good agreement was obtained.
It can be concluded that the thermodynamic database of the Al-
Co-Cr-Fe-Ni system developed in the present work has been
validated with the available experimental data and can be used
for thermodynamic simulations of compositions for which data
are not available. Additionally, it can be treated as a basis for
calculations of higher order systems when new elements are
included.

(4)
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