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Abstract

High entropy CryAlFeCoNi alloys with x= 0, 0.5, 1.0 and 1.5 were synthesized using arc-
melting and sintering preparation techniques. Three crystal structures (fcc, bec and o) were
observed using XRD technique, while EDX measurements showed the presence of up to three
chemically different phases (FeCr-rich phase with fec structure, AINi-rich phase with bcc
structure and Cr-rich phase with hcc and/or o structures). The reasons for the observed phase
coexistence were addressed to total energy electronic structure calculations using KKR-CPA
method accounting for chemical disorder effects. Such theoretical analysis confirmed that the
multi-phase system was energetically more favorable than the single-phase one. Furthermore,
DSC measurements allowed to identify two phase transitions in melted samples, unlike
sintered ones due to high-temperature nitrogen corrosion. This process turned out to be highly
selective, resulting in the formation of the scales consisting of Al,Ny—phases at the cost of
total Al loss in the HEA alloy.

1. Introduction
High Entropy Alloys (HEA) or multi-major component alloys are a new concept of alloys
which have been under development since 2004 [1,2]. The use of only major elements in their
composition opens up a new field in metallurgy with an increasing number of publications
devoted to their potential properties and applications, as well as to their design and
characterization [3]. Although it was first suggested that HEA are single-phased due to their
usual diffraction patterns mostly recorded by standard X-ray, it is now well established that
most of HEA with minimum 5 elements are single structure for some domains of e/a and
multi-phased [4,5]. The identified structures in HEA are fcc, bec and hep. The participation of
individual phases leads to the control of the properties, especially mechanical [6-10].

Among the most investigated systems is Co-Cr-Fe-Ni-Al, which has attracted a lot of
interest for the following reasons:
- The system presents transitions from fcc to bec when the amount of some elements, e.g. Al,
is varied [6-9.11-131.
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While some studies on the Co-Cr-Fe-Ni-Al system have looked at the influence of Fe
and Ni on the structure and properties, the impact of Cr has not been reported. In this work we
present a comparative study of alloys of CryAlFeCoNi composition produced by two different
techniques.

2. Materials and methods

2.1. Sample preparation

Two series of samples differing by synthesis methods have been prepared. Each series
consisted of four samples of CryAlFeCoNi, with variable Cr content (x= 0, 0.5, 1 and 1.5).
Purities of the used ingredients as well as granulations of the used powders are indicated in
Table 1.

Table 1: Purities and granulations of elemental powders used for sample preparation.

Element Fe Cr Co Ni Al
Purity [%] 99.9 99.2 99.8 9979 99.5
Granulation | <7um <7um 1.6um 3-7um 7-15um

One series of alloys (SM) was prepared by melting a mixture of pure elements in an
arc-furnace under an argon atmosphere. Each sample was re-melted four times inverting the
ingot each time to improve the melting homogeneity. The mass of each sample made this way
was only ~5g and the cooling of the droplets from the melting temperature (~1400°C) to
ambient temperature took no longer than a minute. Consequently, it can be assumed that the
element distribution in the prepared samples corresponds to an equilibrium state near the
melting temperature. The alloys were subsequently annealed at 1000°C in vacuum of 6+107
mbar for 72 hours and quenched on a thick brass plate.

The second series of alloys (SS) was prepared by sintering a blended mixture of pure
metallic powders. The powders were mixed in appropriate amounts and then compressed. The
obtained pellets were pre-annealed at 500°C for one day and subsequently annealed at 1000°C
for 2 weeks in a vacuum of 6 10°mbar. Finally, the samples were quenched on a brass plate
whilst still under vacuum. This two-step procedure of annealing and cooling was carried out
in order to avoid possible Al loss from the sample.

At this stage it should be noted that both types of samples have been homogenized at
1000°C: the SM ones for 72 hours in the as-cast state, the SS ones for 2 weeks from as-
compacted powders.

2.2. Experimental details

Microstructure observations and chemical analyses were carried out in a FEI Versa 3D
scanning electron microscope equipped with an EDAX Apollo XP energy dispersive X-ray
spectrometer (EDX), operated at 20 kV accelerating voltage.

Thermal and gravimetric characterizations of the alloys were made on a Netzsch STA
449C calorimeter. The measurements were performed under nitrogen atmosphere at the rate of
30 K/min during both the heating and subsequent cooling cycles.

The powder XRD patterns were collected at ambient temperature with a PANalytical
Empyrean diftfractometer using a diffracted beam graphite monochromator and an X'Celerator
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terms of lattice parameters and common line widths. It was also assumed, that for fcc and bcc
phases each crystallographic position was occupied by all constituent elements, with
probabilities corresponding to the compositions of the phases as determined by EDX
measurements. For the o-phase, common occupancy corresponding to the co-existing bcc
phase was used.

3. Computational details

Electronic structure calculations of disordered CriAlFeCoNi (0 < x <1.5) HEA alloys
assuming both fcc and bee crystal structures were performed with the use of the charge- and
spin-self-consistent the Korringa-Kohn-Rostoker method employing the coherent potential
approximation (CPA) [26,27] in order to account for chemical disorder. The CPA model
allows to treat random atoms distribution on selective sites (only one site in considered
fee/bee alloys) via construction of the effective medium, which is defined by the averaging of
Green's functions ascribed to particular atoms, G, over their concentrations, x;, i.e. G, = 2xiG;
(~=Fe, Cr, Co, Ni and Al). The CPA condition is solved in self-consistent way. As the CPA
model does not rely on simple averaging of physical properties of atoms constituting
disordered alloy, it is not always easy to correlate the properties of the alloy resulted from
KKR-CPA calculations, with the respective properties of the elemental compounds, especially
in such disordered multi-atom system. As above-mentioned and it is really worth noting that
within the CPA model, the symmetry of the unit cell is maintained in the whole range of alloy
composition, for which ground state properties can be computed (e.g. density of states,
magnetic moments, total energy contributions) and then compared for different alloy
compositions.

In the case of HEAs the total energy obtained from KKR-CPA code was converged
below 1 meV. In both investigated phases the equilibrium lattice parameter was determined
from the minimum of the total energy as obtained from a parabolic fit to the calculated values,
for which the electronic structure and ground state properties were next computed. The self-
consistent crystal potential was prepared within the local density approximation (LDA)
framework, using the Perdew-Wang formula for the exchange-correlation part [28].

The KKR-CPA computations in disordered HEA have been restricted to only the
spherical part of the potential (muffin-tin) with truncations on each atom up to the angular
momentum cutoff /.« = 3. For well-converged atomic charges (below 107¢) and crystal
potentials (below ~10meV), the total, site-decomposed and /-decomposed, density of states
(DOS) were computed using the integration tetrahedron method in reciprocal space and 560 k-
space points in the irreducible part of the Brillouin zone. The total magnetic moment per
Wigner-Seitz cell and all atomic magnetic moments inside muffin-tin spheres were calculated.
The Fermi level, Er, was accurately determined from the Lloyd formula [29]. In our KKR-
CPA computations both core and valence states of electrons were treated in a nonrelativistic
approach.

It should be highlighted that our KKR-CPA calculations were performed for the
nominal HEA systems as well as for the phases identified from EDX measurements. Since the
combined results of XRD (structure sensitive) and EDX (composition sensitive) refinements
do not allow correlation of detected structures to detected compositions, all computations
were carried out for both bce and fee structures. Consequently, the comparison of total
energies obtained for different structure alternatives and the total energy calculated for the
nominal composition provides a basis for discussion of the relative crystal stability.

https://reader.elsevier.com/reader/sd/pii/S0925838819321966 ?token=65D69E45F281CD59947559BAE94CBEO8OFSBAFODB183A1410EE979A1F30...  4/21
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Both the SM and the SS samples were investigated by Differential Scanning Calorimetry
(DSC) and by Thermal Gravimetric Analysis (TGA). The curves measured during heating and
subsequent cooling are shown in Figs 1 and 2. All curves show some oscillations and the
temperatures at which the most prominent features are seen are listed in Tables 1 and 2.
During heating all the SM samples pass phase transformations around 600 and 1000°C, even
if both only can be seen as hints for the x=0 sample. Similar features have earlier been seen in
equimolar (x=1) as-cast samples [12,14,20]. The temperature of the first distinct
transformation that does not change with increasing Cr content and might correspond to the
phase transformation observed by [14] at about 630°C in an equimolar alloy which is partly of
magnetic origin. It is conceivable that this feature corresponds to the ones seen at the
somewhat lower temperatures in the cooling curves. The transformation is thus at least partly
reversible and it might correspond to a composition-dependent peritectic phase
transformation. Another feature obviously irreversible is seen in 1000-1200°C temperature
range, more distinct and moving to lower temperatures with increasing x value. A similar
teature has also previously been observed and suggested to be connected to a sigma-phase
decomposition [20]. The onsets of melting and solidification are varying with alloy
composition indicating different phase compositions for the different alloys.

1.0

s | (a)

heat flow
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Fig.1 Measured DSC curves for CryAlFeCoNi alloys produced by arc melting (SM series)
during a) heating and b) subsequent cooling.
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Fig. 2 Measured DSC curves for CryAlFeCoNi alloys produced by sintering (SS series) during
a) heating and b) subsequent cooling.

The DSC curves measured for the SS alloys have a substantially ditferent shape than the ones
measured for the SM alloys. The curves indicate that a continuous ordering takes place in the
alloys during heating up to about 900°C which is followed by a phase transformation at about
960°C (see table 2) independent of alloy composition. Other features in the DSC curves do
neither vary much with alloy composition. However, the shape of melting peaks indicates a
two-phase composition of all alloys which is not present on the following solidification.

Table 2. Temperatures (°C) at which features are seen in the DSC measurements on
CrxAlFeCoNi alloys produced by arc melting (SM).

Heating Cooling
X 1* feature 2% feature Onset of sol(i)cii'fga?[iton ¥ feature 2° feature
(peak) (°C) (peak) (°C) | melting (°C) °C) (peak) (°C) |  (peak) (°C)
0 ~700 ~1180 1399 1432 - ~680
0.5 630 ~1150 1391 1403 - 576
1.0 630 1065 1364 1382 = 567
1.5 630 990 1362 1378 805 ~550

Table 3. Temperatures (°C) at which features are seen in the DSC measurements on
CryAlFeCoNi alloys produced by sintering (SS).

https://reader.elsevier.com/reader/sd/pii/S0925838819321966 ?token=65D69E45F281CD59947559BAE94CBEO89F8AFODB183A1410EE979A1F30. ..
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| 1.5 | 965 | 1351 | 1369 | 1383

4.2. Microstructural and chemical analyses

Compositions of individual phases were estimated using SEM-EDX measurements. EDX
linescans were used to identify any changes of elemental composition along a line. For SM
series, annealing of the Cr-containing samples at 1000°C resulted in a decomposition into two
or three phases (Fig. 3a). In all cases similar dendritic structures were observed. The size of
the individual phases did not exceed 2-3 um. For the investigated SM samples phase
compositions were determined. The results are presented in Fig. 4a-c. Three kinds of phases
were found in all cases, below discussed as FeCr-rich (the brightest phase), Cr-rich
(intermediate grey phase) and AlNi-rich (the darkest phase). Results of EDX analysis are
shown in Table 4.

v-i" SN Gl -

o

] Figur 3 SEM iages of rXAIFeCoNi (1.0) prare y () arc-mei and (b)
sintering methods.

Table 4. Phase compositions (at%) of CryAlFeCoNi phases (FCCg, BCCp and BCCg) for two
series of samples (SM and SS) as detected from EDX measurements.

X SM

FeCr-rich (FCCpg) AlNi-rich (BCCp) Cr-rich (BCCg)

Cr |Al |Fe |Co |[Ni [Cr |Al [Fe [Co [Ni [Cr |Al |[Fe |Co |Ni
0.0 : - : . » 0 | 215|261 | 269 [255 |- - - = -
0.5 16.1 | 11.0 | 29.9 | 25.7 | 17.3 | 5.3 205 | 156 | 21.7 | 28.1 | - s = g -
1.0 243 | 8.5 275 | 244 | 153 | 94 293 | 13.8 | 199 [ 276 | 37.9 | 6.3 26.5 | 198 | 9.5
1.5 359 | 7.3 224 | 20.1 | 143 | 135 | 296 | 127 | 17.7 | 265 | 464 | 34 234 1194 | 74

SS
0.0 - _ - - - 0 [ 231 [262 251256 ]- - - - -
0.5 205 | 5.7 35.6 | 245 | 137 | 4.8 303 | 156 | 19.6 | 29.7 | - - - = =
1.0 277 1 5.1 30.8 | 232 | 132 | 6.9 31.1 | 12.8 | 183 | 309 | 44.1 | 3.9 30 159 | 6.1
1.5 28.6 | 5.0 284 | 243 [ 13.7 | 30.1 | 7.8 11.9 | 183 | 319 | 433 | 5.8 253 | 180 | 7.6

As is seen in Fig. 3b the observed phases coexist in a quite different way in the SM samples

ac comnarad ta tha S anec Tn the latter thev are foarmino larce (20-4A01m\ oraine whnce

https://reader.elsevier.com/reader/sd/pii/S0925838819321966 ?token=65D69E45F281CD59947559BAE94CBEO89F8AFODB183A1410EE979A1F30. ..
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a certain amount of macroscopic pores, with sizes and distributions which correspond to those
visible in the samples before annealing.

jg @ Cr ®Fe @ Co @ Ni © Al
35
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5
0

A [%]
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10 |

5

0
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5

0
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X X

Figure 4: (Color online) Concentrations of elements in (a) FCCg-phase, (b) BCCp-
phase and (¢) BCCg-phase, for the SM series. See Table 3. Dashed/dotted lines stand for the
nominal concentration of Cr/other elements. Corresponding results obtained for the SS series
are presented on (d-f).

Interestingly, comparing the samples with various Cr contents within the same series
(SM or SS), it can be noted that the composition of each of detected phases only slightly
changes with increasing the value of x. The most pronounced variation in all phases can be
observed for Cr content, whereas the concentrations of remaining elements vary in a much
narrower range.

On the whole, accounting for apparent similarities of phase compositions of HEA
obtained using two completely different preparation methods (sintering against arc-melting)
one can conclude that the proposed sintering technique of pure metallic powders well
reproduces results of traditional arc-melting technique, and also gives the unique opportunity
to investigate relatively large areas of distinct phases.

4.3. XRD measurements

In all samples, both melted and sintered, single bcc or coexistence of bee, fec and o phases,

Xrara f\]‘\C‘DT"TQF‘ '-I—‘]’\I3 tavtiire nracant ;l"l fhﬁ |‘1'\ﬂ]fﬁl‘] CQY\’\I‘\IﬂC‘ I’\;I‘\{'IDI'Q nranar QﬂQI‘TC;Q .I"IF fl"lﬂ
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alloys belong to so-called Domain II with hcc phases, and for x=1.0 and 1.5, they belong to
Domain IT with mixed phases, o, etc. Their lattice parameters are presented in Table 5. As one
can see, they only slightly depend on the nominal Cr concentration which stays in line with
the fact, that stoichiometries of particular phases do not considerably change. The o-phase
lattice parameters are close to those of 6-FeCrX, X=Co, Ni [30]. The presence of the 6-phase
significantly impedes unique analysis of diffractograms, because of unknown sublattice
occupancies. Finally, on the basis of the measured diffraction pattern, one can determine the
percentage of each phase (Table 4 and Fig. 6a), but their contributions can only be roughly
estimated due to unknown sublattice occupancies in the s-phase.

2
5 <
= 6 <& “oc‘

W‘ K‘J.J», . B, SR \._.._AM»/\-..};L..S..._«N-—.«

x=1.0

.JL___J WW(W
100 120

40

20[deg]
Fig. 5 XRD diffraction patterns for the SS series of CryAlFeCoNi alloys with various x.

As it was already mentioned, in the CryAlFeCoNi HEA system the c-phase was
detected for x > 1. Its stoichiometry has been determined for the equimolar system [19] and its
abundance increases with Cr nominal content. This phase is known to appear in various
intermetallic systems, but always as a result of annealing at elevated temperatures. Since the
stoichiometry of the detected o-phase is very similar to Cr-rich one, it can be assumed that the
transformation process from Cr-rich phase to o-phase occurs during long isothermal
annealing. Unfortunately, sublattice occupancies of the resulting structure are unknown.

On the basis of previous findings [19] three chemically different phases can be
assigned to the two (or three) detected crystallographic structures. And so, FeCr-rich phase
has fcc structure, called there FCCg (see Table 4), AINi-rich phase has bce structure called
BCCp, whereas Cr-rich phase can be detected as both BCCg and o phases. As it follows from
such assignments, one cannot characterize the system in a unique way, since two crystalline
phases (BCCp and BCCg) cannot be separated using the standard XRD technique, and at the
same time BCCp and ¢ phases have very close chemical compositions.

https://reader.elsevier.com/reader/sd/pii/S0925838819321966 ?token=65D69E45F281CD59947559BAE94CBEO89F8AFODB183A1410EE979A1F30...  9/21
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Fig. 6 (Color online) Amounts of various phases for the SS CryAlFeCoNi alloys with different
Cr content, x, as determined using (a) SEM-EDX (at%) and (b) XRD techniques (vol%) .
Lines added as a guide to eyes.
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The stoichiometry of the phases present in a sample and the knowledge of its nominal
composition allow to determine the actual phase composition of this sample based on EDX
measurements, only. It can be done, by minimizing the summation value

2(Zipixy - nj)2 (1)

where p; denotes the amount of i-th phase, x; stands for the concentration of j-th element in
the i-th phase and »; - the nominal concentration of element ; (see Table 4). Such calculations
were performed for the SS series, and the results are shown in Fig. 6b for all detected phases.
Unfortunately, it is not possible to directly compare the results obtained using these two
techniques, since two present bcc structures cannot be distinguished using XRD-technique on
one hand, as well as BCCg and o phases are very similar in EDX technique on the other hand.

4.4. Electronic structure KKR-CPA calculations

It is widely accepted that the relative stability of crystal phases can be analyzed using the
Gibbs free energy (G=FE-T3) directly depending on total energy £ of a system and all entropy
contributions (electronic, phonon, magnetic and configuration) scaled with temperature (7).
In the case of HEA systems, the configuration entropy seems to be the key factor responsible
tor minimization of (7. It should be recalled that the configuration entropy of the crystalline n-
component system with randomly distributed elements, S...s is maximal for the equal
concentrations of constituting elements. In consequence, the total S.,,ralways decreases when
the system decomposes into two or more different phases. As the integrated G-values of all
subsvstems (different nhases) is smaller than the corresnondine (7-value of the sinole nhase

https://reader.elsevier.com/reader/sd/pii/S0925838819321966 ?token=65D69E45F281CD59947559BAE94CBEO8OFSBAFODB183A1410EE979A1F3...  10/21
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concentrations of constituents (randomly distributed on lattice sites) corresponding to the
nominal alloy compositions for both fcc and bcece structures and the computed energies are
called here E(x)""s. and E(x)""j, respectively. Considering however, that the
experimentally investigated alloys are mostly multiphased, the KKR-CPA calculations were
also performed for all determined phases (with actual stoichiometry and also assuming both
crystal structures).

Since the o-phase has much more complicated structure (five elements distributed over
tive sites of the tetragonal unit cell, with different probabilities), and its presence is generally
caused by annealing rather, than formation during solidification of the system, the KKR-CPA
calculations for this phase were not yet performed.

Lattice parameters analysis

For all above-mentioned phases the equilibrium lattice constant was obtained from the total
energy minimization. The results are presented in Fig. 7 and compared to the experimental
values (Table 5). As expected from the well-known LDA limitations, the calculated lattice
parameters are smaller than the experimental ones, measured at RT. However, the comparison
of the calculated lattice parameters of the nominal and decomposed phases is more important.
As one can clearly see, the unit cell of the FCCg-phase is larger than that of the nominal fcc,
while BCCp and BCCg-phases are very similar and apparently smaller than the nominal one.
The latter theoretical result remains in line with the fact that the observed two bcc phases are
indistinguishable using standard XRD diftraction techniques.

2.81

@® nominal random
® BCCp
¢ BCCg

355 F (b 1
— ( ) ® nominal random
< A FCCy
- 354 | 1
=
<
353 p 4
3.52 : . .
0.0 0.5 1.0 1.5
X

Fig. 7 (Color online) Variation of lattice parameters of (a) bec and (b) fee phases for the
CryAlFeCoNi alloys with Cr content x as determined from the KKR-CPA calculations.
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Table 5: Lattice parameters of hcc and fec phases detected in SS samples, determined from XRD
measurements

X Afec [A] Apee [A]
0.0 - 2.8775(1)
0.5 3.5965(2) 2.8825(1)
1.0 3.5992(2) 2.8828(1)
1.3 3.5987(2) -

Relative crystal stability

nom

Calculated total energy values of the hypothetical phases with nominal compositions E(x)"""z..
and E(x)""" .. were compared to the total energies of the decomposed subsystems, taking into

account all occurring phases, according to Eq. (1)
AE = Zi Ei Xy — Eggcm (2)

where E; denotes the total energy of the i-th phase and x; stays for its contributions.

It is worth noting that the differences between E(x)""";.. and E(x)"""}.. are relatively
small (less than 5 meV) for all Cr concentrations and therefore AL is presented with respect to
E(x)""}.. only. As it can be seen from Fig. 8, for all analyzed compositions AE-values are
negative, and so all decomposed systems are more stable than the nominal ones. The
calculated energy difference AE decreases with nominal Cr concentration, which may indicate
that increasing Cr content tends to promote multi-phase system against the single phase one.
Moreover, in view of the KKR-CPA total energy analysis, it appears that the SS samples
(sintered) appear to be more stable than the corresponding SM samples (melted and
annealed). Such theoretical conclusion seems to be coherent with the fact that the sintered
samples were homogenized much longer than the annealed ones, hence they are closer to the

equilibrium state.
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Fig. 8 (Color online) Energy differences between multiphase systems for various Cr content,
x, and corresponding hypothetical hcc-phase as determined using electronic structure

calculations.
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4.5. High temperature nitrogen corrosion
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Fig. 9: Thermogravimetric curves measured for the CryAlFeCoNi alloys produced by a) arc
melting (SM series) and b) sintering (SS series) during heating and subsequent cooling.

During the thermogravimetric (TGA) measurements it was found that the weight of both the
SM and the SS alloys increased (see Fig. 9). This was observed during heating and cooling.
The oxygen content of the flow gas was very small and it could be concluded that the weight
increase was due to nitrogen absorption. The effect seen for the SM alloys was smaller than
that observed for the SS alloys, probably due to their porous microstructure. For both series of
alloys, the absorption process started during heating at about 800°C and continued up to the
melting point. After solidification and during the subsequent cooling the process proceeded
but at a slower rate.

The XRD pattern measured for the equimolar SM alloy after cooling to ambient
temperature showed that the absorption of nitrogen resulted in an increase of the lattice
constant of the fec lattice from 3.578A to 4.085A. It can be concluded, within the accuracy of
the XRD measurement, that nitrogen atoms are incorporated into interstitial positions without
significantly changing the crystalline structure, since the unit cell only expands. This
phenomenon has earlier been observed for e.g. nitride films that have been exposed to
nitrogen gas at different temperatures and pressures [31-33 .

As can be seen in Fig. 9, the SS alloys absorb a large amount of nitrogen during heating and
also during the subsequent cooling. The absorption process starts at about 800°C and it is
followed by a second one during the alloy melting. The start of the second process

Anveanimanndas Alacaler +A tha vmaltina tAamacacatiiea an Ana A danmn d MO Tia D Tha witean~an

https://reader.elsevier.com/reader/sd/pii/S0925838819321966 ?token=65D69E45F281CD59947559BAE94CBEO8OFSBAFODB183A1410EE979A1F3...  13/21



6/13/2019 Multi-phase nature of sintered vs. arc-melted CrxAlFeCoNi high entropy alloys - experimental and theoretical study | Elsevier Enhanced ...

type (a=3.107A, ¢=4.972A). Small amounts of two fcc structures seem also to be present, one
with a lattice constant equal to about 3.59A and one with a lattice constant of about 4.12A.
These lattice parameters correspond closely to the one of the hexagonal AIN phase [33], the
fee structure of the CoCrFeNi alloy [4] and the fee structure measured for the arc-melted and
annealed equimolar CoCrFeNiAl alloy mentioned above.

The crystal structure of SM alloys with x=1 and 1.5 are considerably more complex and it is
not possible to uniquely derive their structural details from the measured XRD patterns
because of overlap and asymmetries of diffraction peaks. A profile refinement does not give
convincing results. It is though very probable that the x=1.5 alloy contains a Acp structure
with a=2.95A, ¢=3.50A, probably a fec structure with a=4.08A (maybe the same structure as
seen in the equimolar SM alloy) and a small amount a fec structure with a=3.58A. Some more
structures corresponding to some few unindexed peaks probably also exist in the alloys. It can
be mentioned that because of the large Cr content one might expect to find CrN or CroN but
these phases seem not to be present.

EDX analyses of SS samples carried out after DSC measurements showed that their
morphology has changed and two phases were detected: the bright one, not containing Al and
the dark one, mainly consisting of Al and N elements (see Fig. 10). The dark phase occurs at
the grain boundaries, corresponding to the size and morphology of grains already present in
SS samples before DSC measurements (compare Fig. 10-a and 10-b). The compositions of the
two phases are shown in Table 6. Fig. 11 presents the phase compositions of the bright phase
versus Cr nominal content. As can be noticed, the stoichiometry of bright phase grains
corresponds to the CrgFeCoNi single-phase system, while the dark areas to the average
composition of AlsN,.

Fig. 10. SEM images of the SS equimolar alloy taken at ambient temperature (a) before and
(b) after the DSC measurement.
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Fig. 11. Phase compositions of the SS CryAlFeCoNi bright phase as determined by EDX after
the DSC measurements.

Table 6. Elemental compositions of the SS CryAlFeCoNi phases, as determined by EDX and XRD
after the DSC measurements.

X bright phase dark phase

Cr Fe Co Ni

@oe] | %] |[ae] | [ace) |2 AUN | a[A] | c[A]
0.5 17.1 29.6 27.6 25.8 3.59/4.12 | 2.43 3.107 4.972
1.0 28.0 26.1 23.1 22.9 2.55
1.5 35.7 23.1 20.8 20.5 AL 1.97 2.93 3:0

Based on the experimental results, one can conclude that in the CryAlFeCoNi system over
900°C nitrogen corrosion has occurred. This was a selective process, which in practice relied
on the removal of Al atoms from the host and formation of scale layers mainly composed of
Al and N. Such phenomenon was favored by a large effective surface of the sample due to the
preparation method resulting in large number of pores after sintering (unlike the arc-melted
samples). In consequence, a pattern of grains of the Al-free HEA alloy, surrounded by scale
layers composed of aluminum nitride, was formed in the sample (Fig. 10a,b). The
stoichiometry of these layers was determined on the basis of EDX measurements. Since the
thickness of the dark phase scales is relatively small, the electron beam can also excite the
atoms of the areas well below the surface of the sample and therefore the measured signal
may also contain some contributions from the bright phase. For this reason, only the average
ratio of the Al and N concentrations (generally producing 80-90% of the signal) is presented
in Table 5, which corresponds to the ratio of these elements in the scale (the bright phase does
not contain Al nor N). The ratio values correspond to the stoichiometry of the AlsN, or ALN
phases, but they seem to be the values related to the averaged content of Al and N in different
possible clusters in the ANy, system [34,35].

Conclusions

Two series of high entropy CryAlFeCoNi alloys with variable chromium content were
synthesized using arc-melting (SM series) and sintering (SS series) preparation techniques.
Structural studies (XRD) revealed the (co-)existence of three phases with fcc, bcc and o
structures, while EDX measurements showed the presence of up to three chemically different
phases, similiar for SM and SS series. They were identified as FeCr-rich phase with fec
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for the observed phase separation in the CryAlFeCoNi HEA system was addressed to total
energy electronic structure calculations using KKR-CPA method, which enables to account
tfor chemical disorder effects. Comparison of Eji of nominal HEA compositions with the sum
of Eix of experimentally detected phases (averaged over their contributions), evidently
showed that the multi-phase system was energetically more favorable than the single-phase
one. DSC measurements performed on SM samples allowed to identify two phase transitions
at temperatures ~630 °C and ~1100 °C. Conversely, such transitions were not observed for SS
samples, due to high-temperature nitrogen corrosion. This process turned out to be highly
selective, resulting in the formation of the scales consisting of Al,Ny—phases at the cost of
total Al loss in the HEA alloy.
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Two series of CryAlFeCoNi HEA were fabricated, their properties were compared
Two crystalline hee phases cannot be separated using standard XRD technique
Bee-grey and & phases have very close chemical compositions

For sintered samples high-temperature nitrogen corrosion was observed

Highly selective corrosion resulted in Al,Ny—phases and Al-depleted HEA
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