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Abstract

Five Al-Cr-Fe-Ni based high entropy model alloys, mainly a mixture of FCC and BCC or single FCC phase,
have been designed and prepared. The corrosion tests of as-cast alloys in oxygen-containing molten Pb
show their promising corrosion resistances at 600 °C, which is due to the formation of protective
(Fe,Cr)304/Al,03 or Cr,03/Al,03 bi-layer. After 2000 h exposure, all alloys are able to maintain the phase
compositions obtained from as-cast alloys. However, additional minor phases like o-phase or
precipitation of B2-NiAl either at grain boundaries or adjacent to inter-dendrites are observed.

1. Introduction

Environmentally friendly energy production/conversion technologies are proposed as one of the
main future energy solutions, for example, concentrated solar power (CSP) systems, Gen IV fast-neutron
reactors, fusion reactors, accelerator-driven systems (ADS), methane cracking and liquid metal batteries
(LMB) [1-6]. However, these systems often involve extreme working conditions like high temperature (2
450 °C), mechanical loads, and high irradiation doses (in nuclear application) [6-10]. Therefore, heat
transfer media with excellent thermo-physical properties, like heavy liquid metals (HLM, e.g. Pb or PbBi
eutectic), are proposed to replace the traditional transfer media like air or water [5, 11-14]. However,
commercial structural steels (e.g. ferritic-martensitic (F/M) steels, austenitic steels) have shown
compatibility issues, especially corrosion sensitivity, when in contact with HLMs [13, 15-16]. The
corrosion of steels in HLMs can be in terms of direct dissolution attack (solubility in Pb: Ni>Cr>Fe) or-
/and- inter-granular attack with preferential leaching of one or more alloying elements [12, 17-18]. In
addition, F/M steels are susceptible to liquid metal embrittlement (LME) in the temperature range of
300 to 425 °C under loading conditions [19].

Controlling the dissolved oxygen concentration in HLMs is one of the most efficient corrosion
mitigation strategies in heavy liquid metal environment [20-21]. By introducing a certain amount of
oxygen, which is lower than the dissociation oxygen partial pressure of PbO/Bi,0s, but higher than that
of passive oxide layer formers like (Fe,Cr);04 or-/and- Cr,0s3, in-situ growth of an oxide based corrosion



inhibitor layer on steel surface is possible. Moreover, recent pioneer research work indicate that
austenitic alloys/steels with a low amount of Al addition, called alumina-forming austenitic (AFA) alloys,
are able to form a slow growing alumina-rich oxide layer when exposed to liquid Pb [11, 22-24].
However, this type material, with the composition range Fe-(20-29)Ni-(15.2-16.5)Cr-(2.3-4.3)Al (wt.%),
actually defines the minimum value of Al, Cr, and Ni, either required for passive oxide layer formation or
stabilization of austenitic phase. The concentrations above this given range were never investigated,
namely increasing the amount of Al and Cr to create alloys with multi-principle elements.

During the last two decades, a new type of alloys, called high entropy alloys (HEAs) or complex
concentrated alloys (CCAs), have been created with unique and even intriguing compositions,
microstructures and engineering properties [25-29]. To break the concept of single or double principal
elements for conventional steels, multi-principle elements (concentration of each component: 5 to 35
at.%) are introduced in HEAs, which consist of either solid solution (SS) or SS plus inter-metallic
compounds (IM) [25, 30]. At the same time, other types of microstructure like amorphous phase (AM) or
mixtures of SS, IM or-/and- AM can co-exist in multi-principle elements combinations, depending on the
chemical compositions and preparation conditions [27]. To solve this issue, some empirical parameters
have been defined to guide the HEA design, including thermodynamic considerations like Gibbs free
energy of mixing (AGmi), the enthalpy of mixing (AHmi), and the entropy of mixing (ASmi), as well as the
geometrical parameter of atomic size difference (6r) [25, 31-34]. Specifically, the values of AHnmix and ér
are limited to -15 kJ/mol < AHmix< 5 kl/mol and 1% <&r< 6.6% in order to promote the formation of SS or
SS plus IM [32]. Another parameter (2 (£2=(3¢;Tm,i)ASmix/ | AHmix|) considers the contribution not only
from entropy of mixing (ASmi) but also from enthalpy of mixing (AHmi) [33]. This parameter can be used
together with ér to help separating SS from SS+IM in some cases. The value of £2should be larger than
1.1 [33]. With the consideration of this criterion, the searching range for HEAs is expanded to the alloys
with three or four principle elements. Moreover, Guo et al. [34] discussed the valence electron
concentration (VEC) of as cast HEAs and indicated its applicability on predicting the formation of BCC or
FCC solid solution within the 3d transition metal family. For instance, BCC phase is stabilized with VEC
less than 6.0 while FCC phase is dominant when VEC is larger than 7.8 [34-35]. In case of VEC between
6.0 and 7.8, additional inter-metallic compounds tend to form in addition to the FCC or FCC plus BCC
solid solutions.

Among the variety of HEAs, Al-Co-Cr-Fe-Ni system/sub-system has shown excellent properties,
especially corrosion/oxidation resistance at elevated temperatures [36-38]. However, considering the
expensive price of cobalt (Co) and its irradiation sensitivity in nuclear reactor [39], a type of Co-free Al-
Cr-Fe-Ni HEA model alloys is proposed targeting for high temperature and aggressive environment
applications. Two basic requirements are considered for the novel HEA model alloy design. One is the
ability to promote the formation of alumina-rich protective scale, which acts as a corrosion barrier when
exposing it to aggressive environments. Another one is the ability to form and maintain the FCC
dominant or mixture of FCC and BCC solid solutions in bulk alloys during exposure.



2. Material and methods
2.1 Alloy preparation

The as cast alloys are prepared by arc melting the mixture of high purity elements (purity > 99.99%)
with a non-consumable tungsten electrode in argon atmosphere. The ingots have been flipped over and
re-melted at least five times in a water chilled copper mold to promote composition homogenization.
The facility used in this study is a mini arc melting system (MAM-1, Serial-N0.2426220) with the
maximum temperature of 4000 °C. The cooling rate of water cooled arc melting is around 100 K/s
between 2300 K and 1300 K [40-41].

2.2 Corrosion test

The corrosion experiments have been performed in a stagnant molten Pb corrosion facility, called
COSTA (COrrosion test stand for STagnant liquid Alloys at Karlsruhe Institute of Technology (KIT)) [12].
Test samples were exposed to molten Pb at 600 °C for 2000 h. The concentration of oxygen dissolved in
molten Pb is adjusted to 10°® wt.%, which is reported to promote the formation of alumina-rich oxide
scale [23]. More detailed information related to oxygen control has been described in the references [12,
21-22].

The solid Pb is melted and filled in alumina crucibles, subsequently placed on a Ni tray in order to
be easily inserted into a quartz tube type furnace. Before the corrosion test, molten Pb is exposed to
reducing oxygen condition for 3 days, followed by 7 days at the target exposure conditions. Samples for
the corrosion test are cut in discs with a diameter of 10 mm and thickness of 1.2 mm. A hole with a
diameter of 1.5 mm is drilled on each sample near the edge. All specimens are grinded to 1200 grit
surface finish, cleaned with acetone and ethanol in an ultrasonic bath and dried. Then each sample is
hanged using a Mo-wire and fastened to the alumina holder in order to prevent floating during
corrosion test.

In order to maintain the oxygen condition in the furnace during experiment, a dedicated glovebox
conditioned to a similar oxygen partial pressure is used for sample loading. After connecting the glove-
box to the quartz-tube, the Ni-tray with all molten Pb-containing crucibles is transferred into the
glovebox. All the specimens are placed in the crucibles and are fully immersed in the molten Pb. During
the fast loading process (~3 min), the temperature of liquid Pb drops to 450-500 °C. After the Ni-tray is
put back into the quartz-tube, it will take around 10 min to recover to the original temperature. The
oxygen concentration in molten Pb will reach the set value within 2 h. During the experimental stage,
the oxygen condition is monitored and kept constant.

After the corrosion test, samples were extracted from molten Pb using the same conditioned
glovebox as for the loading process. The visual check shows that most of the samples surfaces are
shining and only a few areas remained covered by residual, sticking Pb. There, the remaining adherent
Pb was cleaned by immersing the samples into a mixed solution of acetic acid, hydrogen peroxide and
ethanol (1:1:1) [42].



2.3 Characterization

Microstructures of as cast alloys have been characterized by Scanning Electron Microscopy (SEM,
model: Hitachi S-4800 with cold field emission electron source or Philips XL 40 SEM with LaBs cathode),
equipped with electron dispersive X-ray spectroscopy (EDS). The applied high voltage of the electron
beam varies from 10 to 20 kV and a working distance of 10 mm was used.

Besides a careful check of the entire surfaces of exposed samples, the oxide scale structure was
further characterized through cross section analysis. The samples were embedded in resin, grinded by
sand papers in different levels, e.g. 1200 #, 2400 #, and then polished with diamond paste (1 um
diameter diamond particles). In order to protect the possible oxide scale from grinding damage, a Nickel
layer with a thickness of around 25-30 um has been deposited on the sample surface by the
electroplating process previously. To maintain electron conductivity for SEM investigation, a thin gold
layer was sputtered on the samples surface and has been included in data evaluation

The phase compositions of as cast and exposed samples were analyzed by X-ray diffraction (XRD,
Seifert PAD Il) with Cu Kal radiation (A=0.15406 nm, 40 kV and 30 mA) in Bragg—Brentano geometry (6-
20) with a step size of 0.02° and a scan speed at 0.1 °/min.

In addition, some exposed alloys were selected to be characterized by Transmission Electron
Microscopy (TEM). The TEM samples were prepared by a dual beam Focused lon Beam (FIB-SEM)
system. Lamellae were cut perpendicular to the surface oxide scale down to a depth of 10 um. Prior to
the cutting, a Pt layer was deposited on the target region to protect the surface from Ga-ion impact. The
instrument used in this study is FEI Strata 400S equipped with Omniprobe™ 200 micromanipulator. The
TEM investigations were done using a FEI Tecnai G2 F20 ST, operated at 200 keV, equipped with a field
emission gun, with an Orius SC600 CCD Camera (Ametek, Pleasantron, California, USA), a S-UTW EDS
Si(Li) Detector (EDAX, Mahwah, New Jersey, USA) for elemental analysis, and a HAADF-detector for
STEM-mode.

3. Results
3.1 Alloy design

The Al-Cr-Fe-Ni system is considered for the HEA model alloy design. In addition to satisfying the
composition definition of HEAs (concentration of each element: 5 to 35 at.%), empirical parameters
including AHmix, 6r, £2 and VEC have been employed to tailor the chemical compositions of candidate
alloys. Table 1 shows the required values of these parameters according to literatures [26, 31-33], in
order to search for the HEA model alloys either with single FCC solid solution or a mixture of solid
solutions (FCC+BCC) plus IM phases.

Table 1
Required values of AHmix, 6r, £2and VEC for HEA design.
Microstructure AHmix or (%) 0 VEC

(KJ/mol)




FCC solid -15<AHmix<5 1< 6r<6.6 >1.1 >7.8

solution
FCC+IM -15<AHmix<5 1< 6r<6.6 >1.1 7.5<VEC<7.8
FCC+BCC+IM -15<AHmix<5 1< 6r<6.6 >1.1 6<VEC<7.5

The values of AHnmix, 6r, £2and VEC have been calculated by varying the chemical concentrations of
alloying elements to select the potential HEA model alloys. Table 2 shows the nominal compositions of
candidate alloys (at.%), mole formula as well as the calculated values of AHnix, 6r, £2and VEC. Comparing
the calculated values with the design rules described above, one sample (HEA-1) is predicted to form
FCC, BCC and IM, two alloys (HEA-2, HEA-3) tend to form FCC with IM, and another two compositions
(HEA-4, HEA-5) will form single FCC solid solution, see Table 2.

Table 2

Nominal compositions of HEA model alloys (at.%), mole formula and calculated values of AHmix, 6r, £2and VEC.

Code Nominal composition Mole formula AHmix or 0 VEC Predicted
(at.%) Phase

HEA-1 Alg.sCrso.3Fes3.0Niz6.9 Alo.30Cro.92FeNio.s2 -8.32 4.39 2.37 7.44 FCC+BCC+IM

HEA-2 Al11.7Cr22.4Fe33.3Niz26 Alo.36Cro.67FeNio.og -9.33 4.74 2.07 7.62 FCC+IM

HEA-3 AlggCra2.5Fess2Nizas Alo.30Cro.6sFeNi1.04 -8.68 4.40 2.21 7.75 FCC+IM

HEA-4 Alg.0Cras.0Fe34.0Niss.0 Alo.18Cro.73FeNix1.03 -7.09 3.54 2.67 7.90 FCC

HEA-5 Als.oCr23.2Fess.oNisas Alo.23Cro.6sFeNi1.02 -7.91 4.03 2.41 7.83 FCC

Fig. 1 shows the plot of phase formation based on 2-6r system, in which the stability of solid
solutions, intermetallic compounds and bulk metallic glasses are indicated, as proposed by Yang and
Zhang et al. [33]. The calculated coordinates of the five designed HEA model alloys are also added in this
map. According to the calculated results shown in Table 2, three alloys HEA-1, HEA-2 and HEA-3, fall into
the region of solid solutions with intermetallic compounds (SS+IM), whereas two alloys, HEA-4 and HEA-
5, are situated in the subdomain of solid solutions (SS).
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Fig. 1 Phase formation map showing the predicted phase as a function of both the thermodynamic parameter Q
and the atomic size difference 6r, as proposed by Yang and Zhang et al. [33]. The coordinates of the HEA model
alloys designed for this study are also included. The dashed line represents the region where 2> 1.1, ér < 6.6%;
the green triangle marks the area of reported HEA model alloys with solid solutions.

The chemical composition of HEA-1 is close to the mole formula Alg3CrooFeNios. Therefore, an
equilibrium phase calculation based on AlxCrooFeNigs (X: 0.05-0.40) has been performed by Thermo-Calc
using TCHEA4 database, see results presented in Fig. 2 (a). In case of the phase formed when the alloy is
solidified from the liquid phase (cooling rate of arc-melting: ~100 K/s [40-41]), only the solid phases
predicted at the upper part of the phase equilibrium diagrams (> 1000 °C) are considered.

The calculation result indicates that HEA-1 will form FCC solid solution, BCC solid solution, and the
inter-metallic B2-NiAl phase during solidification.

In case of the other four alloys, an estimated formula of AlxCroesFeNi (X: 0.05-0.40) has been
employed to predict the phase compositions during solidification, as shown in Fig. 2 (b). The prediction
shows that only FCC phase is solidified from liquid in case of HEA-4 and HEA-5, where the added Al
content is x=0.18 and 0.23, respectively. As the amount of Al is increased to x=0.30 (HEA-3), the inter-
metallic phase B2-NiAl might form, depending on the exact cooling conditions. HEA-2 with x=0.36, the
highest Al content among the candidate alloys, is expected to form FCC, BCC, and B2-NiAl.
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Fig. 2 Equilibrium phase compositions of AlxCrosFeNios (X: 0.05-0.40) (a) and AlxCro.ssFeNi (X: 0.05-0.40) (b) as a
function of Al content X, calculated by Thermo-Calc, TCHEA4 database (FCC: dis-ordered FCC; BCC: dis-ordered BCC;
B2-NiAl: ordered BCC; SIGMA: o-phase); (a) HEA-1 (X(Al): 0.30); (b) HEA-2 (X(Al): 0.36), HEA-3 (X(Al): 0.30), HEA-4
(X(Al): 0.18), HEA-5 (X(Al): 0.23).

3.2 Characterization of as cast alloys

3.2.1 Phase composition



Fig. 3 shows the XRD results of the as cast alloys. HEA-1 and HEA-2 show strong signals from FCC
phase while weak signals from B2-NiAl and BCC phases are detected as well. The peaks positions (26) of
B2-NiAl and BCC phase are clearly separated for the lattice planes of (110) at ~44.5°, (200) at ~ 65°, and
(211) at ~ 82°, although the difference is less than 1°. In addition, B2-NiAl phase also has a low angle
peak at 20=30.96°, (100). Therefore, it is possible to identify these two phases based on X-ray diffraction
positions, while it is difficult to mark them separately on the XRD plot figure (Fig. 3). HEA-3, HEA-4 and
HEA-5 exhibit X-ray diffraction peaks only from FCC solid solution. The phases identified on each sample
are collected and shown in Table 3.
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Fig. 3 XRD spectra of as cast HEA model alloys.

Table 3
Phase composition of HEA model alloys in as cast state, measured by XRD.
Sample Phase composition®
FCC B2-NiAl BCC
(33-397)  (44-1188) (34-396)
HEA-1 + + +
HEA-2 + + +
HEA-3 + - -
HEA-4 + - -
HEA-5 + - -

Y PDF no. is given in brackets; +: Yes; -: No.
3.2.2 Microstructure of bulk alloys

Fig. 4 shows representative SEM images of the designed HEA model alloys and Table 4 gives
chemical compositions measured by EDS together with nominal compositions.

HEA-1 (Fig. 4 (a)) has formed the typical Widmanstatten lamellae structure. The brighter contrast
areas are identified as Ni-rich (see Tab. 4) side plates (labeled N in Fig. 4 (a)), while the interspersed dark
large lath layers (labeled IN in Fig. 4 (a)) show Cr-enrichment (Table 4). Concurrent with XRD results (Fig.
3 and Table 3) and as Ni is a FCC stabilizer, the N regions are attributed to the FCC solid solution matrix
and the IN regions are assigned to the dis-ordered BCC solid solution, as Cr is a BCC stabilizer.



Additionally, dark-gray appearing precipitates, visible in the higher magnified inset image in Fig. 4 (a),
are distributed in the whole alloy matrix. EDS measurements of the precipitates have shown the
enrichment of Al and Ni. Therefore, they are assigned to the B2-NiAl phase (ordered BCC).

HEA-2 has formed the dendrite (D) and inter-dendrite (ID) structure in the alloy matrix, shown in Fig.
4 (b). The dendrites, appearing with bright contrast, show a slight depletion in Al and Ni compared with
the nominal composition, see Table 4. As they present the dominant phase, they are attributed to the
FCC solid solution, which shows the strongest signal in the XRD pattern (Fig. 3). The inter-dendrites are
strongly enriched in Al (almost double of nominal composition) and enriched in Ni. Further
measurement of the inter-dendrites areas at higher magnification shows the segregation into two
morphologies: dark-gray Al- and Ni-rich regions embedded within Fe- and Cr-rich brighter regions. Since
B2-NiAl and BCC phases are identified by XRD in addition to the FCC solid solution, the structures of the
inter-dendrites are assigned to ordered B2-NiAl (dark-gray regions) and dis-ordered BCC phases
(brighter regions within ID). This kind of structure is also reported in Aly(CoCrFeNi)ioox (X: 8-30 at.%)
alloys, which is a result of spinodal decomposition [36, 44-45].

By reducing the amount of Al from 11.7 at.% (in HEA-2) to 9.8 at.% (in HEA-3), the volume fraction
of the inter-dendrites decreases, shown in Fig. 4 (c). Nevertheless, the chemical composition of
dendrites and inter-dendrites (Table 4) as well as the microstructure of the inter-dendrites (high
maghnification inset of Fig. 4 (c)) of HEA-3 are comparable with the results of HEA-2. Therefore, it is
assumed that B2-NiAl and BCC phases are formed in the inter-dendrites of HEA-3, although these phases
are not identified by XRD (most probably due to low fraction in the matrix: < 5 vol.%).

As the Al concentration is further decreased, both HEA-4 and HEA-5 present homogenized
morphologies without intermetallic compounds/precipitates (see Fig. 4 (d, €)). The phase composition of
alloy matrix is single FCC solid solution according to XRD measurement. The measured chemical
compositions are close to the nominal ones, shown in Table 4.

The phase constitutions of designed alloys, identified by XRD and SEM/EDS analysis, are nearly
consistent with the prediction results obtained by design rules (Table 1 and Table 2) and thermodynamic

calculations (Fig. 2), indicating the applicability of the proposed design approach.
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Fig. 4 Representative microstructure of as cast HEA model alloys (HEA-1, HEA-2, HEA-3, HEA-4, HEA-5), N: Ni-rich
side plates; IN: interspersed dark lath layers; D: dendrite; ID: inter-dendrite.

Table 4
Chemical compositions of as-cast HEA model alloys, measured by EDS (at.%).

Alloy Nominal composition (at.%)  Morphology Al Cr Fe Ni
HEA-1 Al sCr3o.3Fes3.0Ni2e.9 N 6.3 28.8 35.3 29.6
IN 71 33.2 34.6 25.1
HEA-2 Al11.7Cr22.4Fe333Nizz6 D 9.3 23.4 36.9 30.4
ID 20.2 14.1 22.2 435
HEA-3 AlgsCra2.5Fess2Nisas D 9.4 23.0 34.5 33.1
ID 21.0 17.6 21.9 39.5
HEA-4 Als.0Cr2s.0Fes4.0Niss.0 SP 5.8 25.5 34.4 34.3
HEA-5 Alg.oCra3.2FessoNisas SP 7.9 23.7 34.4 34.0

N: Ni-rich side plates; IN: interspersed dark lath layers; D: dendrite; ID: inter-dendrite; SP: single phase.
3.3 Corrosion behaviour
3.3.1 Phase compositions

Fig. 5 shows the XRD results of the samples after 2000 h exposure at 600 °C. The very weak signals
from oxides in combination with diffraction signals from the bulk alloys indicate small thickness of oxide
scales. The penetration depth of X-rays can reach up to 5 um in bulk alloy with Cu Kal radiation.
According to the characterization results, diffraction signals from spinel-type (Fe,Cr);04, corundum-type
Cr,03, corundum-type Al,05, FCC, BCC, B2-NiAl and o-phase (tetragonal structure) are identified in HEA-
1. HEA-2 and HEA-3 show only some of these phases after exposure, namely Cr,0s, FCC, B2-NiAl and BCC.
In addition, (Al,Cr),03 (Al,05-Cr,03 solid solution) is obtained. The phases identified from exposed HEA-4
include FCC, B2-NiAl plus oxides of Cr,0s and (Al,Cr),0s. In case of HEA-5, the phases obtained after
exposure are FCC, B2-NiAl and BCC but none of oxide phases.

The identified phase compositions of all exposed samples and the used PDF no. for identification are
summarized in Table 5.
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Fig. 5 XRD spectra of HEA model alloys after 2000 h exposure to molten Pb at 600 °C.

Table 5
Phase composition of HEA model alloys after 2000 h exposure to molten Pb, measured by XRD.
Sample Time Phase composition®
(h) FCC B2-NiAl BCC Cr203 (Al,Cr)20s (Fe,Cr)sOs Other
(33-397)  (44-1188) (34-396) (74-326) (71-958) (79-418)
HEA-1 2000 + + + + - + Al03, o-phase
HEA-2 2000 + + + + + -
HEA-3 2000 + + + + + -
HEA-4 2000 + + - + + -
HEA-5 2000 + + - - - -

Y PDF no. is given in brackets; +: Yes; -: No; Al.03 (PDF no. 75-788); o-phase (PDF no.5-708);

3.3.2 Cross section analysis
HEA-1

Fig. 6 shows the cross section image of HEA-1 after 2000 h exposure. According to the EDS
elemental mapping (Fig. 6 (b)), the alloy surface is covered by a continuous oxide layer, non-uniform in
thickness. EDS line profiles across a thick part of this layer are shown in Fig. 6 (a). Coinciding signals
maxima of O and Cr, together with some Fe are observed at the outer part. The elemental
concentrations of this part are consistent with (Fe,Cr);04 (spinel), a phase already identified by XRD. At
the inner part of the oxide scale, a narrow region with maximum Al signal coinciding with O signal,
indicates the formation of Al,03 scale. The total thickness of the thick oxide scale is up to 0.4 um. Fig. 6
(c) shows EDS line scan profiles of a thin part of the oxide layer. The signals detected in the oxide scale
region are mainly from O and Al. In addition, a weak signal of Cr is identified at the outer surface of the
oxide scale. The thickness of the thin oxide scale is around 0.13 um. Besides, a transitional region
between the oxide layer and alloy matrix, characterized with the depletion of oxide former (e.g. Al or-
/and- Cr) and enrichment of Fe or-/and- Ni, has formed during oxidation. This layer is usually called
transitional layer (TL) [23] and is visible as a bright layer in the SEM image in Fig. 6 (a, b, ¢). The TL in Fig.
6 (a) shows the enrichment of Fe and depletion in Cr. The formation of Cr rich oxides at the outer layer
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leads to Cr depletion, while the Al-rich inner layer impedes the outer diffusion of Fe. The local
enrichment of Fe repels the additional Ni, resulting in the low Ni concentration. In the TL of Fig. 6 (c),
both Fe and Cr are enriched. Here, the formation of Al-rich thin layer retards the outward diffusion of Cr
and Fe, resulting in the cluster of Cr and Fe in TL. In addition, there is an enrichment of Ni and Al at the
interface of TL and alloy matrix. This is due to the fact that the line scan performed passes through a B2-
NiAl precipitate, shown in dark contrast in the cross sectional image (Fig. 6 (c)).
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Fig. 6 SEM-EDS analysis of the cross section of HEA-1 after 2000 h exposure to 10 wt.% oxygen-containing molten
Pb at 600 °C, line scan profiles across the thick layer (a); EDS elemental mapping (b); line scan profiles across the
thin layer (c); Gap layer: a gap between Ni-layer and oxide scale.

Since the thickness of the oxide layer is less than 0.2 um in some parts, it is difficult to precisely
characterize the microstructure and phase compositions of the oxide scale by XRD and SEM only.
Therefore, TEM characterization has been employed to further evaluate the microstructure of the oxide

scale.

Fig. 7 presents the TEM bright-field (BF) image and selected area diffraction pattern (SAED) results
from the oxide scale. The black circle in Fig. 7 (a) shows the size and position of the selected area
aperture. The broad diffraction ring in Fig. 7 (b) stems from the nanocrystalline Pt-coating from the FIB-
sample preparation. Fig. 7 (c) is the enlarged image of Fig. 7 (b), which annotates the diffraction spots
obtained mainly from the oxide layer. The oxide identified from the diffraction pattern belongs to the
corundum-type alumina, shown in Fig. 7 (c). Moreover, the drift-corrected STEM-EDS line profiles along
the cross section of the oxide sale are shown in Fig. 7 (d). The oxide scale shows an outer layer with a
thickness around 50 nm, and an inner layer with an inverse Winterbottom shape at some regions. The
dark contrast region at the interface of inner layer and alloy matrix, which shows the depletion of Al, is a
pore formed during the oxide scale growth, which might be further enlarged by ion milling process. Such
kind of defect are also observed by Weisenburger et al. [46] and Xu et al. [47].

The strong Cr signal is detected at the outer part of the scale, indicating the formation of Cr,0s,
while the Al rich inner part indicates the formation of an Al,O3 scale. The clear spatial separation of the
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Cr and Al signals indicates that Cr,03 and Al,Os do not form a solid solution but are segregated. This is in
agreement with the XRD results, which showed respective peaks of Cr,03 and Al,0s. The total thickness
of the oxide scale is around 80-170 nm, in the same range of the value (around 0.13 um) measured from
SEM image.
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Fig. 7 TEM-BF image of the cross section of HEA-1 and corresponding SAED of oxide scale (a, b, c). The black circle
in (a) is highlighting the position of SAED measurement, the full patterns are shown in (b); the enlarged patterns of
oxide layer are indexed to be corundum alumina in (c). Drift-corrected STEM-EDS line profiles of the oxide scale
formed on HEA-1 after exposure (d). The blue dotted line represents the interface of outer and inner layer, the
yellow square represents the reference area for drift correction during acquisition, and the Pt-layer is the
protective layer used in FIB sample preparation.

High-resolution TEM images of the outer and inner layer of the oxide scale are shown in Fig. 8 (a)
and (b), respectively. By applying Fast Fourier Transformation (FFT), the oxide phases were identified.
The lattice plane distances measured at the outer part of the scale (region R1) match the lattice planes
of corundum Cr,03, namely (012) and (104) plane, shown in Fig. 8 (a). Measurement at the inner part
(Fig. 8 (b)) indicates the formation of corundum Al,Os (lattice plane (113), (202)) at region P1. These

results confirm the formation of Cr,03 and Al,0s.
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Fig. 8 TEM investigation of HEA-1: HR-TEM image of oxide scale and corresponding FFT image of highlighted area
R1 in the outer layer (a); HR-TEM image of oxide scale and corresponding FFT image of highlighted area P1 in the
inner layer (b). R1: corundum Cr203; P1: corundum Al20s.

HEA-2 and HEA-3

Fig. 9 represents the cross-sectional SEM-EDS analysis of HEA-2 after 2000 h exposure. The alloy
surface is covered by a thin and continuous oxide layer. According to elemental mapping and line
profiles, the signals in the oxide scale region mainly consist of O and Al. The thickness of the oxide scale
cannot be measured precisely due to the resolution limit of the SEM image. An estimation of FWHM (full
width at half maximum) of the O signal from the EDS line profile indicates that the thickness is less than
0.1 um (around 90 nm). Besides, some parts, shown in dark contrast with a large thickness (~0.5 um),
are proved as Cr-rich oxides grown into the bulk alloy, see the elemental mapping and line profiles. In
addition, a thin TL (~0.5 um) enriched in Fe (EDS mapping) and depleted in Al, shown in bright contrast,
is visible underneath the oxide scale.
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Fig. 9 SEM-EDS analysis of the cross section of HEA-2 after 2000 h exposure to 10 wt.% oxygen-containing molten
Pb at 600 °C, EDS elemental mapping (a); EDS line scan profiles (b).

TEM-results of HEA-2 are summarized in Fig. 10. The oxide layer is indicated by the arrow in Fig. 10
(a). The SAED of the oxide scale (shown in Fig. 10 (b) and measured at the position marked with a white
circle in (a)) shows the electron diffraction patterns. The ring patterns stem from the amorphous Pt-
coating, as explained in Fig. 7. Besides, some spots distributed around the ring patterns are diffractions
from oxide scale, which might also indicate the formation of nano-crystalline oxides. The identified
diffraction patterns are indexed to the corundum alumina. The thickness of oxide scale is around 0.1 pum.
Moreover, a STEM-EDS line scan has been performed through the oxide scale of HEA-2, shown in Fig. 10
(c). A uniform oxide scale shown in dark contrast covers the alloy surface. According to the analysis, the
dense oxide layer shows the enrichment of Cr at the outer part while Al is enriched at the inner part.
However, in contrast to HEA-1, where a segregation of Cr,0s; and Al,O; was observed, HEA-2 shows
signals from Al and Cr at the outer surface scale, indicating a mixed Cr,0s-Al,03; oxide layer. This
measurement agrees with the results from XRD, which showed the formation of an (Al,Cr),0; solid
solution. In addition, some oxides branches grown above the surface are also visible, as well as a slight
enrichment of Fe at the surface of the oxide layer. The needle-like oxide branches, mainly enriched in Al,
can be y-Al;0s, which is formed during the early stage of oxidation [48].
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Fig. 10 TEM-BF images of the cross section of HEA-2 and corresponding SAED of oxide scale (a, b). The white circle
in (a) is highlighting the position of SAED measurement, the patterns are indexed to be corundum alumina in (b).
Drift-corrected STEM-EDS line profiles of the oxide scale formed on HEA-2 after exposure (c). The yellow square
represents the reference area for drift correction during acquisition, and the Pt-layer is the protective layer used in
FIB sample preparation.

HEA-3 shows a corrosion behaviour similar to HEA-2. The respective results are presented in the
supplemental material.

HEA-4 and HEA-5
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The cross section of the oxide scale formed on HEA-4 is presented in Fig. 11. According to the EDS
elemental mapping and line scan, the oxide scale is mainly enriched in O, Al and Cr, where the Cr signal
coincides with the Al signal or is slightly in front of the Al signal, see line profiles (Fig. 11 (b)). The
thickness of the oxide scale is around 0.14 um. Besides, a bright Ni- and Fe-rich TL layer, depleted in Al
and Cr, with a thickness around 2.5 um, is observed below the oxide scale, shown in Fig. 11 (b).
Moreover, some Cr-rich precipitates, distributed in the TL, are also identified. The precipitation of Cr-
rich compounds might be caused by the elemental diffusion during oxidation, which is also observed in
alumina-forming austenitic (AFA) alloys after exposure to oxygen-containing molten Pb [22, 24].
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Fig. 11 SEM-EDS analysis of the cross section of HEA-4 after 2000 h exposure to 10° wt.% oxygen-containing
molten Pb at 600 °C, EDS elemental mapping (a); EDS line scan profiles (b).

Regarding the HEA-5, although the oxide scale partially spalled off during/after extraction of the
specimen from the molten Pb, analysis of the remaining alloy did not show any corrosion attack, see
supplemental material. From these results, it is concluded that indeed a protective scale had formed
similar to the single-phase alloy HEA-4.

3.4 Microstructure evolution
Microstructure stability during service is quite essential for structural materials under loading at

high temperature [10, 27, 49-50]. Therefore, the microstructure of HEA model alloys after 2000 h
exposure at 600 °C has been characterized.

Two main points are considered for the microstructure evaluation: (l) phase transformation; (ll)
precipitation.

Representative SEM images of HEA model alloys HEA-1, HEA-2 and HEA-4 are presented in Fig. 12.
The morphology of HEA-1 displays a lamellar microstructure plus distributed dark-gray precipitates in
the alloy matrix, which is consistent with the as cast alloy (Fig. 4) and the phases FCC, BCC and B2-NiAl
identified by XRD after exposure, see Fig. 5 and Table 5. In addition, low amount of o-phase (low peak
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intensity) has been detected by XRD, which is in accordance to the predictions by equilibrium phase
calculations. According to the equilibrium phase calculation shown in Fig. 12 (b), the phase constitution
of HEA-1 at 600 °C includes 47.8 mole % FCC, 25.0 mole% BCC, 21.2 mole% B2-NiAl (ordered BCC) and
6.0 mole% o-phase. However, the o-phase is difficult to be recognized from SEM images due to the
complex morphology in the alloy matrix. The precipitates of o-phase after thermal aging, mostly
observed at 500-700 °C, are reported in AlxCoCrFeNi (x from 0.4 to 1.2) [36, 51-52], AlosCoCrCuFeNi [53],
CoCrFeMnNi [54]. In general, the interfaces of FCC/BCC, B2/BCC and grain boundaries are considered as
the easiest regions for o-phase nucleation because of the high boundary energy [36, 54-56].

Fig. 12 (c) shows the morphology in the bulk alloy of HEA-2 after exposure. The dendrite and inter-
dendrite structures, which consist of an FCC phase matrix plus conjoint B2-NiAl and BCC secondary
phase, are maintained during exposure. However, acicular precipitates, which are adjacent to the
dendrites, have been observed after 2000 h exposure. Such kinds of precipitates are also observed in
the vicinity to the grain boundaries of Alp3CoCrFeNi alloy after thermal aging at 900 °C [57], and in the
FCC matrix of AlpsCoCrFeNi after aging at 900-1100 °C [51], which are proved as B2-NiAl phase by TEM
[51, 57-58]. Equilibrium phase calculation also predicts the existence of B2-NiAl phase. The calculated
phase composition of HEA-2 at 600 °C shows the composition of 57.4 mole% FCC, 18 mole% BCC and
24.6 mole% B2-NiAl, see Fig. 12 (d). HEA-3 has shown the same microstructure as HEA-2 after exposure.

The single phase alloy HEA-4 is able to preserve the FCC alloy matrix during exposure. However,
precipitation of B2-NiAl, which is confirmed by XRD and EDS analysis, has been observed along the grain
boundaries, see the dark precipitates in Fig. 12 (e). Gwalani et al. [59] also reported the precipitates of
B2-NiAl phase along grain boundaries of Alo3CoCrFeNi after thermal aging at 620 °C for 50 h. Equilibrium
phase calculation of HEA-4 shows the formation of 18 mole% B2-NiAl in the FCC alloy matrix (including
ordered FCC) at 600 °C, displayed in Fig. 12 (f). HEA-5 has shown the same microstructure as HEA-4 after
exposure.
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Fig. 12 SEM images of the alloy matrix after 2000 h exposure at 600 °C, (a) HEA-1, (c) HEA-2, (e) HEA-4; and
equilibrium phase calculation performed by Thermo-Calc with the database TCHEA4, (b) HEA-1, (d) HEA-2, (f) HEA-
4; (FCC_L12: ordered FCC).

4, Discussion

Using empirical parameters (AHmix, VEC, &6r and £2) and thermo-dynamic modeling, design and
prediction of phase compositions for AlCrFeNi-based HEA model alloys is successful. The as cast HEA-1
(Al 76Cr30.28F€32.95Niz6.91) With a low VEC value (7.44) has formed a dual-phase structure of FCC and BCC
with Al-, and Ni-rich B2-type precipitates dispersed in the matrix. This is mainly due to the fact that the
concentrations of all BCC-stabilizers (Al, Cr and Fe) are not totally compensated by the concentration of
FCC-stabilizer (Ni) [60]. Although BCC phase is also formed in HEA-2, it is due to the spinodal
decomposition of B2-NiAl phase within the IDs. The formation of B2-NiAl inter-metallic compounds in
HEA-1, HEA-2 and HEA-3 is mainly due to the high amount of Al addition, which is beyond the solubility
limit of Al in the solid solution (FCC or BCC) matrix (the measured Al concentration in FCC matrix of HEA-
2 and HEA-3 is around 9.3 at.%, see Table 4). Alloying element Al has played the determining role on
secondary B2-NiAl phase formation in the Al-Cr-Fe-Ni system, which is also reported in AlCrFeCoNi HEAs
[50-52]. The relatively low enthalpy of formation of B2-NiAl (-22 kJ/mol calculated by Miedema’s model
[61]) promotes the formation of B2-NiAl phase during solidification. Moreover, the morphology of B2-
NiAl secondary phase, either in terms of small precipitate or dendrite/inter-dendrite, is also significantly
influenced by the amount of Al addition.

4.1 Oxidation mechanism of Al-Cr-Fe-Ni

Double-layer/bi-layer structure is the main feature of the oxide scale passivating the HEA model
alloys when exposed to oxygen-containing molten Pb environment. Basically, there are two types of
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double oxide layers formed on HEA-1 during exposure at 600 °C. One type is based on outer
(Fe,Cr)304/inner Al,O3 bi-layer, and the other type is outer Cr,0s/inner Al,O; bi-layer. The explanation is
related to the microstructure of alloy matrix since FCC and BCC phases exhibit different oxidation
behaviour [62]. As observed by Jepson et al. [62], the thick oxide layer formed on BCC phase is Fe-rich
oxide while the thin layer formed on FCC phase is Cr-rich oxide despite the existence of Mn-rich oxide on
both phases. The reason for this difference is the faster diffusion of alloying elements in BCC than in FCC
phase [62-63]. The formation of spinel or spinel/alumina layer is observed in other Al-containing HEAs,
namely the oxidation of Alp4CoCrFeNi in supercritical water at 600 °C [64], oxidation of AlgsCrFeCoNi in
air at 800 to 1000 °C [65].

Regarding the growth mechanism of Cr,03-Al,03 based oxide scale in our experimental conditions,
no available data can be cited. Most of the literatures are focused on the oxidation of alumina-forming
alloys above 1000 °C in air or in pure oxygen atmosphere [66-70]. It is commonly agreed that alumina
scale formation above 1000 °C is related to the countercurrent inward diffusion of oxygen and outward
diffusion of aluminum [70-75]. However, the oxidation mechanism at lower temperature and reduced
oxygen concentration can be different.

The schematic diagram of Fig. 13 describes the process of oxide scale formation on HEA model
alloys either with FCC or FCC plus BCC solid solutions. At the initial stage of the exposure (oxidation), all
of the alloying elements will be oxidized to form a thin layer with multiple oxides [76]. This initial thin
layer retards the outward diffusion of alloying elements and inward permeation of oxygen, resulting in
the reduced oxygen activity at the interface of initial layer/alloy matrix. Consequently, selective
oxidation of alloying elements, mainly Cr and Al because of their high oxygen affinity [77-78], occurs on
the metal surface, representing the second transient stage of oxidation. Here, Cr is preferentially being
oxidized in FCC solid solution to form a continuous layer because of its higher concentration in bulk alloy,
the faster mobility of Cr compared to Al in FCC phase (due to smaller atom size), and the higher growth
rate of Cr,0s3 [77, 79-80]. In case of BCC solid solution, Fe is also being oxidized together with Cr to form
(Fe,Cr)304 because of the high diffusion coefficients of Fe atoms in BCC phase [64-65]. During this stage,
the oxidation is controlled by countercurrent inward diffusion of oxygen and outward diffusion of Cr or-
/and- Fe. As the thickness of Cr,03 or (Fe,Cr);04 layer increases, the outward diffusions of alloying
elements like Cr and Fe become difficult while the inward diffusion of oxygen dominates the process.
Accordingly, the new oxide is preferentially nucleated at the interface of oxide layer/alloy matrix. Since
the oxygen partial pressure is low at inner side of the scale, only the most active elements like Cr and Al
are oxidized [47]. Moreover, the corundum crystalline structure of Cr,0; also provides nucleation site for
a-Al;,05 (corundum) which results in the formation of (Al,Cr),0s solid solutions, as identified in this study.
As the Cr,03/(Al,Cr),0; bi-layer becomes even thicker, the further reduced oxygen activity only allows Al
being oxidized because of the lowest oxygen dissociation partial pressure of Al,05; [12, 47, 81-82]. The
formation of segregated Cr.03and Al20slayers represents the end of the transient stage of oxidation,
and the start of the steady-state of oxidation. During the steady stage oxidation, the oxidation rate is
significantly reduced because of the slow growth of Al2Os.

18



Start exposure ———— Initial stage ———— Transient stage ———— Steady stage

O O O O Initiallayer O O O cro 6 0 0 0O crnos
E LS T S S Py l/2 R Sy
| R L et s et s et [l - T ....................
| Layer | Ni, Al Cr, Fe Cr, Al ¢ C  Cr TL p o afAEOY/ALCR:Os
T Sample .
| (FCC/FCC+B2-NiAI) (FCC/FCC+B2-NiAl) (FCC/FCC+B2-NiAl)
Pb pool :

: (Fe,Cr)s04 Cr:03
: 0o 0

Fig. 13 Schematic diagram of the oxide scale formed on designed HEA model alloys when exposed to oxygen
containing molten Pb at 600 °C; grey color: Cr20s layer, violet color: Al20s or (Al,Cr)203 layer, yellow color:
(Fe,Cr)304 layer; the black arrow indicates the diffusion of elements.

4.2 Thickness of oxide scale and TL

Table 6 collects the thickness of oxide scale formed on each sample. The thickness of
(Fe,Cr)304/Al,03 bi-layer is 3 to 4 times thicker than the Cr,0s/(Al,Cr),03 bi-layer, mainly due to the fast
growth of the outer (Fe,Cr)s04 layer [47, 62], while the Al,O;layer formed underneath the (Fe,Cr)304
layer inhibits the outward diffusion of Cr and Fe. Compared with (Fe,Cr);04 spinel/Al,Os bi-layer,
Cr,03/(Al,Cr),03 or Cr,03/Al,03 bi-layer has shown a relatively low growth rate during the corrosion tests.
Table 6

Thickness of oxide scale formed on HEA model alloys after 2000 h exposure to
oxygen-containing molten Pb at 600 °C.

HEA-1 HEA-2 HEA-3 HEA-4

Oxide scale thin part (Cr203/(Al,Cr)203): 0.13 0.1 0.12 0.14
thickness (um) thick part ((Fe,Cr)304/Al203): 0.4

In addition, a transitional layer (TL) underneath the oxide scale, with the characteristics of a slight
depletion of Al and Cr, enrichment of Fe or-/and- Ni, and some B2-NiAl and Cr-rich precipitates, have
been recognized and defined. As depicted in Fig. 6, 9 and 11, the TL formed on HEA-1 and HEA-2 is
slightly different from that of HEA-3 and HEA-4. The B2-NiAl precipitates observed in the matrix of HEA-1
and HEA-2 are consumed in the TL, which acts as Al-reservoir during the oxidation process. Therefore,
less depleted zone of Al contributes to the thinner TL formed on HEA-1 and HEA-2. Moreover, the
enrichment of Fe also proves the role of alumina layer acting as an efficient diffusion barrier. Regarding
the precipitates observed in the TL of HEA-4 and HEA-5, this is mainly due to the diffusion of Cr towards
the surface during the transient stage of oxidation. Then the local enrichment of Al and Ni results in the
B2-NiAl phase formation. On the other hand, the formation of B2-NiAl phase repels Cr, due to the low
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solubility of Cr in stoichiometric NiAl phase [83] and will cause the surrounding areas further enriched in
Cr [84], as we can see in Fig. 9 and Fig. 11.

Fig. 14 displays the relations of the thickness of oxide scale and TL by varying the Al content in HEA-
2, HEA-3 and HEA-4. A nearly linear decrease of the oxide scale thickness with the Al content is obtained.
The thicknesses of TL is also decreased as the amount of Al increases, shown also in Fig. 14. Since a high
amount of Al addition promotes the formation of alumina, which grows slower compared with chromia
layer, the oxide layer formed on samples with higher Al concentration becomes thinner. The observed
TL is a result of depletions of Al and Cr during oxidation, more pronounced in Cr consumption. Therefore,
the thinner the oxide scale, the less Cr is consumed and thus the thinner TL as well.
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Fig. 14 Plot of relation between the thickness of oxide scale and TL as a function of Al content of the exposed HEA
model alloys (HEA-2, HEA-3, HEA-4).

4.3 Microstructure stability after thermal aging

The microstructure of HEA-1 shows the formation of small amount of o-phase after 2000 h
exposure at 600 °C. Possible explanations for the o-phase formation include the high amount of Cr
addition, which is a strong o-phase former in binary alloying systems like Cr-Fe, Cr-Ni promoting the o-
phase formation [45, 55]. Regarding the alloys HEA-2 and HEA-3, acicular B2-NiAl precipitates are the
main feature of phase evolution after exposure. It is found that the rod-shaped B2-NiAl precipitates
directly nucleate from FCC matrix because of the observed Kurdjumov—Sachs (K-S) relationship in crystal
orientations [57]. However, the precipitates do not degrade the stress-strain properties of bulk alloy [57].

Both HEA-4 and HEA-5 have preserved the FCC alloy matrix during exposure. In addition, B2-NiAl
precipitates have formed along the grain boundaries of both alloys. The B2-NiAl phase is a brittle
intermetallic compound, which increases the strength of base alloy at the cost of ductility [85]. However,
by careful controlling the size and distribution of B2-NiAl precipitates, superior mechanical properties of
the bulk alloy can be achieved. For instance, Liu et al. [85] reported the improved vyield stress of
Al 3CoFeCrNi with contributions partly from B2-NiAl precipitates. Nguyen et al. [86] have presented the
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superplastic deformation behaviour of Als(CoCrFeMnNi)e:1 with B2-NiAl precipitates. Gwalani et al. [59,
87], and Choudhuri et al. [88] made heat treatment of Alo3CoCrFeNi to achieve a combination of
excellent strength and ductility by precipitation of B2-NiAl phase along grain boundaries. The presence
of B2-NiAl phase prevents the grain growth and displays precipitation hardening during deformation.
This leads to the excellent mechanical properties of Al-containing HEAs [85-88].

HEA model alloys show corrosion/oxidation features similar to that of AFA alloys when exposed to
molten Pb, e.g. thin oxide layer, oxides of Cr,0s, Al,0s-Cr,03 solid solution, TL [12, 22, 24]. However,
compared with AFA alloys, the designed HEA model alloys are even more corrosion resistant at 600 °C.
For example, small regions with local dissolution attack are observed in some AFA alloys exposed to
molten Pb at 550 to 650 °C [22-24], even though the alloys are generally corrosion resistant. But no such
kind of corrosion attack is observed on HEA model alloys. In addition, additional types of oxides, like
magnetite protrusions and Fe(Cr,Al),04 type spinel precipitates, have been observed on AFA alloys [23-
24]. Again, these features are not observed on HEA model alloys. That means a more uniform oxide
layer has developed on HEA model alloys. The experimental results also indicate that even with a
relative high Ni content, it is still possible to avoid the risk of dissolution attack by forming an efficient
and protective oxide scale. This will help enlarge the range for searching for HEAs that might show their
superior properties in aggressive conditions targeting for commercial applications. Further study of HEA
properties in more aggressive conditions and higher temperatures would be more interesting to show
the advantages of these HEAs when compared with AFA alloys.

5. Conclusion

Five AICrFeNi HEA model alloys have been designed, exposed to aggressive molten Pb, and
characterized to investigate their applicability for high temperature environments. The relationship of
phase compositions and properties (corrosion, microstructure stability) has been discussed. Based on
the results, the main conclusions can be given as following:

(a) The empirical parameters (AHmix, ér, VEC and £2) combined with thermo-dynamic phase calculation
can be used for HEA design and phase predication.

(b) Four samples exhibit excellent corrosion resistance by forming protective oxide scale based on
(Fe,Cr)304/Al,05 bi-layer or-/and- Cr,0s/(Al,Cr),0s bi-layer. One sample (Alo23CroesFeNiio2) shows the
evidence of oxide scale exfoliation after corrosion test (during cooling).

(c) The thickness of Cr,03/(Al,Cr),05 bi-layer and transitional layer (TL) is decreased as the amount of Al
addition increases. A nearly linear decrease is obtained between the oxide scale thickness and Al
content.

(d) Sample Alos0Cros2FeNios; has formed o-phase in the bulk alloy after 2000 h exposure at 600 °C. One
sample (Alo36Cros7FeNioes) with FCC plus IDs, and two alloys (Alo.1sCro.73FeNii03, Alo.23CrossFeNiio2)
with single FCC alloy matrix are able to maintain the microstructure during exposure. Sample
Alo30CrossFeNiy0s shows the increased volume of IDs (B2-NiAl+B2) during exposure. Moreover, B2-
NiAl precipitates are observed along grain boundaries (GBs) of single FCC phase alloys, and acicular
B2-NiAl precipitates adjacent to IDs or GBs are visible in four alloys (except Alos0Crosz2FeNios;) after
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exposure. The phases compositions observed from experiments are consistent with equilibrium
phase calculations.
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