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Abstract

Oxidation tests of alumina-forming austenitic (AFA) alloys and high entropy alloys (HEA) have been
performed in steam at 1200 °C. AFA alloys with composition formula Fe-3Al-16Cr-(19-21)Ni (wt.%) and
HEA with formula Al(7.9.5.9)Cr(21.4-23.2)Ni(34.3-35)F€pal (at.%) show low oxidation rate due to the formation of a-
Al,O; scale. By adding yttrium to AFA or niobium to HEA, the samples show no evidence of scale exfoliation.
HEA with titanium addition forms a thick oxide layer based on TiO,, Cr,03 and internal Al oxidation. The
growth of oxide scale is discussed based on the oxygen partial pressure of metal oxides and dissociation
oxygen pressure of the steam.

1. Introduction

The worldwide increasing demand on energy supply requires to improve the energy
production/conversion efficiency, for instance developing advanced ultra-supercritical coal power plants
(operation temperature >750 °C), and to search for clean and renewable energy solutions like hydrogen
production via steam reforming of methane (~850 °C), thermo-chemical water-splitting, and using of
biomass-derived syngas [1-3]. For these applications, steam can be employed as the agent in the
gasification and pyrolysis system [3-4]. However, degradation of structural materials (e.g. ferritic and
austenitic steel, Ni-based alloys) in steam/water vapor environments at above 800 °C, in terms of
corrosion and mechanical failure, may significantly shorten the lifetime of the system [5-8]. Another case
involved is the steam oxidation induced degradation of cladding tubes in light water reactors (LWRs).
During the last few decades, Zr-based alloys have been commercialized as fuel cladding structures due to
their excellent high temperature mechanical properties, irradiation and corrosion resistance [9-11].
However, in case of accident scenarios, zirconium alloy undergoes rapid exothermic reaction with high
temperature steam, accompanied by hydrogen release, strongly affecting severe accident progression
and release of radioactive fission products [7, 12, 13]. Therefore, new accident tolerant nuclear fuel (ATF)
has been proposed as a consequence of the Fukushima Daiichi accidents [14-16].



Conventional structural materials (e.g T22, 9Cr-1Mo, E1250, 316L, Inconel 625, Zr alloy etc.) rely on
magnetite, chromia or zirconia rich scale for oxidation protection in steam environment at temperature
below 800 °C [5-8, 10]. However, the fast growth of the Fe-, Cr-rich oxide scale leads to thickening of the
oxide layer and reduced heat transfer [5-6, 17]. Ehlers et al. [18] suggest that volatile hydroxides like
Fe(OH), form on 9%Cr steels at low oxygen partial pressure in the inner layers of the scale. These volatile
hydroxides are then converted to hematite or magnetite in the outer layer, thus contributing to the
observed high oxidation rate. In contrast, alumina scale shows significantly lower growth rate even above
800 °C and high thermodynamic stability in aggressive environments (e.g. water vapor/steam, molten Pb,
supercritical CO; conditions, molten chloride salts, metal dusting conditions) [19-24].

Steam oxidation tests of Fe-, Ni- based alloys above 800 °C available in literature are mainly focused
on alumina-forming Fe-Cr-Al alloys [15, 17, 20, 25-27]. In the temperature range of 800-1000 °C, the oxide
scale formed on Fe-21Cr-5Al-3Mo (Kanthal APMT) and Fe-12Cr-6Al-2Mo (C26M) consists of an outer layer
of Al-, Cr-, Fe-rich oxides, and an inner Al-rich oxide layer [26]. When the temperature is beyond 1000 °C,
only an alumina layer is observed [20, 26, 27]. Moreover, the adherence of a-Al,0s scale formed on Fe-
Cr-Al alloys at 1200 °C is significantly improved by adding 0.3 wt.% yttrium [20]. However, Fe-Cr-Al alloys
suffer from embrittlement due to Fe-Cr ferrite phase separating into Fe-rich ferrite (a) and Cr-rich ferrite
(a') phases at around 400 °C, which challenges their high temperature application [28-31]. To avoid this
issue and to improve the high temperature mechanical properties of alumina-forming alloys, Kim et al.
[32] has designed the alumina-forming duplex stainless steels (ADSS) and investigated their oxidation
behavior in steam. After 8 h exposure to steam at 1200 °C, alloy ADSS#B51 (Fe-19Ni-16Cr-6Al-base, wt.%)
has gained less mass than 310S (Fe-19.1Ni-24.7Cr-0.87Mn-base, wt.%) but more than APM (Fe-21.9Cr-
5.8Al base, wt.%). Cross section analysis of exposed ADSS alloys indicates the formation of oxide scale
mainly consisting of Fe-, Ni-, Ci-rich spinel outer layer (10-20 um) and a-Al,Os inner layer (2-3 um).

A representative alumina forming austenitic (AFA) alloy family Fe-(2.5-4)Al-(12-15)Cr—(12-
30)Ni—(0.6-3)Nb (wt.%), which shows excellent oxidation resistance by forming a protective alumina rich
scale, has been developed [19, 33-35]. A minimum amount of 2.5 wt.% Al is required to form an external
alumina scale [19]. The amount of Ni added has to balance with Al and Cr contents in order to maintain
the austenitic matrix (face centered cubic-FCC structure). Minor addition of reactive elements like Y, Hf
and Zr can improve the adherence of Al,O3 and Cr,0s scale [34, 36]. Moreover, by introducing thermo-
dynamically stable and strengthening phases, namely Fe;Nb (Laves), B-NiAl (B2), y’-Nis(Al,Ti) and MC
(M=Cr,Nb), AFA alloys have shown comparable or even better high temperature mechanical properties
(e.g. creep strength) when compared with commercial austenitic and ferritic steels [19, 35-38]. Based on
the Ni content and on the targeted alumina formation temperature range, the AFA steels are classified
into three categories: (i) high Ni-content (30-35wt%), with relatively high strength, for applications in the
temperature range~750-850°C, (ii) standard Ni-content (20--5wt%) for applications in the temperature
range~750-950°C and (iii) low Ni-content (12-15wt%), for the temperature range~650-700°C[77].



High entropy alloys (HEA) were originally defined as the alloys containing five or more principle
elements, each with a composition in the range of 5-35 at.%, with high entropy (entropy of mixing > 1.61R,
R: gas constant) [39]. Recently, Yang and Zhang et al. [40] redefined the concept by considering both the
contributions from entropy of mixing (ASmix) and enthalpy of mixing (AHmix). Alloys with the parameter QQ
larger than 1 can be considered as HEA (Q2=(3¢iTm,i)ASmix/|AHmix|, Tm,iis the melting temperature of
element i, ¢;is the concentration of element i) [40]. This definition expands the range of searching for HEA
alloys with three or four principle elements. Recently, HEAs have received numerous attentions for high
temperature applications due to their excellent mechanical properties such as high strength, hardness
and ductility, superior corrosion resistance, and structural stability [39-43]. HEA alloys with addition of Al
and/or Cr are expected to withstand temperatures above 1000 °C by forming protective Al,Os; and/or
Cr,03 scale [44-47].

Recently, AFA model alloys with the backbone of Fe-Al-Cr-Ni have been designed based on
equilibrium phase calculations [48]. Alumina-forming HEA model alloys Fe-Al-Cr-Ni-(Nb or Ti) have been
designed by employing three parameters, namely, enthalpy of mixing (AHmix), atomic radius difference (6r)
and valance electron concentration (VEC) [49]. By limiting the range of these parameters, for instance -15
kJ/mol < AHmix< 5 klJ/mol and ér <6.6%, the solid solution can be predicted in a known HEA family which
is based on the 3d transition metal family [49-50]. Furthermore, an alloy with single FCC solid solution is
expected when VEC >7.8 while FCC solid solution and intermetallic compounds can form when 7.5 <VEC
< 7.8 [51-52]. Both types of model alloys, AFA and HEA, were tested in steam atmosphere at 1200 °C. This
is not the envisaged operating temperature for any of the energy-related systems mentioned above.
However, higher temperatures can be reached when accidents happen (e.g. the loss of coolant [15, 53]).
Under such circumstances, for safety reasons, the materials should have structural integrity — without
breaking, deforming excessively or totally oxidizing - for a defined period. Then a systematical
microstructure characterization has been performed after oxidation test. The results obtained in this
study are foreseen to help broaden the applications of alumina-forming austenite and high entropy alloys
in steam-containing harsh environments.

2. Materials and Experimental methods

All as-cast samples were prepared from highly pure alloying elements (purity> 99.99%) by vacuum
arc-melting in argon atmosphere. The ingots were flipped over and melted at least 5 times in order to
homogenize the chemical compositions. The as cast AFA samples were further annealed at 1250 °C for 2
hours in Ar atmosphere, followed by water quenching. Table 1 shows the nominal compositions and the
chemical compositions of AFA model alloys measured by energy dispersive X-ray spectroscopy (EDS).
Table 2 shows the nominal compositions and the measured compositions of HEA model alloys. HEA-1 has
formed single phase, while HEA-2 forms a matrix with precipitates, and HEA-3 and HEA-4 show a dendrite
morphology.



Table 1 Chemical compositions of annealed AFA model alloys measured by EDS (wt.%)

Code Nominal composition (wt.%) Al Cr Ni Y Fe

AFA-1  Fe-7Al-15Cr-27Ni 6.8 14.4 26.7 - Bal.
AFA-2  Fe-3Al-16Cr-19Ni-0.5Y 34 16.2 19.3 0.3 Bal.
AFA-3  Fe-3Al-16Cr-21Ni-0.5Y 33 16.3 21.2 0.2 Bal.

Table 2 Chemical compositions of as cast HEA model alloys measured by EDS (at.%)

Alloy Nominal composition (at.%) Morphology Al Cr Fe Ni Nb Ti
HEA-1 Al7.9Cr23.2Fe34.1Nizs8 SPh 7.9 23.7 344 340 -—- -
HEA-2 Alg.sCr23.1Fe33.7Nis4.3 M 9.7 23.8 333 33.1
P 11.8 23.7 293 352

HEA-3 Alg2Cr21.4Fe30.3NizsNbs 1 D 7.1 23.3 344 341 1.2

ID 6.2 19.6  26.7 30.8 16.8
HEA-4 Al7.9Cr22Fe31.9Niz3.2Tis D 6.5 23.9 35.7 31.1 2.7

ID 14.0 15.2 23.5 38.9 8.4

SPh: single phase; M: matrix; P: precipitates; D: dendrite; ID: inter-dendrite

The steam oxidation experiments were conducted using a horizontal tube furnace, the so-called BOX
rig [54], under atmospheric pressure. The tube furnace consists of an alumina reaction tube (inner
diameter: 32 mm, length: 600 mm) and molybdenum heaters. The furnace temperature is controlled by
a thermocouple located in the upper middle part of the furnace tube. A gas supply system, including two
gas flow controllers, one liquid flow controller (for liquid water) and a controlled evaporator mixer unit
(CEM), is used to define the atmosphere. A quadrupole mass spectrometer (Balzers GAM 300) is installed
to measure the composition of the off-gas during experiments. The specimens were placed in an alumina
boat. During the experimental process, the specimens were first heated to 1200 °C in high purity Ar (6N)
atmosphere with a gas flow rate of 20 I/h Ar, then the atmosphere was changed to 20 I/h Ar and 20 g/h
H,O (resulting in ~55 vol.% H,0) for steam oxidation. The specimens were isothermally oxidized in a
flowing argon plus steam atmosphere. Argon plays the role of carrier gas and the reference gas for mass
spectrometer analysis. Finally, after the 1 hour isothermal exposure, the specimens were cooled down to
room temperature by simultaneously changing the atmosphere back to high purity Ar with 20 |/h Ar flow
rate. The heating and cooling rates were kept at 10 K/min. The off-gas tube from the furnace to the mass
spectrometer is heated to about 150 °C to prevent steam condensation. The mass spectrometer is
calibrated for H, with certificated Ar-H, gas mixtures. The hydrogen release rate gives in-situ information
about the kinetics of the oxidation reaction xM(s)+yH,0(g)—>MO,(s)+yH.(g).

Before and after oxidation, the mass of the specimens is measured using an analytical balance. The
microstructure of the fresh and oxidized model alloys is characterized by scanning electron microscopy
(SEM, Philips XL 40 SEM and Hitachi S-4800), equipped with energy dispersive X-ray spectroscopy (EDS).

The phase composition of samples is analyzed by X-ray diffraction (XRD, Seifert PAD IlI) with Cu Kal
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radiation (A=0.15406 nm, 40 kV and 30 mA) in Bragg—Brentano geometry (6-26) with a step size of 0.002°
and a scan speed of 1 °/min.

3. Results

3.1 Microstructure characterization before oxidation test
3.1.1 AFA alloys

Fig. 1 shows the microstructure and XRD pattern of AFA model alloys after annealing heat treatment.
All samples contain large grains with grain size around 200-500 um. AFA-1 sample shows Al-Ni-rich
precipitates mainly at the grain boundaries according to the microstructure and EDS analysis, as shown in
Fig. 1(a). Further analysis by XRD confirms the formation of B2-NiAl phase (PDF no. 44-1267) besides the
austenitic FCC solid solution (PDF no. 33-397), as shown in Fig. 1(d). AFA-2 and AFA-3 show a single phase
matrix with some Y-Ni-Al-rich precipitates (diameter 4-10 um), an effect of the yttrium over doping, see
Fig. 1(b) and (c). According to the XRD characterization, only a FCC solid solution is identified as the alloy
matrix.
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Fig. 1 SEM images of annealed AFA model alloys (BSE: back scattered electron image),
(a): AFA-1; (b): AFA-2; (c): AFA-3; (d): XRD patterns of AFA alloys.

3.1.2 HEA alloys

Fig. 2 shows the microstructure and XRD analysis of as cast HEA model alloys. HEA-1 has formed single
phase with a grain size of around 200-500 um. In case of HEA2, Al-Ni-rich second phase precipitates are
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observed in the matrix. Both HEA-3 and HEA-4 with addition of Nb and Ti, respectively, show a
microstructure with dendrite morphology (Fig. 2(c) and Fig. 2(d)). According to the EDS measurements
summarized in Table 2, Nb is enriched at the inter-dendrites of HEA-3. The concentration of Al in inter-
dendrites (ID) is close to the value in dendrites (D). HEA-4 shows the enrichment of Al, Ti and Ni at the
inter-dendrites (ID). Fig. 2(e) shows the X-ray diffraction pattern of as cast HEA alloys. Only austenite is
identified from HEA-1 and HEA-2. The B2-NiAl precipitates observed in HEA-2 (Fig. 2(b)) could not be
detected by XRD due to their low fraction (< 5 vol.%) in the alloy matrix. The phase composition of HEA-3
consists of FCC and Fe;Nb Laves phase (PDF no.17-908), while HEA-4 has formed FCC as the matrix with
v’-Ni3(Al,Ti) (PDF no.18-872) precipitates.
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Fig. 2 SEM images of as cast HEA model alloys (D: dendrite; ID: inter-dendrite; BSE: back scattered electron image):
(a): HEA-1; (b): HEA-2; (c): HEA-3; (d): HEA-4; (e): XRD patterns of as-cast HEA alloys.
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3.2 Oxidation test in steam

3.2.1 Oxidation behavior of AFA alloys
3.2.1.1 Mass gain and hydrogen release

The mass of the test samples has been recorded before and after the steam oxidation. Table 3 shows
the mass gain of AFA samples oxidized in steam at 1200 °C, as well as the mass gain of two FeCrAl alloys
as a reference. The mass gain of AFA model alloys is comparable to that of the FeCrAl alloys. AFA-1 exhibits
the least mass gain. On the other hand, AFA-1 also shows the evidence of oxide scale spallation as

described below.

Table 3 Mass gain and total amount of hydrogen release of AFA samples after 1 h exposure in steam at 1200 °C. The
mass gain of two FeCrAl alloys is added as reference.

Sample AFA-1 AFA-2 AFA-3  Fe-13Cr-4Al-base (wt.%) APMT [56]
(wt.%) [55]

Mass gain 0.16 0.65 0.34 0.4 0.2 (1bar, steam)

(mg/cm?)

Total hydrogen 0.28 0.29 0.36 - -

Release (mg/cm?)

Hydrogen release is recorded to qualitatively investigate the oxidation kinetics in steam condition.
Fig. 3 shows the real-time hydrogen release rate of AFA model alloys during oxidation test. AFA-1 shows
a relatively low hydrogen release rate with a value lower than 0.0025 g/s/m? at the initial 600 s of the
oxidation test. Then it increases slowly to 0.0025 g/s/m? during the later exposure time. Compared with
AFA-1, both AFA-2 and AFA-3 show a large increase in the hydrogen release rate at the initial 150 s. Then
it decreases to a value below 0.0025 g/s/m?at 600 s and finally slowly increases until the end of the test.

The integral amount of released hydrogen after 1 hour exposure to steam is given in Table 3.
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Fig. 3 Hydrogen release rate of AFA samples exposed to steam
atmosphere at 1200 °C.

3.2.1.2 Surface and cross section analysis



Fig. 4 shows the typical surface view of the AFA model alloys after 1 h exposure to steam at 1200 °C.
The oxide scale formed on AFA-1 displays wrinkle morphology, see Fig. 4 (a). Nearly 30% of the surface
scale suffers from the cracks and exfoliations. Below the spalled oxide scale part, no further oxidation is
observed. In contrast, the surface of AFA-2 is covered by a smooth oxide scale without any exfoliation.
EDS point measurements show the enrichment of Al and O on the surface, indicating the formation of
alumina. In case of AFA-3, the formed oxide scale shows the morphologies similar to AFA-2. In addition to
the Al-rich surface layer, a few protrusions are also observed among the surface of AFA-2 and AFA-3, as
shown in Fig. 4 (b, c). As evidenced by EDS points measurements, they are Cr-rich oxide (e.g. Cr,0s3,
(Fe,Cr)s04) spots. These Cr-rich oxides grow at the Al-depleted regions surrounding the AINiY-rich
precipitates.
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Fig. 4 SEM surface morphologies of AFA samples after 1 h exposure to steam at 1200 °C
(SE: secondary electron image).

Cross section analysis of the oxide scale is shown in Fig. 5. A thin oxide scale with deformations is
observed at the cross section of AFA-1. According to the EDS line scanning analysis, only the maxima of Al
and O signals are detected in the oxide scale region. The thickness of the oxide scale is around 1.75-1.8
um. Besides, a depletion of secondary B2-NiAl phase, around 6 um in depth, is clearly observed below the
oxide scale. AFA-2 and AFA-3 have formed a continuous oxide scale. Based on the EDS measurements, the
oxide scale consists of O and Al, see Fig. 5 and Fig. 6. The thickness of the oxide scale formed on AFA-2
and AFA-3 is around 1.25-1.3 um.
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Fig. 5 Representative SEM cross section images and corresponding EDS line scanning of
oxide scales grown on AFA samples after 1 h exposure to steam at 1200 °C.
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Fig. 6 Representative EDS elemental mapping of AFA-2 after 1 h exposure to steam at 1200 °C.

3.2.1.3 XRD characterization

Fig. 7 shows the XRD pattern of AFA samples after the oxidation test. X-ray diffraction pattern analysis
of AFA-1 confirms the formation of thermodynamically stable a-Al,03 (corundum, PDF no: 46-1212) and
B2-NiAl phase plus FCC solid solution. The phases identified from AFA-2 consist of a-Al,Os, Cr,03 (PDF no:
84-1616), (Fe,Cr)304 (PDF no. 34-140) and FCC solid solution. AFA-3 shows the signals from a-Al,Os, Cr,0s,
(Fe,Cr)s04 (PDF no. 34-140) and FCC solid solution. The signals from Cr,03 are stronger than that observed
on AFA-2. Besides, The Cr-rich oxides (Cr,0s, (Fe,Cr)304) identified from XRD are from the protrusions
which grows around the AINiY-rich compounds, where the Al is depleted.
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Fig. 7 XRD patterns obtained from AFA samples after 1 h exposure to steam at 1200 °C.

3.2.2 Oxidation behavior of HEA alloys
3.2.2.1 Mass gain and hydrogen release

Table 4 shows the mass gain of HEA samples after oxidation test in steam at 1200 °C. HEA-1 and HEA-
2 exhibit a mass gain lower than that of HEA-3. HEA-4 shows by far the largest mass gain among the HEA
alloys, even 3.5 times larger than that of HEA-3.
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Table 4 Mass gain and total hydrogen release of HEA samples after
1 h exposure in steam at 1200 °C.

Sample HEA-1 HEA-2 HEA-3 HEA-4
Mass gain 0.39 0.24 0.72 2.66
(mg/cm?)

Total hydrogen 0.50 0.43 0.22 0.45

release (mg/cm?)

Fig. 8 shows the real-time hydrogen release of HEA model alloys during exposure to steam at 1200 °C.
HEA-1 and HEA-2 show a similar temporal evolution of the hydrogen release rate. At the initial exposure
stage (< 600 s), both samples show the hydrogen release rate lower than 0.001 g/s/m?. Then, it increases
slowly to 0.002-0.003 g/s/m? till the end of the test, see Fig. 8. After 1800 s, the hydrogen release rate of
HEA-2 is lower than that of HEA-1. HEA3 shows a small peak of hydrogen release with a rate of 0.002
g/s/m? at 100 s. Then, it decreases rapidly to around 0.001 g/s/m? at 150 s and remains nearly constant
at a value well below that of HEA-1 and HEA-2. HEA-4 shows a dramatic increase of hydrogen release rate
during the initial 300 s with a peak rate of 0.0125 g/s/m? after 100 s. Then, the hydrogen release rate
decreases to a low value around 0.0015 g/s/m? at 900 s, where it stays for the rest of the oxidation test.
The integral hydrogen release after 1 h exposure amounts to the values given in Table 4.
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Fig. 8 Hydrogen release rate of HEA samples exposed to steam
atmosphere at 1200 °C.

3.2.2.2 Surface and cross section analysis

Fig. 9 shows the typical surface view of HEA model alloys after oxidation test. The surface of HEA-1 is
covered by a thin oxide scale. Parts of the scale spall off and the uncovered regions show bright contrast.
The semi-quantitative EDS point measurement of the remaining oxide scale (Fig. 9 (a-1)) shows
enrichment of O and Al. Besides, a few oxide protrusions (< 2% surface area) are also visible (see Fig. 9 (a-
2)). EDS measurements of these spots indicate the enrichment of O and Cr. The surface analysis of HEA-2
shows the wrinkle morphology of the oxide scale. Part of the layer (< 25% surface area) suffers from
exfoliation, see the bright aspect in Fig. 9 (b). The surface of HEA-3 is covered by a uniform oxide scale
after oxidation test. Only some spots, around 5% of the surface area, show exfoliation. EDS point
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measurements of the oxide scale indicate the formation of Al-rich oxide scale. The oxide layer formed on
HEA-4 presents different features. For instance, the layer formed on top, also called outer layer, shows
exfoliation at some regions. The remaining part measured by EDS shows the enrichment of O, Ti and Fe.
At the spallation area, an inner oxide layer featured in small grains is observed. EDS analysis indicates that
the inner layer mainly consists of O, Cr and Fe.
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Fig. 9 SEM Surface morphologies of HEA samples after 1 h exposure to steam at 1200 °C.

-

Cross section evaluation of HEA-1 and HEA-2 is shown in Fig. 10. Both samples have formed a uniform
and thin oxide scale. EDS line scanning of both layers shows the coincidence of the maxima of O and Al
signals in the oxide scale. The thickness of the oxide scale formed on HEA-1 is around 1.6 um, while the
surface of HEA-2 is passivated by a thinner layer with a thickness of 1.3 um. As for the structure in the
alloy matrix, no second phase is observed neither from morphology nor from EDS analysis of HEA-1. HEA-
2 shows the depletion of B2-NiAl inter-dendrite precipitates up to 20 um below the oxide scale.
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Fig. 10 Representative SEM cross section images and corresponding EDS line scanning of
oxide scale grown on HEA-1 and HEA-2 samples after 1 h exposure to steam at 1200 °C.

In the cross section of HEA-3 (Fig. 11), a compact oxide scale with deformation is observed. Both EDS
line scan and elemental mapping confirm the enrichment of O and Al in the oxide scale, see Fig. 11 and
Fig. 12. Moreover, the oxide scale also formed above the Nb-rich laves phase, as shown in Fig. 11. The
thickness of the oxide scale is around 1.28-1.3 um. As for the oxide layer formed on HEA-4, cross section
analysis reveals a triple-layered structure. According to EDS measurement, the outer layer accompanied
by spallation is Ti-rich and Fe-rich oxides. In the middle layer, which is underneath the outer layer, a thick
and dense Cr-rich oxide is formed. Below the Cr-rich middle layer, internal oxidation of Al is detected by
EDS analysis. The total thickness of the corrosion layer (including internal oxidation zone) is around 30 pm.
Moreover, a layer with a depth of 20 um, which is depleted in y’-Nis(Al,Ti) phase, is observed below the
Al-internal oxidation layer.
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Fig 11. Representative SEM cross section image and corresponding EDS line scanning of
oxide scale grown on HEA-3 and HEA-4 samples after 1 h exposure to steam at 1200 °C.

Ni plating

Oxide scale

HEA-3(SE)

Fig. 12 Representative EDS elemental mapping of HEA-3 after 1 h exposure to steam at 1200 °C.

3.2.2.3 XRD characterization

Fig. 13 shows the X-ray diffraction pattern of HEA model alloys after oxidation in steam. HEA-1 shows
the signals of a-Al,0s, weak peaks from Cr,03 and FCC solid solution. Combined with surface morphology
(Fig. 9) and EDS analysis, the Cr,03; phase is attributed to the observed protrusions. Both HEA-2 and HEA-
3 show strong signals from a-Al,0; and FCC solid solution. In HEA-3, the Laves phase reflections are still
observed after the oxidation test. The oxides formed on HEA-4 mainly consist of Cr,0s, Fes04 and TiO;
(rutile, PDF card Nr: 4-551), while the phase composition of bulk alloy remains unchanged after the
oxidation test, namely consisting of FCC and y’-Nis(Al,Ti) phases.
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Fig. 13 XRD patterns obtained from HEA samples after 1 h exposure to steam at 1200 °C.

4. Discussion

The highest mass gain is found for HEA-4 (2.66 mg/cm?). This is consistent with the type of oxide scale
grown on the alloys: HEA-4 exhibits a corrosion layer with a total thickness of about 30 um, while the
other alloys form a thin Al-rich oxide scale with a thickness below 2 um. Al-ethersamples These alumina-
forming alloys show a mass gain in the range 0.2 to 0.7 mg/cm?, comparable with the values of the
commercial or prototype Fe-Cr-Al-based alloys, indicating their excellent oxidation resistance. Due to
exfoliation of the oxide scales, no further reliable information can be obtained from the mass gain
measurements. Thermal gravimetric analysis (TGA) in steam-containing atmosphere is an option for a
more accurate mass gain measurement.

The recorded hydrogen release rate during the first 600 s of the experiments offers important
information about the early stage of the oxidation process of the tested alloys. Samples AFA-2, AFA-3,
HEA-3 and HEA-4 have shown an intensified hydrogen release during the initial 300 s, indicating a fast
oxidation process, followed by a decreasing signal. The highest hydrogen release rate of AFA-3 and HEA-
4 is attributed to the formation of less protective Cr,05 and (Fe,Cr)304 and TiO; (only in HEA-4). After 600
s oxidation, AFA-2, AFA-3 and HEA-3 have shown relatively low hydrogen release rate due to the formation
of protective a-Al,0; scale. The limited accuracy of the data and large sources of error (see below) do not
allow further conclusions for time above 600 s. Moreover, the higher Ni content in AFA-3 may delay the
formation of a continuous alumina scale [57]. In contrast, AFA-1, HEA-1 and HEA-2 have shown a moderate
evolution of hydrogen release without the characteristic peak of intensified hydrogen release in the initial
stage. The low hydrogen release during the initial 600 s can be attributed to the very early formation of
thin Al,Os rich scale, which effectively reduces the inward oxygen and outward alloy elements diffusion
(e.g. Fe, Cr).

The total amount of hydrogen released during 1 h exposure to steam is between 0.22 and 0.5 mg/cm?
for all samples. If oxidation was the only process generating free H, gas, the expected mass gain due to

oxygen incorporation into the oxide scale is a factor of 8 higher than the released amount of H,, i.e., 1.8-
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4.0 mg/cm?. This is much more than the measured mass gain and the mass gain estimated from the
observed oxide scales. Responsible for this discrepancy could be further decomposition and/or
dissociation of H,0, volatilization of hydroxides, loss of oxides, and an uncertainty of the measurement
for very low hydrogen concentration [58-59].

In pure steam environment, the oxygen consumed during oxidation is from the decomposition of H,0
[60-61]. Only if the oxygen partial pressure is higher than the dissociation partial pressure of the oxide,
the metal will be consumed to form oxides [6]. Based on thermodynamic calculations (performed with
HSC Chemistry 9 code [62]), the oxygen partial pressure generated by steam dissociation and the
dissociation oxygen partial pressure of selected oxides have been determined within this research work.
The following Fig. 14 is drawn to describe the relationship between the oxygen partial pressure of selected
oxides formation and steam dissociation as a function of temperature. According to the diagram, the
oxygen dissociation partial pressures of metal oxides like Al;Os, TiO;, Nb,Os, Cr,03 and FesO4 are lower
than the oxygen partial pressure of steam (0.5 bar) at 900-1300 °C. Metal oxide NiO has lower oxygen
dissociation partial pressure than that of steam only below 1200 °C.

5 900 1000 1100 1200 1300
B I ! I ' I

|
I
I
[
I
I
I
I
I
I
I
I
I

1 L 1 s 1 L 1 L 1
900 1000 1100 1200 1300
T(°C)
Fig. 14 Equilibrium oxygen partial pressures of selected oxides and dissociation oxygen pressure of steam as a
function of temperature (oxygen partial pressure is calculated by HSC Chemistry 9 [62]).

Fig. 15 illustrates the process of a-Al,0; scale formation and oxide scale spallation (during cooling) of
Y-free alumina-forming alloys when exposed to steam at 1200 °C. At the beginning of the exposure,
elements like Fe, Cr, Al and Nb will be oxidized to form an initial thin oxide scale. Then the oxygen partial
pressure at the scale-alloy interface is significantly reduced. Therefore, aluminum from the alloy is
primarily oxidized due to the lowest dissociation oxygen partial pressure of Al,Os, see Fig. 14. During the
isothermal oxidation stage, both inward O diffusion and outward Al diffusion occur in Y-free alumina-
forming alloys. [63-65]. The stress produced due to the lateral growth of the oxide scale leads to the

convoluted morphology of the alumina scale [66-67]. The residual stress generated during oxide scale
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formation and the mismatch of the thermal expansion between austenitic phase (coefficient of thermal
expansion (CTE): 14*10°%-22*10° at 300-1500 K, [68]) and a-Al,0s scale (CTE: 6*105-10*10°°, [69]) result
in the cracking or even exfoliation of the alumina scale after exposure test [67]. The oxide scale exfoliation
observed is indeed attributed to the cooling process, because the areas uncovered by exfoliation have a
shiny aspect and do not show any sign of further oxidation.

HEA-4 alloyed with Ti shows the formation of outer (Ti, Fe)O; layer. Titanium is preferentially oxidized
to form a fast growing but less protective TiO; layer due to the higher activity of Ti in Ti-Al containing
alloys [70]. Moreover, Ti addition increases the solubility of oxygen in alloy matrix which promotes the
internal oxidation of Al [71]. This result indicates that Ti addition degrades the oxidation resistance of
alumina forming alloys in steam environments.
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Fig. 15 Schematic process of a-Al203 scale formation and scale degradation of
alumina forming alloys exposed to steam environments at 1200 °C for 1 h.

Sample AFA-1 forms high quantities of ridges and displays large area of oxide scale exfoliation when
compared with AFA-2 and AFA-3. Adding yttrium can inhibit the wrinkles formation and exfoliation of a-
Al,O5 scale. Possible explanations include (1) reduction of the growth stress by yttrium, (2) prevention of
creep of the scale and (3) retardation of the lateral growth of the oxide scale [72-73]. In addition, the
thinner scale formed on AFA-2 and AFA-3 indicates the positive role of Y also in reducing the growth rate
of alumina scale.

Adding Nb (HEA-3) does not prevent the formation of ridges on a-Al,Os scale, even likely promotes
the concave structures of the scale when compared with HEA-1 and HEA-2, as shown in Fig. 10 and Fig.
11. However, HEA-3 has formed the protective oxide scale with less spallation, indicating the positive
effect of Nb on scale adherence and oxidation resistance. Recent studies show that Nb addition in
alumina-forming alloys increases the Cr content in austenite, and may also reduce the oxygen solubility
in the alloy matrix, which are favorable for external alumina scale formation [74-75]. There are also studies
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that have proved high Al concentrations (>50 at.%) in Laves phase, which can explain the alumina scale
covering the surface of Laves phase [76].

With regard to the microstructure stability during oxidation tests, AFA-1 alloys show the same phase
composition as before exposure, namely B2-NiAl precipitates embedded in austenite matrix. However,
the B2-NiAl phase underneath the oxide scale acting as Al-reservoir was consumed up to a depth of 6 um
for the formation of alumina scale. AFA-2, AFA-3 and HEA-1 with single FCC solid solution maintain the
structure stability during the oxidation test. HEA-2 shows the depletion of the inter-dendritic B2-NiAl
phase underneath the oxide scale up to 20 um, also due to formation of alumina scale. HEA-3 alloyed with
Nb shows the microstructure stability during the oxidation test. HEA-4 with Ti addition also shows the
stability of dendrite structure. However, the y’-Ni3(Al,Ti) inter-dendrite which acts as a reservoir of both
Ti and Al show the depletion underneath the oxide scale.

5. Conclusions
The following conclusions can be given based on the experimental results:

(a) AFA-1(Fe-7Al-15Cr-27Ni) with 7 wt.% Al addition has formed a duplex FCC plus B2-NiAl microstructure,
and AFA-2 and AFA-3 with 3 wt.% Al (Fe-3AI-16Cr-(19-21)Ni-0.5Y) have formed single FCC solid
solution (austenite) after annealing at 1250 °C for 2 h. The matrix of as-cast HEA-1 (Al;.9Cr23 2Nis4 sFepai)
consists of single FCC solid solution, while HEA-2 (Alg9Cra3.1Niss3Fepa) has formed FCC plus B2-NiAl
phases. Adding Nb or Ti to Al-Cr-Ni-Fe HEA alloy backbone promotes the formation of Laves phase
(FeaNb) and y’-Nis(Al,Ti) into the FCC solid solution matrix, respectively.

(b) AFA model alloys with the composition Fe-3Al-16Cr-(19-21)Ni (wt.%) have shown an excellent
oxidation resistance to steam by forming external a-Al,O; scale at 1200 °C. With the yttrium addition,
the scale adherence is improved and in consequence, the scale exfoliation phenomenon is avoided.

(c) HEAs with the formula Al(7.9.5.9)Cr(21.4-23.2)Ni(34.3-35)Fenal (at. %) have formed a-Al,0; scale during exposure
to steam at 1200 °C. By adding Nb, the scale adherence has been improved in terms of reduced scale
exfoliation compared to HEA alloys without Nb. Adding Ti degrades the oxidation resistance of HEA
alloy due to the formation of less protective TiO; and Fes;0, layers, leading to an extended Al internal
oxidation.

(d) The type of oxide scale formed on alloy surface is determined by the oxygen partial pressure of
metallic oxides and dissociation oxygen pressure of the steam. The formation of a-Al,0O; scale prevents
the oxidation of other alloying elements like Cr, Fe, Ni due to its lowest oxygen partial pressure among
the Ti-, Cr-, Fe-, Nb-, Ni- based oxides.

(e) The depletion of B2-NiAl and y’-Nis(Al,Ti) phases observed in the region underneath the oxide scale
confirms the role of these phases acting as Al reservoir for oxide scale formation. Moreover, y'-
Nis(Al,Ti) also serves as Ti reservoir which promotes the formation of TiO,.

(f) The model alloys from both systems (AFA and HEA) have similar corrosion behavior, forming
protective alumina scales with comparable thickness (exception HEA with Ti), and show
microstructural stability of the FCC matrix.
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