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Abstract

The corrosion behaviour of four different alumina-forming austenitic model alloys (Fe-Cr-Al-Ni based)
in oxygen-containing molten Pb at 600 and 650 °C has been investigated. A thin protective oxide
layer is formed on all alloys after 2000 h at 600 °C, whereas increasing the temperature to 650 °C
accelerates the oxidation and promotes dissolution attack. Only one composition with minor
additions of Y and Nb and low Ni concentration shows corrosion resistance at 650 °C. Y and Nb have
significant positive influence on the corrosion resistance and the phase composition of the alloys.

1. Introduction

Heavy liquid metals (HLM) like Pb or Pb-Bi eutectic (LBE) are promising heat transfer fluids due
to their excellent thermo-physical properties [1-3]. Applications related to the energy field like Gen-
IV lead-cooled fast reactors (Gen-IV LFRs), accelerator driven systems (ADS), concentrated solar
power (CSP), or liquid metal batteries are considered [4-8]. However, structural steels (ferritic-
martensitic (F/M) steels, stainless steels) have compatibility issues, in particularly corrosion, when
they are in contact with HLMs at temperatures above 500 °C [9-14]. The corrosion of steels in HLMs
is due to the dissolving of various constituents of these materials by the liquid metal (solubility in Pb:
Ni>Cr>Fe) [1, 15]. The way in which this dissolution proceeds promotes different types of attack,
ranging from simple dissolution-type attack to deep inter-granular attack with preferential leaching
of one constituent [10, 13, 14, 16]. Besides, ferritic/martensitic steels (e.g. T91, HT9, FeCrAl alloy) are
susceptible to liquid metal embrittlement (LME) at around 350 °C []. Therefore, new structural
materials with excellent compatibility properties are urgent for the liquid metal applications.

Alumina forming austenitic (AFA) steels, initially developed as structural materials for energy
related applications, have shown excellent corrosion resistance and mechanical properties [17-21].
By alloying with low amount of Al (<5 wt.%), AFA steels are able to form an external alumina scale in
oxidizing environments at 600-900 °C [17-18]. The amount of Ni added has to balance with Al and Cr
contents in order to maintain the austenitic matrix (face-centered cubic structure, f.c.c.). In addition,
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small amounts of other elements can also be added to optimize the properties (e.g. mechanical,
corrosion resistance, structure stability) for applications, for instance, stabilize the austenite
structure (C, Cu, Mn), precipitate the minor secondary phases (Nb, Ti), increase scale adherence (Y),
strengthen the austenite (W, Mo) and its grain boundaries (B) [17-29].

Recent research results indicate that alumina forming austenitic (AFA) model alloys with the
chemical composition formula Fe-(20-29)Ni-(15.2-16.5)Cr-(2.3-4.3)Al (wt.%) are able to form
alumina-rich protective scale during exposure to oxygen-containing molten Pb at 550-600 °C for 1000
h and to preserve the austenitic matrix [9-10]. The passive and continuous oxide scales, grown on
alloy surfaces, are based on two corundum-type crystalline structures, Cr,0s; and Al,03-Cr,03 solid
solutions. Besides, a transitional layer with a thickness up to 2 um, enriched in Ni and Fe, and with
randomly distributed B2-(Ni,Fe)Al precipitates is observed below the oxide scale. Underneath the
transitional layer, the microstructure of the corrosion resistant AFA alloys consists of an austenitic
matrix, in which Nis(Al, Fe) precipitates are distributed. However, (i) the oxide scale stability during
longer time exposure (>2000 h), (ii) the influence of minor alloying elements on the oxide scale
formation and on the microstructure stability of AFA model alloys, and (iii) the corrosion behaviour of
AFA alloys at temperature above 600 °C need to be evaluated in order to qualify such alloys for
applications.

The motivation of our work is to develop AFA steels targeting for energy related applications in
molten Pb environment. The results shown in this paper represent the second step of our endeavor
to produce real AFA steels. We evaluate the influence of minor additions of yttrium (Y), aimed at
improving oxide scale adherence/stability, and of niobium (Nb), targeting precipitation hardening, on
the AFA model alloys corrosion resistance. We have investigated the corrosion behaviour of Fe-Cr-Al-
Ni-(Y,Nb) model alloys during exposure at temperatures > 600 °C and for times > 2000 h by different
characterization methods X-ray diffraction and scanning electron microscopy. Moreover, the detailed
investigations regarding protective oxide scale and phase compositions of alloy matrix are also
performed on exposed samples.

Finally, transmission electron microscopy characterization is employed to investigate in detail
the oxide scale microstructure and phase compositions of alloy matrix after corrosion test.

2. Materials and methods

Following the previous promising corrosion test results of Fe-Cr-Al-Ni based AFA model alloys in
molten Pb [9], alloy H54 with 24 wt.% Ni and alloy H56 with 28 wt.% Ni were selected for this
research work. To investigate the influence of minor elements addition on the corrosion behaviour
and microstructure evaluation of AFA alloys when exposed to molten Pb, two new alloys H54"*Y and
H56MN?Y with minor Nb and Y addition were prepared. Table 1 shows the nominal composition of all
prepared alloys.

All alloys were produced by arc melting of a mixture of the pure metal elements (purity>99.99%)
in argon atmosphere. In order to facilitate composition homogenization, the ingots were flipped over
and re-melted at least 5 times in a water-chilled copper mold. Then the as cast alloys were sealed in
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quartz tubes with argon atmosphere for composition homogenization treatment. The samples were
annealed at 1250 °C for 2 hours, followed by water quenching.

The corrosion tests were performed in stagnant molten Pb with 10® wt.% oxygen concentration
in the COSTA facility (COrrosion test stand for STagnant liquid Alloys). Detailed information regarding
the corrosion experiment and oxygen control system can be found in the references [9, 10, 30]. One
set of samples was exposed to 600 °C for 2000 h, and the other set was exposed to 650 °C for 3550 h,
respectively, as shown in Table 1. The size of each sample was around 10 mm in diameter and 1.5
mm in thickness. A hole with diameter of 1.5 mm was drilled in each sample to hang and fasten the
sample with a Mo-wire when immersing the sample into molten Pb. All of the samples were
grounded with a 1200 grit surface finish sandpaper. Then, the specimens were cleaned by distilled
water, acetone and ethanol in an ultrasonic bath before the corrosion test. The oxygen content in the
molten Pb was controlled by adjusting the oxygen partial pressure in the adjacent gas phase. A
dedicated glove-box conditioned to the similar oxygen partial pressure as in the furnace was used to
introduce the samples. When the glove box connected to the furnace, the alumina crucibles
containing the pre-conditioned molten Pb were transferred into the glove box. Then, all samples
were fully immersed into the molten Pb and the crucibles were put back into the furnace as fast as
possible.

Table 1
Corrosion test parameters of AFA samples in 10°® wt.% oxygen containing molten Pb.

Code Nominal composition (wt.%) Corrosion test conditions

H54 Fe-16Cr-4Al-24Ni 600 °C/2000 h 650 °C/3550 h
H56 Fe-15Cr-3.5AI-28Ni 600 °C/2000 h 650 °C/3550 h
H54NbY Fe-16Cr-4Al-24Ni-1.5Nb-0.5Y 600 °C/2000 h 650 °C/3550 h
H56NY Fe-15Cr-4Al-28Ni-1.5Nb-0.5Y 600 °C/2000 h 650 °C/3550 h

After the corrosion exposure, samples were extracted from molten Pb using the same glove-box
conditioned to the same way as for the loading process. A simple visual check of exposed samples
found that the samples’ surfaces were almost Pb free or with only a few small areas covered by Pb
layer. Then the remaining adherent Pb was cleaned by immersing the samples into a solution of
ethanol, acetic acid and hydrogen peroxide (1:1:1) for 15 min. The cleaning method is accepted as a
standard procedure, which does not degrade the oxide scale or the alloys [31].

The phase composition of all samples and conditions was analyzed by X-Ray Diffraction (XRD,
Seifert PAD Il) with Cu Kq 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 of 0.1 °/min.

Before and after corrosion test, the microstructure of all samples was characterized by Scanning
Electron Microscopy (SEM, model: Philips XL 40 SEM with LaBe cathode, or Hitachi S-4800 with cold
field emission electron source), both equipped with an Energy Dispersive X-Ray Spectrometer (EDS).



In SEM, a focused electron beam with energy of 20 keV and working distance of 10 mm interacts
with the sample in a teardrop-shape (around 0.1-5 um deep into the sample) [32]. The sample
surface was directly characterized by SEM/EDS without further preparation. For SEM/EDS cross
section analysis, an electroplated nickel layer with ~40 um thickness was deposited to protect the
surface oxide scale from detachment during sample preparation. Then the sample was fixed and
embedded with resin. All embedded samples were ground by 1200# and 2400# grid sand paper,
polished with diamond paste (1 um diameter diamond particles), and sputtered with a thin,
electrically conducting layer of gold.

In addition, the oxide scale structure of H54 and H54""" after 2000 h exposure at 600 °C was
evaluated by Transmission Electron Microscopy (TEM). TEM lamellae were prepared by a Dual beam
Focused lon Beam (FIB-SEM) technique (FEI Strata 400S Dual beam FIB equipped with Omniprobe™
200 micromanipulator). To protect the target area from the ion impact, a Pt layer was deposited
beforehand. The lamellae were analyzed by a TEM (FEI Tecnai G2 F20 ST), operated at 200 keV with a
field emission gun, equipped with an Orius SC600 CCD Camera (Ametek, Pleasantron, California,
USA), and 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 Phase composition

The XRD spectra of the AFA alloys before and after corrosion tests are shown in Fig. 1. According
to the patterns depicted in Fig.1 (a), the microstructure of the annealed AFA alloys consists only of a
single-phase, the f.c.c. austenite phase. No other metallic phases or oxides are detected.

After 2000 h exposure at 600 °C to oxygen containing molten Pb, beside austenite as the
dominant phase, additional metallic and oxidic phases have developed within/on the alloys, as
shown in Fig. 1 (b) and summerized in Table 2. As metallic phases, two body-centered cubic (b.c.c.)
structures, the B2-type ordered intermetallic compound NiAl and the solid solution Fe-Cr (ferrite) are
identified in the XRD patterns of some samples, cf. Table 2. B2 phase has the main peaks approaching
to that of ferrite at position of (110), (200) and (211), while an additional main peak is only existed
for B2 at (100). These metallic phases are formed within the bulk alloys. The oxide phases,
corumdum corundum-type Cr.Osand the spinel-type phases Fes04 and Fe(Cr,Al),04, identified based
on their major peaks, are assumed to have grown on the samples surface. Moreover, the peak
observed at around 26=38° in the XRD patterns of H54, H56, and H54"*Y could indicate the presence
of the third oxide phase, (Al,Cr),0s with corundum structure [9]. This hypothesis will be confirmed
within this paper by the SEM and TEM investigation results.

The XRD patterns of the samples exposed at 650 °C for 3550 h to oxygen-containing molten lead,
displayed in Fig. 1 (c) and summarized in Table 2, contain the characteristic peaks of the same
metallic phases observed after corrosion tests performed at 600°C: the f.c.c. austenite, B2-NiAl and
b.c.c. ferrite. However, the austenite phase is the dominant phase only in case of H54"®Y, while ferrite
becomes the dominant phase within the other three alloys, H54, H56, and H56""". It is judged by the
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related weak intensity from austenite while the intensity from ferrite is quite strong. In addition, the
peaks corresponding to the oxides (Cr,0s, Fes0a, (Al,Cr),0s) are clearly present on the H54"*Y and
barely visible on the other samples made of H54, H56, and H56"°Y. The lack of the protective oxides,
the decrease of the austenite amount, and the significant increase in the amount of ferrite, are
indications that the samples H54, H56, and H56""Y have suffered from corrosive attack with
Such dissolution attack leads to phase transformation and

preferential leaching of Ni.

recrystallization in the affected volume.
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Fig. 1. XRD spectra of the AFA alloys H54, H56, H54"®Y, and H56YY in the different conditions: a) after 2 h
annealing treatment at 1250 °C, b) after 2000 h corrosion test in Pb at 600 °C, c) after 3550 h in Pb at 650 °C.

Table 2
Phase composition of H54, H56, H54"%Y, and H56"°Y after corrosion test in Pb for 2000 h at 600 °C and for 3550

h at 650 °C, respectively, measured by XRD.

Sample Temp. Phase composition?
(°C) Cr203 (Al,Cr)20s  Fe(Cr,Al)20s Fe304 Austenite  B2-NiAl Fe-Cr (ferrite) Other
(74-326) (77-2188) (3-873) (79-418) (33-397) (44-1187) (34-396)
H54 600 + + + + + + -
650 - - - - +(weak) + + (strong)
H56 600 + + + + + - -
650 - - - - - + + (strong)
H54NeY 600 + + - + + + +
650 + - - + + + -
H56MY 600  + - ; + + + )
650 - - - + +(weak) + + (strong) PbO, YAIO3

Y PDF no. is given in brackets.

3.2 Microstructure

Before the corrosion experiments, the microstructure of all samples has been characterized by
SEM. The alloys H54 and H56 display the same type of morphology, namely a homogenous
morphology and large grains with the size in the range 0.3-2 mm. Fig. 2 (a) shows as example the
microstructure of H54. Alloys H54"*Y and H56"YY exhibit a microstructure similar with the basic alloys
H54/H56. The difference consists in the presence of randomly distributed Al-Ni-Y-rich precipitates,
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appearing as bright precipitates (Fig. 2 (b)). This is an effect of Y over-doping. Although Y-rich
precipitates are visible by SEM, they could not be identified by XRD due to their low fraction (< 5 %)
in the alloy matrix.

AINiY-rich spots

50 pm

Fig. 2. Representative SEM micrographs of annealed AFA alloys, (a) H54; (b) H54N%",

The chemical compositions of all AFA alloys measured by EDS are shown in Table 3.

Table 3
Chemical compositions of AFA alloys (wt.%), measured by EDS.

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

H54 Fe-16Cr-4Al-24Ni 16.3 4.3 23.4 - - Bal.
H56 Fe-15Cr-3.5Al-28Ni 15.2 3.8 28.5 - - Bal.
H54NbY Fe-16Cr-4Al-24Ni-1.5Nb-0.5Y  16.6 4.3 22.9 1.2 0.3 Bal.
H56N5Y Fe-15Cr-4Al-28Ni-1.5Nb-0.5Y  15.5 4.2 28.0 1.1 0.3 Bal.

Fig. 3 shows SEM images of the microstructure of bulk alloys of H54 and H54"*Y after the
corrosion tests at 600 °C and 650 °C, respectively. The image of bulk alloy has been taken from the
center of the polished cross section. According to Fig. 3 (a), (b), the alloy matrix of H54 shows a
homogeneous morphology after 2000 h exposure at 600 °C, while H54""Y exhibit very fine grains fine
precipitates with dark contrast. The B2-NiAl and ferrite phases identified by XRD (see Fig. 1 (b) and
Table 2) are attributed to these fine precipitates, later confirmed by TEM results. However, in case of
H54 these phases are not visible in the bulk alloy by SEM. This might either be due to the limited
contrast of the SEM image or because the second phases/precipitates form mainly near the exposed
surface (the location where XRD analysis was performed) and not in the bulk alloy of H54.

Fig. 3 (c), (d) show representative SEM images of H54 and H54"*Y exposed to 650 °C for 3550 h.
The rod-shaped precipitates, homogeneously distributed over the entire alloy matrix of H54 (Fig. 3
(c)), show an enrichment of Ni and Al (SEM/EDS). They are attributed to the B2-NiAl phase identified
by XRD. Besides, some of the dark contrast, strip-like Ni-Al-rich precipitates are accompanied by
bright Fe-Nb-rich particles in the alloy matrix of H54""" (Fig. 3 (d)).
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Fig. 3. Microstructure in alloy matrix after exposed to 10 wt.% oxygen-containing molten Pb, (a) H54 with
2000 h exposure at 600 °C; (b) H54"*Y with 2000 h exposure at 600 °C; (c) H54 with 3550 h exposure at 650 °C;
(d) H54N®Y with 3550 h exposure at 650 °C.

3.3 SEM evaluation
3.3.1 Surface

At 600 °C, all AFA alloys have proven their corrosion resistance to 10® wt.% oxygen-containing
molten Pb after 2000 h exposure. Fig. 4 presents the surface morphology of all AFA alloys after the
corrosion test. A continuous, protective oxide scale covers all alloy surfaces. There is no evidence of
corrosion attack for any of the investigated alloys. H54 shows the formation of a continuous oxide
scale featured with some Al-Cr-rich spots in dark-gray contrast (around 20% of the surface area), as
measured by EDS. Concurrent with the XRD results, these regions might be attributed to Fe(Cr,Al);04
spinel-type oxide, see also the cross section analysis below. Compared with H54, the surface of H56
shows smaller and less Fe(Cr,Al)>04 dark-gray spots (<2% surface area). In addition, however, Fe-rich
oxide protrusions (around 5% of the surface area) are observed and identified by EDS analysis, which
are identified as magnetite in agreement with the XRD results. The dark-gray spots of Fe(Cr,Al);0a,
which are visible on the Y-free alloys H54 and H56, cannot be observed on the Nb-Y-containing
samples H54"*Y and H56M®". However, magnetite protrusions are grown also on the surfaces of both
H54N?Y and H56™YY. They are smaller than that observed on H56 and also account for around 5% of

the surface area.
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Fig. 4. SEM surface morphologies of AFA model alloys (H54, H56, H54"*Y and H56"°Y) after 2000 h exposure
to 10 wt.% oxygen-containing molten Pb at 600 °C, acquired with backscattered electrons (BSE).

At 650 °C, alloys H54, H56 and H56M" show dissolution attack in some areas, while H54N®Y
remains protected by a continuous oxide scale. This is shown in Fig. 5. The alloys H54, H56, and
H56"YY show the evidence of oxide scale formation at some areas. However, pores in the oxide scale
and dissolution attack are found in many regions, especially H56 exhibits more than half of the
surface area attacked. This is in agreement with the XRD results showing weak (H54, H56""") or no
(H56) signals from the austenitic phase but strong signals from the ferritic (b.c.c.) phase due to phase
transformation (f.c.c. = b.c.c.) triggered by preferential leaching of Ni. In contrast, H54""" is the only
alloy that has formed a protective oxide scale after 3550 h at 650 °C, with a few Fe-rich oxide
protrusions. No evidence of dissolution attack is observed on this alloy.
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Fig. 5. SEM surface morphologies of AFA model alloys (H54, H56, H54"*Y and H56"°Y) after 3550 h exposure
to 10 wt.% oxygen-containing molten Pb at 650 °C.
3.3.2 Cross section

To investigate the corrosion behaviour and scale formation in more detail, SEM/EDS cross
section analysis was performed. The results for the most promising alloy, namely H54"%Y, are
presented in comparison to the alloy H54. Only H54"*Y shows corrosion resistance at 650 °C, while all
other samples suffer from corrosion attack under these conditions.

Fig. 6 shows an example of the EDS element mapping of the cross section of alloy H54 after
2000 h exposure at 600 °C. A continuous oxide scale covers the surface. Neither dissolution attack
nor Pb penetration underneath the oxide layer can be observed. Some Al-rich and Cr-rich spots are
visible below the oxide scale of H54. Concurrent with the XRD results, the Al-rich precipitates are
attributed to the identified B2-NiAl phase.
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Fig. 6. SEM cross section image and EDS mapping of H54 after 2000 h exposure to 10 wt.% oxygen-
containing molten Pb at 600 °C.

Fig. 7 shows an EDS line scan of the cross section of H54 after 2000 h exposure at 600 °C. The
maximum signal of O-K coincides with maxima of Al-K and Cr-K signals in the oxide layer region,
indicating the formation of an Al-Cr-based oxide layer. This is in agreement with the XRD results,
where the corundum-type oxides Cr.0O3 and (Al,Cr),0; were identified. Since the oxide scale is very
thin (< 200 nm), it is difficult to directly measure its thickness from the SEM image. The dark-gray
Fe(Cr,Al),04 spots already observed on the surface of H54 and H56 (Fig. 4) are thicker (>0.7 um) than
the general oxide layer. EDS measurements of these thick areas (e.g. the Al-Cr-rich oxide spot in Fig.
7) reveal concentrations of O, Cr, Al and Fe consistent with Fe(Cr,Al),04 spinel-type, an oxide phase
also identified by XRD.

Below the general oxide scale, a bright layer, which shows a slight depletion in Al and Cr but
enrichment in Fe and Ni, called transitional layer (TL) [9], is observed for H54. The thickness of this
layer varies from 0.5 to 2 um. Some dark precipitates are visible in the TL. The EDS line scan confirms
the results from elemental mapping (Fig. 6) that these precipitates are enriched in Ni and Al and
represent the B2-NiAl phase identified by XRD. Neither Al-Ni-rich precipitates nor Cr-rich spots are
observed in the bulk alloy below the transitional layer.
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Fig. 7. SEM cross-section and EDS line scan of the cross section of H54 after 2000 h exposure to 10° wt.%
oxygen-containing molten Pb at 600 °C, TL: transitional layer.

Fig. 8 shows the EDS elemental maps in the cross section of H54"®" after 2000 h exposure at
600 °C. A uniform and thin oxide scale is observed, which mainly consists of O and Al. These elements
are distributed uniformly in the oxide scale region. Neither dissolution attack nor Pb penetration is
observed. Fig. 9 presents a typical line scan of the cross section of the alloy H54""Y, It indicates that
the maximum signal of O-K roughly coincides with maxima of Al-K and Cr-K signals in the oxide layer
region. This indicates, as in case of H54, an Al-Cr-based oxide scale, which is in agreement with the
oxides Cr,03 and (Al,Cr),03 identified by XRD. Due to limited resolution, no further information about
the composition and microstructure of the oxide scale can be gained. Below the oxide scale, a
transitional layer is identified, see Fig. 9. The thickness of the transitional layer is in the range of 0.5
to 1 um, which is thinner than that formed on H54 for the same exposure time. Within the TL,
precipitates in dark and bright contrasts are observed. According to EDS analysis, the dark areas
represent an Al-Ni-rich phase, the B2-NiAl phase identified by XRD. The bright precipitates, which are
in close proximity to the dark precipitates, are rich in Fe and Nb, which may indicate the formation of
Fe;Nb Laves phase.
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Fig. 8. SEM cross section image and EDS mapping of H54"®Y after 2000 h exposure to 10 wt.% oxygen-
containing molten Pb at 600 °C.
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Fig. 9. SEM cross-section and EDS line scan of the cross section of H54N®" after 2000 h exposure to 10° wt.%
oxygen-containing molten Pb at 600 °C, TL: transitional layer.

Figs. 10 and 11 show examples of the cross section analysis of H54 and H54"®, respectively,
after 3550 h exposure at 650 °C. According to the EDS cross section element mapping of H54 (Fig.
10), parts of the alloy surface are covered by Al-Cr-rich oxide scale while in other areas dissolution
attack is observed. There is a clear depletion in Ni and an enrichment in Fe observed close to the
surface. In contrast to the dissolution attack observed in some regions of the alloy H54, a continuous
protective oxide scale covers the alloy surface of H54"®" (see Fig. 11). EDS element mapping shows
that the oxide scale mainly consists of O and Al, and both elements are distributed uniformly in the
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layer. According to the line scan measurement (Fig. 12), the oxide scale with the thickness around
350 nm is rich in Al and Cr, with the maximum of the Cr signal located at the outer part of the scale
and the maximum of the Al signal detected at the inner part of the scale. Below the oxide scale, there
is a slight depletion of Al and a clear enrichment of Ni in the transitional layer (TL), which has a depth
of up to 4 um. Both the B2-NiAl precipitates (dark spots) and the Nb-rich spots (bright, possibly Laves
phase), clearly visible and homogeneously distributed over the entire bulk alloy, experience a
coarsening in the TL: their number and the contrast between precipitates and matrix in the SEM
(BSE) image decreases, whereas their size increases.

Al-K

e e .

e

Oxide scale

N

Fe enrichment Ni depletion

Fig. 10. EDS mapping of the cross section of H54 after 3550 h exposure to 10 wt.% oxygen-containing molten
Pb at 650 °C.
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Fig. 11. EDS mapping of the cross section of H54N®Y after 3550 h exposure to 10 wt.% oxygen-containing
molten Pb at 650 °C.
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Fig. 12. SEM cross-section and EDS line scan of the cross section of H54"?Y after 3550 h exposure to 10° wt.%
oxygen-containing molten Pb at 650 °C, TL: transitional layer.

3.4 TEM evaluation

By XRD and SEM, it was possible to investigate the general corrosion behaviour of AFA alloys
exposed to oxygen-containing molten Pb. However, it is difficult to characterize the microstructure of
the thin oxide layers (< 200 nm) and small size precipitates in the alloy matrix and transitional layer.
Thus, TEM characterization is applied to analyze the promising alloys H54 and H54\Y after 2000 h
exposure to 600 °C in more detail, as they behave excellent in oxygen-containing molten Pb.

3.4.1 Alloy H54

Fig. 13 shows the TEM results obtained by imaging with different magnifications and performing
selected area electron diffraction (SAED) of different representative areas. Fig. 13 (a) shows an
overview bright-field (BF) image of the FIB-lamella at low magnification. The thin oxide scale is
highlighted with an arrow. The diffraction pattern of the alloy matrix (marked as circle in Fig. 13 (a))
confirms the austenitic (f.c.c.) nature of the matrix, see Fig. 13 (b), and is in agreement with XRD-
results (see Fig. 1 (b) and Table 2). The zone axis parallel to the electron beam is close to [001]. The
highlighted spots can be attributed to (-200), (020), and (-220), respectively. Fig. 13 (c) shows the
oxide scale at higher magnification. The Pt is the protecting layer stemming from the FIB-process.
SAED from the oxide scale (Fig. 13 (d)) shows a ring pattern, which indicates the formation of nano-
crystalline oxides. This result is further approved by high-resolution TEM image in Fig. 13 (e). Small
grains can be seen, and lattice fringes with a spacing of 0.19 nm, attributed to (202) planes of
corundum, are identified from the image. Based on the measured spacing, the ring pattern also
belongs to a corundum type phase (Al«Cri4),03, with x=0.85-0.9. The measured thickness of the oxide

scale is around 50 nm.
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Fig. 13. TEM characterization of H54 after 2000 h exposure to 10 wt.% oxygen-containing molten Pb at 600
°C. (a) BF overview image, (b) corresponding SAED obtained on bulk alloy, (c) BF image of the oxide scale, (d)
corresponding SAED of the oxide scale, (e) high resolution image of the oxide scale.

In addition, chemical compositions within the oxide layer have been measured by HAADF-STEM
STEM-EDS. Table 4 summarizes the standardless quantitative results of elemental concentrations
from the two regions (Reg-1 and Reg-2) shown in Fig. 14, quantified with absorption correction for
the thin oxide layer. According to the measured O, Al, and Cr concentration, the calculated fraction
of Cr,03 is 20.82 wt.% at Reg-1, and 16.22 wt.% at Reg-2, which is approaching to the formula
(Alo.92Cro.08)203 and (AloseCro.11)203, respectively. These results are consistent with oxide solid solution
identified by SAED measurement ((AlCri-x),03, x=0.85-0.9).

Fig. 14. HAADF-STEM image indicating the areas for EDS analysis of H54 after 2000 h exposure to 10 wt.%
oxygen-containing molten Pb at 600 °C.

Table 4
STEM-EDS standardless quantitative measurements of chemical compositions (wt.%) of regions indicated in Fig.

14.
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Region O(K) Al(K) Cr(K) Fe(K) Ni(K)

Reg-1 46.91 39.03 13.15 0.88 0.00
Reg-2 53.58 36.40 9.08 0.93 0.00

3.4.2 Alloy H54""Y

A TEM-lamella from alloy H54"®" with Nb and Y addition has been prepared from a magnetite
free region by FIB. Fig. 15 summarizes the TEM results obtained from the alloy matrix and oxide scale
region. Fig. 15 (a) shows a TEM bright-field image of alloy H54"Y. According to the diffraction pattern
shown in Fig. 15 (b), only austenite (f.c.c. phase), in this lamella oriented in <013> zone axis, is
identified in the bulk alloy. Fig.15 (c) shows a TEM image of the oxide scale. The corresponding SAED
image also shows a ring pattern, which means the formation of nano-crystalline oxides in the surface
layer. The phase shown in the SAED can be identified as corundum type (Alo77Cro.23).03 phase (shown
in Fig. 15 (d)). The thickness of the oxide scale is around 100 nm.

fcc [013])

Fig. 15. TEM images of H54""Y alloy after 2000 h exposure to 10 wt.% oxygen-containing molten Pb at 600
°C. (a) BF overview image, (b) corresponding SAED obtained on bulk alloy, (c) BF image of oxide scale, (d)
corresponding SAED of oxide scale.

In addition, drift-corrected STEM-EDS line scans through the oxide scale have been acquired,
exemplarily shown in Fig. 16. This line scan shows clearly the elemental distributions in the oxide
scale region, with a maximum of the Cr signal at the outer part of the oxide scale and a strong Al
signal at the inner part of the scale. Below the oxide scale, a few spots enriched in Al and Ni are
detected, which are attributed to the B2-NiAl phase, while other spots show Fe-Nb-enrichment (most
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probably Fe;Nb Laves phase). The yellow square in Fig. 16 is the reference area for drift correction

during acquisition.

Pt = Cr203 : Al203 i~ ~transitional layer Fe
layer | layer | layer :
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Fig. 16. STEM-HAADF image and STEM-EDS line scan profiles through the cross section of oxide scale formed
on H54N°Y after 2000 h exposure to 10° wt.% oxygen-containing molten Pb at 600 °C. The yellow square is
used for drift correction.

STEM-HAADF images revealed the formation of precipitates in the alloy matrix. Therefore, drift-
corrected EDS elemental mapping has been performed in the bulk alloy (Fig. 17). The orange square
in Fig. 17 corresponds to the investigated area; the yellow square is the area used for drift correction.
Some areas (300-500 nm) show the enrichment of Al and Ni while Cr and Fe are depleted, indicating
the formation of B2-NiAl phase. In addition, some nano sized precipitates (<50 nm) enriched in Nb
are observed, which indicates the formation of Fe;Nb Laves phases in the alloy matrix. A few Cr-rich
precipitates are also observed in Fig. 17, which may form during the precipitation of B2-NiAl and
Fe:Nb Laves compounds.

i 100 nm e 100 N

Fig. 17. STEM-HAADF image (upper left), detail of STEM-image (upper middle) and elemental maps of the
alloy matrix of H54\°Y after 2000 h exposure to 10 wt.% oxygen-containing molten Pb at 600 °C.
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Fig. 18 shows another area of the matrix with STEM-HAADF imaging and the drift-corrected EDS
profiles across different precipitates. Two types of precipitates displayed in bright and dark contrast
are identified. The bright appearing ones, according to the scan profile, can be attributed to a Nb-rich
Laves phase. The dark appearing precipitates, showing signals from both Al and Ni, are the identified
B2-NiAl phase. The yellow square in Fig. 18 is the reference area for drift correction during
acquisition.

Intensity (a.u.)

0 100 200 300 400 500 _ 600
Length (nm)

Fig. 18. STEM-HAADF image and STEM-EDS line profiles through precipitates in the alloy matrix of H54NbY
after 2000 h exposure to 10°® wt.% oxygen-containing molten Pb at 600 °C.

4. Discussion

Fe-Cr-Al-Ni based AFA model alloys, designed for aggressive environment applications, have
been investigated with respect to their corrosion behaviour in oxygen-containing molten Pb at 600 °C
and 650 °C. Two important observations were made during these experiments: (a) the influence of
the minor alloying elements (Y and Nb) on the corrosion properties and phase formation in the alloy
matrix is significant and (b) a higher Ni-content in the alloy degrades the formation of a continuous
oxide scale at 650 °C and 3550 h.

Compared with the AFA samples H54 and H56 exposed to 600 °C for 1000 h [9], extending the
exposure time to 2000 h does not degrade the corrosion resistance of AFA alloys. These results
indicate the high stability of alumina-rich oxide scale in aggressive molten Pb environment.

The oxide scale grown on all AFA alloys at 600 °C is mainly (Al,Cr),0s3 solid solution. The fraction
of Cr,03 in (Al,Cr),0s solid solution can be evaluated based on the (104) diffraction peak obtained
from XRD [34]. Fig. 19 plots the relationship between the diffraction angle 26 corresponding to the
(104) diffraction peak and the Cr,03 content (in wt%). From this relationship, based on the measured
diffraction angle, the Cr,03 content in (Al,Cr),03 solid solution of sample H54 exposed to different
conditions is determined. The data related to 550 and 600 °C for 1000 h exposure in molten Pb are
taken from a previous publication [9]. They correspond to a Cr,0; content of around 42 wt.% and 34
wt.%, respectively. According to the 20 peak positions for sample H54 after 2000 h exposure to 600
°C (green triangle in Fig. 19), Cr,0; content is around 16 wt.%. This value fits the results obtained
from STEM-EDS analysis of the oxide scale, 16.22-20.82 wt.% Cr,03; measured by STEM-EDS. The shift
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of the 20 peak position indicates that the proportion of alumina in (Al,Cr),0s solid solution increases

as exposure temperature or/and time increase.

35.4
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Fig. 19. Cr203 content (wt.%) in (Al,Cr)203 solid solution of H54 according to (104) diffraction peak obtained
by XRD; m, @: data obtained from ref [34]; V: 20 = 34.50°, 42.5 wt.% Cr203; A: 20 = 34.62°, 34.4 wt.%

Cr203; A:26=34.92°,16.0 wt.% Cr20s.

Increasing the exposure temperature from 600 °C to 650 °C has significant influence on the
corrosion behaviour of AFA alloys exposed to oxygen-containing molten Pb. On one hand, the
oxidation of AFA H54M* alloy is accelerated at 650 °C, compared with 600 °C, in terms of the
formation of a thicker oxide layer (~ 0.35 um) and a thicker transitional layer (up to 4 um), depleted
in Al and enriched in Ni. On the other hand, the dissolution of Ni in molten Pb increases as the
exposure temperature increases [1, 35]. Therefore, alloys H54 and H56, which form protective oxide
scales at 600 °C, show dissolution attack at 650 °C. Moreover, the higher Ni content increases the
susceptibility to dissolution attack due to the high solubility of Ni in molten Pb [1, 35]. This explains
the observation that H54"*Y (22.9 wt.% Ni) shows corrosion resistance at 650 °C while H56M"" (28
wt.% Ni) is affected by dissolution attack.

The Fe(Cr,Al);04 nodules with spinel-type crystalline structure, observed in the oxide scale of the
Y-free alloys (H54 and H56) exposed at 600 °C, are a few times thicker than the Al-Cr-based oxide
scale, because the growth rate of this oxide is higher than that of (Al,Cr),0s. Such nodules of non-
protective and fast growing Fe-based oxide might degrade the scale adherence, due to structural and
growth stresses, and the heat transfer from the base alloy [10, 36]. By adding yttrium, the oxide
scales formed at 600 °C on H54"*Y and H56"°Y made from (Al,Cr),0s are uniform in thickness, without
spinel-type nodules. This significant change of the oxide scale morphology and composition can be
attributed mainly to the yttrium addition, an element that facilitates the selective oxidation of Cr
instead of Fe, very important especially during the early, transient stage of the oxidation [37].
Underneath the Cr,03 layer, the oxygen partial pressure drops to a level that favours the selective
oxidation of Al and the predominantly inward growth of the Al-based oxide. Hence, Cr,0s serves as a
first protective layer, as oxidation retardant and, having a corundum-type structure, as nucleation
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centres for a-Al,O; formation. It can be concluded that the yttrium induces a faster development of
the protective (Al,Cr),0s scale by promoting the selective oxidation of Cr and Al (to the Fe detriment).

Likewise, with the yttrium addition, the thickness of the transitional layer (TL) observed
underneath the oxide scale decreases, since the transport mechanism through the oxide scale
changes from mixed cation and anion diffusions as in case of the H54 alloy (Fig. 7) to predominantly
anion (oxygen) inward transport as in the H54""" case (Fig. 9) [38].

Besides yttrium, the influence on the corrosion behaviour of the niobium addition is also
considered. According to literature, minor addition of niobium to alumina-forming austenitic steels
enhances the concentration of Cr in the austenitic phase and increases the volume fraction of B2-
NiAl phase [39]. Both effects, visible in the transitional layer of H54"®" (Fig. 17), namely the formation
of Cr-rich and of B2-NiAl precipitates adjacent to Fe;Nb grains, are important for protective alumina
scale formation, given their proximity to the alloy surface. The increased Cr level supports the
formation of a protective Cr,03 as fast as possible, while B2-NiAl precipitates provide an Al reservoir
for the alumina scale formation underneath.

The beneficial Nb addition on the precipitation of B2-NiAl compound during the corrosion tests
is more obvious at 600 °C. After 2000 h, the H54 and H56 alloys show no visible change in the bulk
microstructure, whereas the alloys containing Nb (H54"®Y and H56"") exhibit fine grains of the B2-
NiAl phase and Fe;Nb phase precipitated in the austenite matrix (Fig. 18). However, after corrosion
tests at higher temperature (650 °C) and longer time exposure (3550 h), the precipitation of B2-NiAl
is observed also in the alloys without Nb addition (Fig. 3c).

The co-precipitation of B2-NiAl and Fe;Nb Laves phases has been observed previously in AFA
alloys microstructure [20, 26, 39]. One possible explanation is that the precipitation of Fe;Nb Laves
phase leads to the occurrence of Fe-depleted regions, in which the formation of B2-NiAl phase and of
Cr-rich ferrite is triggered in adjacent location, at lower temperature than in the Nb-free alloys.

At 650 °C, the positive influence of Y and Nb minor additions on the corrosion behaviour was
also observed. H54 shows dissolution attack, whereas the H54"®" alloy is protected by a (Al,Cr);0s
scale. The depletion of B2-NiAl precipitates in the transitional layer (Fig. 12) is the proof that these
precipitates serve as reservoir for the alumina scale formation and growth. Ni and Fe enrichments in
the transitional layer are underlining the efficiency of the formed oxide scale as a diffusion barrier for
these elements. Neither H56"Y nor its precursor H56, both with higher Ni concentration, show the
capacity to form/maintain a protective alumina scale, displaying a selective leaching of Ni. In this case
the most probable explanation resides in an inadequate Ni/CrAl ratio in the alloy composition. A
slight increase (~ 1-2 wt.%) of Cr, or preferable of Nb concentration could drive the formation of a
stable, protective (Al,Cr),0; scale on AFA model alloys with 28 wt% Ni.

5. Conclusion
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This work is a comprehensive study of the corrosion behaviour of alumina-forming austenitic
model alloys exposed to oxygen-containing molten Pb at 600 °C and 650 °C. Based on the results, the
main conclusions are:

(a) AFA model alloys with the composition formula Fe-(15.2-16.6)Cr-(3.8-4.3)Al-(22.9-28.5)Ni
(wt.%) have shown corrosion resistance to oxygen containing molten Pb at 600 °C. By increasing the
exposure temperature to 650 °C, the only alloy that forms a protective oxide scale is the alloy with
lower Ni content (~¥23 wt.%) and minor additions of Nb and Y. A higher Ni content of ~28 wt.%
increases the susceptibility to corrosion attack at 650 °C.

(b) Yttrium minor addition brings a significant benefit to the corrosion behaviour of AFA model
alloys, since it facilitates the selective oxidation of Cr and Al to the Fe detriment and impedes
Fe(Cr,Al),04 formation.

(c) Niobium minor addition increases the Cr availability in austenite, supports the earlier Cr,0;
formation, and triggers/enhances the precipitation of B2-NiAl phase, which serves as Al reservoir for
the alumina scale formation.
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