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Abstract

The goal of the study was to determine the critical concentrations of Al, Cr and Ni, at which the
quaternary Fe-Cr-Al-Ni model alloys, exposed to oxygen-containing molten Pb up to 600°C, are
corrosion resistant, while preserving the austenite structure of the alloy matrix.

Twelve alloys were designed to meet the above mentioned requirements; six of them showed
corrosion resistance and preserved the austenite phase in the alloy bulk, during the exposure at 550°C
and 600°C for 1000 hours to molten Pb containing 10° wt.% oxygen. Based on experimental results a
general formula was substantiated as follows: Fe-(20-29)Ni-(15.2-16.5)Cr-(2.3-4.3)Al (wt.%). In case of
temperatures below 550°C, the critical Cr content was 14.4 wt.%.

Two corundum-type crystalline structures were identified as the constituent phases of the passivating
scales, one being Cr,0; and the other Al,03-Cr,05 solid solution. The average amount of Cr,0s in the
Al;05-Cr,03 solid solution, found in the passivating scales of the Fe-Cr-Al-Ni model alloys, was
estimated at = 40 wt.% at 550°C and = 35 wt.% at 600°C.

A transitional layer, consisting of Fe- and Ni-enriched austenitic matrix and exhibiting randomly
distributed intermetallic B2-(Ni,Fe)Al, was formed below the oxide scale up to a depth of two microns.

The austenite, as matrix, and Nis(Al,Fe) as precipitates are the microstructural phases of the bulk alloys
after exposure for 1000h at 600°C to oxygen-containing molten Pb.

1. Introduction

Advanced energy production/conversion technologies involve significantly high temperatures,
mechanical loads and, in case of nuclear technologies, high irradiation doses. Moreover, potentially
aggressive fluids (e.g. liquid metals, molten salts, and supercritical H,O (SCW) or CO; are considered as
cooling, heat-conversion and energy storage media, due to their beneficial and specific
physicochemical properties [1-6].

Among these fluids, heavy liquid metals (HLM) such as Pb, Bi, Sn, Sb and their alloys are considered as
promising functional media for advanced energy-related applications like fast neutron fission reactors
(heat transport), spallation particles sources (neutron breeder), fusion reactors (tritium breeder,
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neutron multiplier, heat transport), concentrated solar power (heat transport), methane cracking
(reaction medium) and liquid metal batteries (electrode) [7-17].

The HLM-based technology was initially developed for fast reactor systems (i.e. Pb and Pb-Bi eutectic
alloy). However, its implementation in commercial applications is mainly hindered by the long-term
compatibility issues with the structural materials [18-33]. The high solubility of steel alloying elements,
especially Ni and Cr, besides Fe itself, leads to corrosion attacks increasing with rising temperatures
[28, 34-36]. One possible mitigation solution, valid within a limited temperature window, is an active
fluid conditioning by means of an appropriate oxygen concentration in the HLM, allowing for an in-situ
formation of protective oxide scales [29, 37, 38, 104]. Thus, below 500°C, both austenitic (e.g. 316) and
ferritic-martensitic (F/M) steels (e.g. T91, HT9) are protected by Fe-based oxide scales, grown on the
steel surface when exposed to oxygen-containing (108 — 10 wt. %) molten Pb or Pb-Bi-eutectic (LBE)
alloy. Studies, aimed at in-depth understanding of the steels-specific HLM-corrosion mechanisms, have
been performed on austenitic steels at temperatures below 500°C in LBE, mainly with low and ultra-
low oxygen concentrations (< 107 wt.%) in order to accelerate the dissolution corrosion phenomenon
[105-108]. These studies describe in detail the relationship between the steels microstructure and HLM
corrosion. Moreover, they constitute the scientific support for the corrosion mitigation strategy,
namely moderate operating temperatures (<450°C) and active control of the oxygen dissolved in LBE,
which has been proposed in case of the accelerated-driven system technology demonstrator, the
MYRRHA system (Multipurpose hYbrid Research Reactor for High-tech Applications) [105, 106]. At
temperatures exceeding 500°C, even a suitable oxygen concentration within the molten metal, does
not yield protective oxide scale formation on austenitic steels. These suffer from severe dissolution
attacks targeting mainly the nickel, which has the highest solubility of the alloying elements in HLM
[19, 26, 27, 31, 33, 39, 109]. In contrast, the F/M steels between 500°C and 550°C develop thick Fe-
based oxide scales, leading to the thinning of the metal part and negatively impacting the heat transfer
[19, 27, 32], while at temperature >550°C scale failure and dissolution attacks are likely to occur [19,
110]. Moreover, the creep resistance of the F/M steels dramatically drops because the protective layer
breaks, above a critical stress threshold, resulting in a direct contact of the HLM with the unprotected
steel surface [40, 41]. To provide protection at temperatures above 500°C a complementary corrosion
mitigation solution is proposed, consisting in alloying the steels with strong oxide-forming elements,
such as Si and Al [18, 42-45].

For almost two decades the F/M steels have been considered as candidates for in core components
due to their better mechanical strength, heat load capability and irradiation resistance compared to
austenitic stainless steels. Consequently, many research groups concentrated their efforts in
developing and characterizing mainly Al- but also Si-containing F/M steels, including oxide-dispersion-
strengthened (ODS) alloys. With appropriate Cr and Al or Si concentrations, these steels are protected
by a continuous, thin and slowly growing oxide scale, when exposed to oxygen-containing molten Pb
and LBE [46, 47]. As aluminium is especially beneficial in mitigating corrosion and excessive oxidation,
researchers have focused their interest on Al-containing F/M steels [48-58]. An experimental criterion
concerning the minimum Al concentration in Fe-Cr-Al-based ferritic alloys (Ca), valid for the chromium
content (C¢) in the range 10-25 wt.%, was defined for the temperature range 400°C to 600°C: Cp =
15.3 — 0.81 (C¢) + 0.0156 (Ccr)? [wt.%] [59]. The effectiveness of Al addition was also proved up to
800°C, where Al-containing alloys, demonstrated excellent corrosion resistance [56-58].

However, the minimum Al and Cr concentration required to form protective slowly growing oxide
scales can negatively impact the workability and mechanical properties (especially ductility) of the
steels [60, 61]. In order to maintain the mechanical properties, the steels surface can be alloyed with
aluminium only up to a depth of around 20-30 um; the Al concentration must be adequate, typically
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5-8 wt. %, to form, through selective oxidation, a protective alumina scale during exposure to oxygen-
containing HLMs. One approach was developed at Karlsruhe Institute of Technology (KIT): Al-
containing layers (e.g. Al, Fe-Cr-Al-Y) are deposited by plasma spraying or electron beam assisted vapor
deposition and subsequently modified by melting using intense pulsed electron beams. The approach,
which is called “GESA method”, was successfully applied to both F/M and austenitic steels and Ni-
based superalloys [62-66]. A continuous, slowly growing protective alumina scale was formed on T91
and 316 steels during exposure to oxygen-containing HLMs. A significant improvement in creep
resistance in LBE, comparable with the creep resistance in air, was achieved by alloying the T91 steels
surface with Al [41].

Despite the significant improvement of the corrosion and creep resistance of Al-alloyed F/M, either
into the surface or into the bulk, the EU scientific community has abandoned the idea of using F/M
steels as structural materials for the HLM cooled prototype nuclear systems, because of their high
susceptibility to liquid metal embrittlement (LME) at temperatures below 400°C [67,68]. Nowadays,
the designers of the HLM-cooled nuclear reactor prototypes are considering commercial austenitic
steels (e.g. 15-15Ti and 316) as structural materials. However, all these materials considered also for
critical components of commercial nuclear reactor systems, require a dramatic improvement of their
corrosion and mechanical properties.

Potential candidates for structural materials in energy-related applications based on HLM technology,
including nuclear reactors, are alumina-forming austenitic (AFA) steels. These steels, developed
initially at Oak Ridge National Laboratory (ORNL) for applications in aggressive environments in energy
production (e.g. fossil-fired power generation systems) and in chemical processing plants, were
designed as “oxidation- and creep-resistant” alloys [69-71]. Having the prerequisite of the preservation
of an austenite single-phase matrix, which can be fulfilled by an appropriate ratio of austenite- and
ferrite- stabilizer elements, the balance between oxidation resistance and mechanical properties was
obtained in a broad compositional range of Fe-(12-35)Ni-(12-19)Cr-(2.5-4)Al-(0.6-3)Nb-Mn-Mo-W-
Si,B,C,Ti,Zr [72]. The impact of the second-phases, such as carbides (e.g. Cr,3Cs, NbC), Laves phase and
Y’ phase, on the mechanical properties, especially at high temperatures and such as B2-NiAl phase on
alumina formation and stability, was intensively studied [69-78]. The influence of minor elements
additions, such as Y, La, Hf, B, C, Ti, Cu, Mn, Mo, Si, on corrosion and mechanical properties at high
temperatures and on workability was also investigated [79-87].

Based on the Ni content and the targeted alumina formation temperature range, the AFA steels are
classified into three categories: (i) high Ni-content (30-35 wt.%), with relatively high strength, for
applications in the temperature range ~ 750-850°C, (ii) standard Ni-content (20-25 wt.%) for
applications in the temperature range ~ 750-950°C and (iii) low Ni-content (12-15 wt.%), for the
temperature range ~ 650-700°C [72].

The corrosion tests of the AFA steel grades, performed in air and air + water vapor, have shown their
excellent corrosion behaviour especially at higher temperatures (>800°C), due to the formation of an
alumina scale [69, 78, 79, 82, 88]. However, tests performed at lower temperatures (550°C) in air,
revealed the formation of only Fe-based oxide without traces of alumina [89].

In searching for AFA potential application in industrial sectors, in which corrosive environments are
involved, promising results were obtained during corrosion tests performed in SCW conditions [90],
sulfidation—oxidation conditions [91], supercritical CO, conditions [92), molten sodium sulphate [93]
and metal dusting conditions [94].

AFA steels were also exposed to molten lead with 10”7 wt.% oxygen at 550°C for up to one year. It was
found that a thin Al,O; layer protected the AFA steel with lower Ni content (14 wt.%) while AFA steel
containing 20 wt.% Ni displayed localized dissolution attacks [95]. However, the former alloy (Fe-
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14.4Cr-13.9Ni-2.49AI-MnMoNbSi), while revealing excellent corrosion resistance, showed a phase
transformation from austenite to ferrite in around 17% of the volume. Other results published in 2016
led to the conclusion that Fe-14Cr-25Ni-3.5AI-MnMoNb showed promising corrosion behaviour, while
exhibiting few dissolution zones, during exposure to oxygen-containing molten Pb-Bi eutectic at 520°C
[39].

In the view of this present state the focus of the Karlsruhe Institute of Technology research for HLM
applications has been directed to a systematic program of developing AFA steels compatible with such
environments. The first aim of the program is to determine the concentration ranges of the alloying
elements (Cr, Al and Ni), for which quaternary Fe-Cr-Al-Ni-based model alloys exhibit corrosion
resistance in molten Pb, while preserving the austenitic structure as the alloy matrix. This article
presents the results regarding the corrosion tests performed in oxygen-containing molten Pb on model
alloys (Fe-Cr-Al-Ni), which are designed considering the above mentioned requirements. From the
results obtained appropriate concentration ranges of the alloying elements have been selected and
are proposed as the backbone for the development of AFA steels with corrosion resistance in HLMs
environment.

2. Materials design and experimental procedure

2.1 Alloys design

The exploration and the development of AFA steels have been focused so far mainly on the
replacement of Ni-base alloys or austenitic steels in different environments [69, 78, 79, 82, 88-94].
However, the direct transfer of AFA steels engineering-knowhow, related to these environments, to
applications in HLMs is questionable, because of the additional physical and chemical interactions
implied by the contact with such media. Therefore, the development of dedicated AFA steels, which
are able to withstand the dissolution attack of the HLMs while keeping the austenitic phase, is
required.

Since corrosion resistance is a basic requirement for materials in contact with HLMs, the design activity
is directed towards finding an appropriate set of composition ranges for the quaternary Fe-Cr-Al-Ni,
where Ni acts as austenite stabilizer, Al as ferrite stabilizer and alumina layer former, and Cr as ferrite
stabilizer, chromia layer former and provider of third-element effect (TEE). Initially, TEE was observed
in Fe-Al alloys, where the addition of Cr significantly decreased the critical Al-content needed to form
protective Al,Os layer [98, 111]. The effect, frequently discussed in literature and observed also in
other alloy systems, including alumina-forming austenitic steels [71], was associated with: transition
from internal to external oxidation, inhibition of the Fe external oxidation and nucleation of a- Al,O3
inside of the corundum-type structure of Cr,05 [99, 112, 113]. TEE is important from the alloy-design
viewpoint due to the fact that Al is three times more effective in stabilizing the ferrite phase [97], which
means that, for the same Ni content, the addition of 1 wt.% Al would require a corresponding decrease
of 3 wt.% of Cr in order to avoid ferrite phase formation.

For the current study, two requirements are taken into consideration: (i) to form stable passivating
oxide scales during exposure to oxygen containing molten Pb at temperatures above 550°C and (ii) to
preserve the austenitic phase as the alloy matrix microstructure.

Four Cr concentrations, namely 12, 14, 15 and 16 wt. %, are selected to ensure a strong third element
effect on the alumina formation and, at the same time, to limit the formation of ferrite and Cr-rich
phases. An Al concentration range between 2 and 4 wt.% is chosen to sustain the formation of
protective alumina scale and to avoid the excessive ferrite formation and the alloy embrittlement. The
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Ni composition varies between 20 and 29 wt.% to stabilize the austenite structure as the alloy matrix,
during exposure to the oxygen-containing molten Pb at 550-600°C.

Based on the entries above, the phase-stability diagrams at 550°C and 600°C for the Fe-12Cr-xAl-yNi,
Fe-14Cr-xAl-yNi, Fe-15Cr-xAl-yNi and Fe-16Cr-xAl-yNi systems are calculated using the commercial
software Thermo-Calc. As an example, the superimposed calculated phase diagrams for Fe-
(12,14,15,16)Cr-xAl-yNi systems at 600°C are shown in Fig.1. Twelve alloy compositions, with the
general formula Fe-(12-16)Cr-(2-4)Al-(20-29)Ni, are taken lying close to the separation lines between
the stability domains of the austenite (y) and austenite plus ferrite (y+a), for studying their corrosion
resistance and microstructure stability, during exposure to oxygen-containing molten Pb at 550°C and
600°C (Fig.1).

35
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o5 Fig. 1. Calculated phase diagrams for the model Fe-
(12,14,15,16)Cr-xAl-yNi systems at 600°C, with the
coordinates of the selected nominal compositions
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Stainless steel industry developed methods based on empirical maps for the estimation of the type of
phases and their amount, as a function of the chemical composition of the steels. The most popular
empirical map is the Schaeffler diagram. With this diagram a rough evaluation of the phase constitution
of the stainless steels at ambient temperature, following the water cooling from liquid phase or from
austenite domain (>1200 °C) can be made using nickel and chromium equivalents [96, 97]. Fig. 2
depicts the Schaeffler diagram where the twelve model alloys selected for the current corrosion study
are indicated. According to this diagram, all model alloys selected have an austenite structure at room
temperature. For comparison, two commercial stainless steels (310 and 316) are also marked in the
diagram.

Both design tools are of value for the current study since the Schaeffler diagram can estimate the initial
(before tests) phase constitution, while Thermo-Calc calculations can predict the phase equilibrium

after the long-term exposure at 550°C and 600°C.
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Fig. 2. Schaeffler constitution diagram
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stainless steels 310 and 316 (y -
austenite, o - ferrite, € - martensite).

The model alloys are prepared as ingots by arc-melting using a non-consumable tungsten electrode in

an argon atmosphere using high purity elements. The prepared alloy ingots have been flipped over

and remelted eight times in a water-chilled copper mold, to facilitate alloy homogenization. The as-

solidified ingots have been sealed in quartz tubes, under argon atmosphere and further annealed for

homogenization at 1250°C for 2 hours, followed by water quenching.

The nominal and measured compositions of the alloys, determined by energy dispersive X-ray

spectroscopy (EDS), are shown in Table 1. The Cr, Al and Ni contents are measured within 1 wt.%

accuracy.

Table 1 Chemical composition of Fe-Cr-Al-Ni model alloys measured with EDS (wt.%)

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

H45 Fe-14Cr-3AI-20Ni 2.8 144 19.5 Balance
H46 Fe-16Cr-2.5AI-20Ni 2.3 16.6 19.6 Balance
H47 Fe-16Cr-3AI-20Ni 2.7 16.6 21.7 Balance
H48 Fe-12Cr-4Al-22Ni 4.0 12.2 21.3 Balance
H49 Fe-14Cr-4Al-22Ni 4.2 144 21.2 Balance
H50 Fe-16Cr-2.5AI-22Ni 2.5 16.5 214 Balance
H51 Fe-12Cr-4Al-24Ni 43 12.3 233 Balance
H52 Fe-4Al-14Cr-24Ni 4.3 14.3 234 Balance
H53 Fe-16Cr-3Al-24Ni 3.2 16.5 233 Balance
H54 Fe-16Cr-4Al-24Ni 4.3 16.3 234 Balance
H55 Fe-15Cr-2.5Al-29Ni 25 154 28.3 Balance
H56 Fe-15Cr-3.5AI-29Ni 3.8 15.2 28.5 Balance
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2.3 Corrosion tests

The experiments have been performed in stagnant molten Pb with 10® wt.% oxygen in the COSTA
facility, at 550°C and 600°C for 1000 hours [29].

Alumina crucibles were first filled with 200 g Pb, then placed on a Ni-tray in a quartz-tube inserted into
a tube furnace. The oxygen content in the liquid Pb was controlled via the Ar/Ar+H2 content in the gas
phase. The oxygen activity of the gas phase was measured at the outlet of the quartz-tube with an
oxygen sensor and displayed as oxygen partial pressure. The liquid Pb was exposed to reducing
conditions at 600°C for 3 days, followed by 7 days at exposure conditions (regarding temperature and
oxygen content).

The prepared alloy ingots were cut into discs of around 10 mm diameter and 1.2 mm thickness. A hole
with diameter of 1.5 mm was drilled on each specimen near the edge. All specimens were grounded
to a 1200 grit surface finish. Just before testing, the specimens were successively cleaned with water,
acetone and ethanol in an ultrasonic bath, and dried. Each specimen was hanged using the hole and
fastened to the alumina holders with Mo-wire to prevent floating.

In order to introduce the specimens into the pre-conditioned liquid Pb, a dedicated glove-box was used
as air lock, conditioned to a similar oxygen partial pressure as in the quartz-tube. After connecting the
glove-box to the quartz-tube, the Ni-tray with all molten Pb-containing crucibles was transferred into
the glove box. All the specimens were placed in the crucibles and fully immersed in the molten Pb.
During this loading phase, which took about 3 minutes, the temperature of the liquid Pb dropped to
about 450-500°C. After putting back the Ni-tray with all crucibles and specimens into the quartz-tube,
the temperature recovered to the set value within ~ 10 min, while the oxygen partial pressure at the
quartz-tube outlet recovered within less than 2 hours. During exposure tests, the oxygen partial
pressure was continuously measured and kept constant at the set value.

The extraction of the specimens from the crucibles was performed using the same glove-box,

conditioned in the same way as for the loading process. None of the specimens was found floating and
the surface of the molten lead in all crucibles was shining metallic silver-gray and free of oxides.

2.4 Samples characterization

The evaluation of the specimens, before and after exposure, has been performed using scanning
electron microscopy (SEM), equipped with an energy dispersive X-ray spectroscopy (EDS) system, and
X-ray diffractometry (XRD) with 620 conventional geometry, 0.02° step size, 6 s per step, 10-90°
20 range and Cu-Ko radiation (A = 1.5406 A).

All samples were visually examined after the extraction from the molten lead. The aspect of the

samples, depends on the interaction between the molten Pb and the alloy surface, i.e. the degree of
wettability. In accordance with their visual aspect, the exposed samples have been classified in two
categories: (i) samples with almost Pb-free surface or with only few, small areas covered by a thin solid
Pb-layer, and (ii) samples with large regions of the surface covered by an adherent and thick Pb-layer.
For the first category, it can be assumed that, under the experimental conditions, there is no chemical
reaction between the sample and the molten lead. Such non-wetting behaviour is due to the formation
of a continuous and protective oxide layer on the sample surface [114]. For the second category, one
can suppose a reactive wetting behaviour, due to a reaction at the solid-liquid interface, such as the
simple dissolution of the sample alloying elements into the liquid, accompanied by changes of the
surface roughness and the contact angle [115].

However, the morphology of the entire surface of the specimens needs to be evaluated in detail by
SEM since the aim of this study is to select the model Fe-Cr-Al-Ni alloys exhibiting corrosion resistance
in molten Pb. Moreover, the chemical and phase compositions of the oxide scale, grown on these


https://doi.org/10.1016/j.jnucmat.2019.06.043

https://doi.org/10.1016/j.jnucmat.2019.06.043

samples, need to be analysed with EDS and XRD characterization methods. Such analyses demand
surfaces, which are free from residual adherent Pb in order to make the oxide scale itself accessible
for inspection. Therefore, all samples were cleaned from the remaining adherent lead by immersing
them for 15 min into a solution of ethanol, acetic acid and hydrogen peroxide (1:1:1). The cleaning
solution does not react with the oxide scale or the alloy elements. This cleaning method is adopted as
a standard procedure [116] and is used by many research groups [50, 56, 59, 117].

Following the surface evaluation using XRD and SEM/EDS, the specimens were electroplated with ~ 40

pm nickel layer, cross-sectioned by standard metallographic techniques and further analysed by
SEM/EDS.

3. Results
3.1 Alloy microstructure characterization before exposure

Before exposure, the microstructure of all samples consists of large grains (0.3-2 mm), as illustrated in
Fig.3 by some examples. Few randomly distributed oxide inclusions (Al-rich) with the size <1 um have
been observed. Taking into consideration the large dimension of the grains and the very low density
of the structural and chemical defects, the general corrosion behaviour of the alloys will be mainly
influenced by alloys chemical composition and structure.

Fig. 3. SEM images of the annealed
samples (1250°C, 2h): H45, H48,
H49, H52 and H53. Large austenite
grains (0.3-2 mm) represent the
general feature of the
microstructure.

200 pym

XRD evaluation confirms the prediction of Schaeffler diagram exhibiting for all samples a single-phase
austenite structure (y-Fe, face centered cubic — f.c.c) without any secondary metallic phases (Fig. 4).
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3.2 Corrosion experiments at 550°C

The preliminary conclusions of the visual inspection (adherence of Pb), performed immediately after
the specimens extraction from the molten lead, were confirmed with good accuracy by the SEM
surface analysis of the specimens cleaned from remaining adherent Pb. The samples with almost Pb-
free surface form protective oxide scale, while the samples with large surface regions covered by thick
Pb-layer suffer dissolution attacks.

Dissolution attacks were observed on the samples with 12 wt.% Cr (H48 and H51) and on two others

containing 14 wt.% Cr (H49 and H52). While in the case of the H48 and H51 alloys the dissolution
attacks are widespread (~ 90% of the surface) and the dissolution layer thickness reached up to 100
um (H48), the specimens made of the H49 and H52 model alloys display localized attacks with depths
up to 10 um, on ~ 30-40% of their total surface (Fig. 5). The corrosion layers are depleted mainly in Ni,
leading to their ferritization and concomitant lead penetration. Model alloys with 14 wt.% Cr reveal a
thin oxide layer (<100 nm), not covering the alloy surface uniformly but featuring spots with dissolution
attack.

Ni plating

- ¥
4 -
L] J
EED RS o
Ferritization "

Pb Penetration

H52 o1

Fig. 5. Dissolution attacks observed on the surface and on the cross section of H48 (a, b) and H52 (c, d) specimens
exposed to molten Pb with 10 wt. % oxygen at 550°C for 1000h.
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Eight samples have developed continuous and protective thin oxide scales during exposure to molten
lead with 10® wt.% oxygen at 550°C, for 1000h (Fig. 6). These samples are made of the following alloys:
HA45 (Fe-14Cr-3Al-20Ni), H46 (Fe-16Cr-2.5Al-20Ni), H47 (Fe-16Cr-3AI-20Ni), H50 (Fe-16Cr-2.5Al-22Ni),
H53 (Fe-16Cr-3Al-24Ni), H54 (Fe-16Cr-4AI-24Ni), H55 (Fe-15Cr-2.5A1-29Ni) and H56 (Fe-15Cr-3.5Al-
29Ni). Few Fe-rich oxide protrusions (magnetite) have been identified on the surface of H45, H46, H53
and H56 samples. They may come from structural and chemical inhomogeneity, such as grain
boundaries.
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Fig. 6. SEM cross section images of the samples displaying continuous and protective oxide scale after exposure
to molten Pb with 10 wt. % oxygen at 550°C for 1000h (H45, H46, H47, H50, H53, H54, H55, H56); TL: transitional
layer (SE: secondary electrons image; BSE: back-scattered electrons image).

A common characteristic of all these samples is a quasi-continuous transitional layer with bright aspect,
beneath the oxide scale, consisting of a Fe- and Ni-enriched matrix (due to Cr- and Al- diffusion to the
surface), in which B2-(Ni,Fe)Al precipitates with darker aspect are randomly distributed. In some spots
of the transitional layer, at the interface with the oxide scale, slightly oxidized Cr-enriched precipitates
are observed as for the H47, H50 and H54 alloys. The thickness of the transitional layer, which can be
considered as the interface between the oxide scale and the bulk alloy, varies between ~1-2 pm.

EDX elemental mapping and line scans, performed on the cross sections, revealed that the thin and
protective oxide scales (<100 nm), which have grown during the exposure to oxygen-containing molten
Pb, are based on Al- and Cr-oxides, which is illustrated in Fig. 7 and Fig. 8. The oxygen signal maximum
in the EDX line scans (Fig. 8) indicating the oxide scale, is overlapping both Cr and Al maximums.
Moreover, the maximums of the signals corresponding to aluminium and chromium either overlap
(e.g. H46) or are slightly shifted, with Cr peak appearing first (e.g. H50).


https://doi.org/10.1016/j.jnucmat.2019.06.043

https://doi.org/10.1016/j.jnucmat.2019.06.043

Cr-rich precipitates

Fig. 7. Elemental map of H47 exposed to molten Pb with 10 wt.% oxygen at 550°C for 1000h. The sample is
protected by Al-Cr-base oxide scale; underneath the scale B2-(Ni,Fe)Al precipitates are observed in the Ni-
enriched transitional layer. Moreover, slightly oxidized of Cr-rich precipitate are visible just below the scale.

Ni Plating

H46
Ni plating =—Oxide] ——= TL

lscale !
I

Intensity(a.u.)
Intensity(a.u)

1 1 1 : 1 s 1
I. 15 2I.O 2.5 3.0 0 1.0 2.0 3.0 4.0 5.0 6.0
Length(pum) Length(um)

Fig. 8. SEM cross section images and corresponding EDX line scans of oxide scales grown on H46 and H50 samples
exposed to molten Pb with 10 wt.% oxygen at 550°C for 1000h. The samples are protected by an Al- and Cr-rich
oxide scale. The transitional layer (TL) enriched in Ni and Fe, underneath the scale is also visible.

The XRD patterns provide information about the phase composition of the oxide scales and of the
substrate (Fig. 9). While the Cr- and Al-maximums are clearly visible at the scale region in all EDX line
scans, the X-ray diffraction signals coming from the scales are weak as a consequence of the very small
thicknesses and possible structural disorder of the scales. However, based on the current results, two
corundum-type crystalline structures (rhombohedral lattice system) are identified as the main
constituent phases of the oxide scales, one being Cr,03 and the other Al,03-Cr,0s; solid solution. The
100% intensity peak of Cr,0s, corresponding to (104) lattice plane, is located at 26 = 33,61°+ 0.02°,
while the 100% intensity peak of the Al,03-Cr,0;5 solid solution, corresponding to the same lattice
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plane, is located in the range between 34,44° and 34,65°. Peaks corresponding to the magnetite (Fes0,)
are also present in the XRD patterns of the samples displaying spots with Fe-rich oxide protrusions on
their surface.

The transitional metallic layer, observed underneath the oxide scale, consists of an austenite matrix
(PDF no. 33-397) with B2-(Ni,Fe)Al precipitates (PDF no. 47-1126). Neither peaks of ferrite, nor Cr-rich

o-phase were observed.
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3.3 Corrosion experiments at 600°C

The samples with Cr content of 12 wt.% (H48, H51) and 14 wt.% (H45, H49, H52), together with one
sample containing 16 wt% (H47) have failed to develop protective scales, showing extensive

dissolution attacks instead.

The other six specimens, made from Fe-Cr-Al-Ni-based model alloys, have been passivated during their
exposure to molten lead with 10° wt.% oxygen at 600°C for 1000h, by in-situ grown oxide scales. The
nominal chemical compositions of the “surviving” specimens are the following: Fe-16Cr-2.5AI-20Ni
(H46), Fe-16Cr-2.5A1-22Ni (H50), Fe-16Cr-3Al-24Ni (H53), Fe-16Cr-4Al-24Ni (H54), Fe-15Cr-2.5Al-29Ni
(H55), Fe-15Cr-3.5AI-29Ni (H56). SEM cross sectional images of these samples are shown in Fig. 10.
As in the case of the specimens exposed to molten Pb at 550°C, the preliminary conclusions, after the
visual inspection of the samples exposed at 600°C, were confirmed by SEM surface analysis of the

specimens cleaned from remaining adherent Pb.
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Fig. 10. SEM cross section images of the passivated specimens, during their exposure to molten lead with 10®
wt.% oxygen at 600°C for 1000h (H46, H50, H53, H54, H55, H56); TL: transitional layer (SE: secondary electrons
image; BSE: back-scattered electrons image).

The protective oxide scales, based on Al- and Cr- oxides, have thicknesses in the range of ~ 50-100 nm
(Fig. 11, 12). As can be observed in the line scans depicted in Fig. 11, the signal corresponding to
chromium reaches a maximum before that corresponding to aluminium and both are overlapped by
the maximum of the oxygen signal. A transitional metallic layer, enriched in Fe and Ni, with B2-(Ni,Fe)Al
precipitates and, in some spots, with slightly oxidized Cr-rich precipitates, is present below the
protective scale (similarly to the case of samples exposed at 550°C). The thickness of the transitional
layer is not uniform and varies from tens of nanometers to two microns.
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Fig. 11. SEM cross section images and corresponding EDX line scans of oxide scales grown on H53 and H54
samples exposed to molten Pb with 10® wt.% oxygen at 600°C for 1000h. The samples are protected by an Al-
and Cr-base oxide scale. Underneath also a transitional layer (TL) enriched in Ni and Fe is visible, containing B2-
(Ni,Fe)Al precipitates. In case of H54, Cr-enrichment can be observed just below the scale.
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Fig. 12. Elemental map of H46 exposed to molten Pb with 10® wt.% oxygen at 600°C for 1000h. The protective
scale is an Al-Cr-base oxide; underneath the scale, B2-(Ni,Fe)Al precipitates are observed in the transitional layer.

According to XRD analysis, the oxide scale is made of Cr,03 and Al,03-Cr,05 solid solution, displaying
the (104) diffraction peak at 20 = 33,61°+ 0.02°, in case of Cr,03, and between 34,50° and 34,73° in

case of the Al,05-Cr,03 solid solution. The peaks corresponding to austenite and B2-(Ni,Fe)Al phase
arise from the transitional layer and the bulk matrix (Fig. 13).
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After removal by grinding of the oxide scale and of ~ 20 um metal layer, the structure of the bulk
samples exposed to oxygen containing molten lead for 1000h at 600°C is analysed by X-ray diffraction.
The austenite structure is preserved as a matrix and a secondary phase precipitates in all samples. The
peaks corresponding to the precipitates can be assigned to the intermetallic compound Nis(Al,Fe)
owing f.c.c. crystalline structure.


https://doi.org/10.1016/j.jnucmat.2019.06.043

https://doi.org/10.1016/j.jnucmat.2019.06.043

16

- Fig. 14. XRD patterns of the H46, H54
+ Austenite
v Ni3(Al,Fe) and H56 alloys exposed at 600°C for
1000h to molten Pb with 10°wt.%
oxygen. The oxide scale and ~ 20 um

. ¢+ metal layer were removed by grinding
§12 \% before the XRD analysis. The
= MWsRK  microstructure of the exposed alloys
% consists in the austenite (y) and v'-
=

|
i ol ™ Niz(Al,Fe) phases.
I

25 30 35 40 45 50 55 60 65 70 75 80 85
20(degree)

4, Discussion

The goal of the study is to determine the critical concentrations of Al, Cr and Ni, at which the
quaternary Fe-Cr-Al-Ni model alloys are able to form stable protective oxide scale while preserving an
austenite matrix during the exposure to molten Pb containing 10 wt.% oxygen at 550 and 600°C.
From the twelve alloys selected for this study, six alloys, namely Fe-16Cr-2.5AI-20Ni (H46), Fe-16Cr-
2.5AlI-22Ni (H50), Fe-16Cr-3Al-24Ni (H53), Fe-16Cr-4AIl-24Ni (H54), Fe-15Cr-2.5AI-29Ni (H55), Fe-15Cr-
3.5Al-29Ni (H56), have shown corrosion resistance during the exposure to molten Pb containing 10°®
wt.% oxygen for 1000 hours at 550 and 600°C, by forming protective oxide scales based on chromia
and alumina.

In case of the alloys designed to form passivating alumina scales, Cr is added in order to reduce the
critical concentration of Al necessary to form such scales (so called third-element effect) [98, 99, 112,
113]. However, both Al and Cr are elements which stabilize the ferrite phase relative to austenite phase
in steels. Moreover, the effect of Al is approximately 2-3 times stronger than the Cr effect [73, 97],
which means that the Al addition should be accompanied by a corresponding Cr decrease, in order to
avoid ferrite formation. In conclusion, both elements are needed to achieve alumina scale formation,
but a balance between their summed concentrations relative to Ni concentration needs to be carefully
considered in order to maintain the austenite phase as the alloy matrix.

For maintaining a single-phase austenitic matrix, the substitution of Fe with Ni between 20 and 29
wt.% has been designed for counterbalancing the total amount of Al and Cr. Ni addition moreover
offers a beneficial effect on the oxidation behaviour of Fe-Cr-Al-Ni-based alloys since, Ni, together with
Al, forms a B2-NiAl compound, which acts as an Al reservoir for alumina scale formation and growth.
A recent study performed on “composition spread alloy films” oxidized at 427 °Cin dry air showed that
the addition of Ni above a certain threshold value abruptly decreases the Al critical concentration
necessary to form the alumina scale [100]. A possible explanation could be the fact that a higher Ni
content may decrease the oxygen solubility/diffusivity in the alloy, favoring external alumina
formation, and may increase the Cr activity [101].

Generally, minimum values of Cr and Al concentrations are required to promote the growth of a
passivating oxide scale on Fe/Ni-based alloys during exposure to oxygen containing environments. As
determined during the presented experimental work, the Al concentration for the formation of
passivating oxide scale at both exposure temperatures (550°C and 600°C) varies in the range of 2.3 -
4.3 wt. %, while the Cr concentration is in the range of 15.2 - 16.6 wt.%. Chromium concentrations of
~12 wt.% (at 550 and 600°C) and of ~14 wt.% (at 600°C) are demonstrated in the experiments to be
insufficient to sustain the formation of a protective alumina scale. The Ni depletion with the
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subsequent ferritization of the dissolution layer and the concomitant penetration of lead into the bulk
material are the major corrosion phenomena, which characterize the corrosion behaviour of the model
alloys containing 12 wt.% and 14 wt.% Cr.

Corroborating the data from the EDX line scans, EDX elemental mappings and XRD patterns it can be
concluded that the protective oxide scale, grown on six alloys (with Cr concentration in the range of
15.2-16.6 wt.%) after 1000h exposure to oxygen-containing molten lead at 550°C and 600°C, is based
on Cr,03 and Al,Os. It is presumed that a continuous and protective Cr,0s layer is formed at first, before
the Al,O3 layer establishes, which is due to the higher content of Cr atoms relative to Al atoms in the
austenite matrix and the higher growth rate of Cr,0; relative to Al,Os. At the bottom and underneath
the chromia layer, the oxygen partial pressure drops to a level that favours the selective oxidation of
Al and the predominantly inward growth of the Al-base oxide. Hence, Cr,0s serves as a first protective
layer and as oxidation retardant and, having a corundum-type structure, as nucleation centres for the
a- Al,Os formation. The small thickness of the protective oxide scale (<100 nm) and the presence of
the Al;0s-Cr,03 solid solution indicate a slow oxidation kinetics. The reasons for this phenomenon may
reside in the low oxygen solubility/diffusivity and sluggish aluminium diffusion in the austenite phase
[102]. Moreover, a linear relationship between the diffraction angle of the (104) peak and the Cr,0s
content in the solid solution was recently reported [103]. The average amount of Cr,03 in the Al,Os-
Cr;0;5 solid solution found in the scales of the Fe-Cr-Al-Ni model alloys, estimated by using this
relationship is = 40 wt.% at 550°C and = 35 wt.% at 600°C.

The transitional metallic layer beneath the oxide scale is enriched in Ni and Fe, owing to the diffusion
of Cr and Al towards the oxide scale with the subsequent decrease of their content in the transitional
layer (Fig. 8, Fig. 11a). Likewise, Ni and Fe enrichment are underlining the efficiency of the formed
oxide scale as a diffusion barrier for these two elements. However, a decrease of the Al concentration
in the region underneath the oxide scale to values below its solubility limit in austenite, may limit
(hinder) the healing process in case of the accidental scale loss. The presence of the B2-(Ni,Fe)Al
precipitates in the transitional layer (Figs. 7, 11b and 12) is not yet understood. It is presumed that,
due to the faster diffusion of Cr atoms towards the surface during the transient stage of the oxidation,
the concentration of Al may locally exceed the solubility limit in austenite (~ 2.5 wt.%) leading to the
precipitation of the intermetallic B2-(Ni,Fe)Al phase. These precipitates are considered to act as an Al
reservoir during the formation and growth of the alumina scale and also to reinforce the austenite
matrix [73, 78].

After 1000 hours exposure to oxygen-containing molten Pb at 600°C, all samples showing corrosion
resistance have preserved the austenite matrix in the alloy bulk. Likewise the precipitation of Ll>-
ordered Nis(Al,Fe) phase with f.c.c. structure is observed. This secondary phase known as y’ and found
in various Ni-based and Fe-based superalloys, including alumina-forming stainless steels, is reported
to provide a strengthening effect, improving the high temperature mechanical properties [71, 72, 75,
77,78, 85-87, 91].

The study of the corrosion behaviour of Fe-Ni-Cr-Al model alloys, exposed to molten Pb containing
10° wt. % oxygen, allowed the selection of the appropriate concentration ranges of the alloying
elements, at which protective oxide scale is formed and the austenite matrix is preserved. Considering
the maximum temperature of 600°C and the specificity of the corrosion issues related to molten Pb
and Pb-alloys environments, the design of compatible alumina-forming stainless steels should be
based on the following general formula Fe-(20-29)Ni-(15.2-16.5)Cr-(2.3-4.3)Al [wt.%]. At temperatures
< 550°C, the Cr content may decrease to 14.4 wt.%. To this base formula small amounts of other
elements can be added to stabilize the austenite matrix (C, Mn, Cu), increase scale adherence (Y),
precipitate the minor phases (Nb, Ti), strengthen the austenite (W, Mo) and its grain boundaries (B).
The concentration of the minor elements needs to be correlated with the maximum temperature of
the envisaged technological application in order to satisfy in the same time the requirements regarding

the properties and the economics.
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5. Conclusions

This paper presents the results of the corrosion tests performed in oxygen-containing molten Pb on
quaternary Fe-Cr-Al-Ni model alloys, which are designed to display corrosion resistance, while
preserving the austenitic structure as the alloy matrix.

The main conclusions are as follows:

(a) From the twelve alloys designed for this study, six have shown corrosion resistance by forming thin
and continuous protective oxide scales, during the exposure at 550°C and 600°C for 1000 hours to
molten Pb containing 10 wt.% oxygen.

(b) The constituents of the passivating oxide scales are Cr,03 and Al;Os.

(c) For the passivating scale formation, while preserving the austenitic structure of the alloy matrix,
the appropriate concentration ranges for Al, Cr and Ni have been defined based on the experimental
results. As a result, a general formula for the backbone of the AFA steels to be designed for applications
in Pb and Pb-based alloys environments up to 600°C has been substantiated as follows: Fe-(20-29)Ni-
(15.2-16.5)Cr-(2.3-4.3)Al [wt.%]. In case of application temperatures < 550°C the critical Cr content is
found at 14.4 wt.%.

(d) A transitional layer, consisting of Fe- and Ni-enriched austenitic matrix and exhibiting randomly
distributed intermetallic B2-(Ni,Fe)Al, is formed below the oxide scale up to a depth of two microns.

(e) It was observed that, after 1000h exposure at 600°C to oxygen-containing molten Pb, the
microstructure of the bulk alloys consisted in the austenite (y) and y'-Nis(Al,Fe) phases.

It should be noted that the development of alumina-forming stainless steels for applications which
involve long term contact with oxygen-containing HLMs could be a more difficult task when compared
to the development of alumina-forming ferritic steels. The difficulty to ensure the required corrosion
and mechanical properties resides mainly in the metastability of the austenite, high solubility of Ni in
the HLMs, as well as in the increased number of alloying elements, which often produce contradictory
effects, and in the microstructure complexity. Therefore, if targeting specific applications in HLMs
environments, further careful assessment of minor alloying elements concentrations is required.
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