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Abstract

Energy-related applications with aggressive environments at high temperatures require the
development of advanced structural materials. Alumina forming alloys (e.g. Ni-based, Fe-based)
have received a great attention for high temperature applications because of their excellent
oxidation resistance and adequate mechanical properties. By adding appropriate amounts of Al and
Cr, these alloys are able to form protective alumina-rich oxide scales when exposed to the
oxygen-containing extreme conditions (e.g. high temperature, corrosivity). Ferritic FeCrAl alloys have
been successfully developed for use in liquid Pb environment. However, ferritic steels as well as
ferritic FeCrAl alloys suffer from liquid metal embrittlement in liquid Pb. Alumina-forming austenitic
alloys (AFA) have the potential to mitigate the corrosion issues in molten Pb and to avoid liquid
metal embrittlement at the same time, due to the austenitic structure. Another promising material
type is high entropy alloys (HEA). Typically, they have five or more principle elements with the
atomic fraction of each element in the range of 5-35 at.%. By alloying passive layer forming elements
like Al and Cr, the alloys are able to withstand oxidizing conditions at temperatures above 1000 °C by

the formation of a protective alumina-rich scale.

In this dissertation, AFA and HEA model alloys, based on the backbone composition of
Fe-Ni-Cr-Al are designed in order to search for the composition map of target materials that are
compatible with the selected aggressive environments (molten Pb and steam). AFA model alloys
based on Fe-(20-29)Ni-(12-16)Cr-(2-4)Al (in wt.%) have been designed based on equilibrium phase
calculations (Thermo-Calc) and the Schaeffler diagram. All the annealed alloys are single FCC phase
with specific heat capacity, thermal conductivity and thermal expansion comparable with SS316.
Nine alumina-forming HEA alloys have been designed based on the empirical parameters, including
enthalpy of mixing (AHmix), atomic size difference (6r), parameter 2 ((3¢;Tmi)ASmix/|AHmiIx|) and
valance electron concentration (VEC). The designed alloys include four quaternary alloys with dual
phase (Alg.91-11.7Cr22.40-30.28F €32.62-34.50Ni26.91-31.28, FCC+B2 or BCC), two quaternary alloys with single FCC
phase (Als.02-7.06Cr23.23-25.01F€33.99-34.06Ni34.75:32.98), and three quinary alloys alloyed with Nb/Ti/Cu
(Al7.90-8.24Cr21.37-22.0aF€30.20-31.96N33.01-35.02N b5 .08/ Tis.01/Cus.00, FCC+Laves or y' phase and single FCC). The
thermo-physical properties of as-cast HEA alloys have comparable thermal physical properties like SS

316 at temperatures below 800 °C.

Compatibility tests have been performed in 10® wt.% oxygen containing molten Pb at 550 °C
and 600 °C for 1000 h and 2000 h. The excellent corrosion resistance of the AFA alloys observed in

these tests is due to the formation of a protective oxide scale (<200 nm) based on an outer layer of
I



Cr,05 and an inner layer of Cr,0s-Al;03 solid solutions. The passivated alloys also preserve their
austenitic matrix. By adding yttrium, the uniformity in scale thickness and in Al and Cr distribution
has been improved. In case of Nb containing samples, TEM evaluation of the alloy matrix indicates
the formation of B2-NiAl and Laves (Fe:Nb) phases in addition to the austenite phase. The
mechanism of the oxide layer passivation on HEA alloys is almost identical to that of the AFA alloys.
A continuous oxide scale is formed based on Cr,03 or (Fe,Cr)304 (in case of BCC phase) or TiO, (HEA
alloyed with Ti), which acts as a first corrosion barrier. Then, alloys with sufficient Al addition form a
protective oxide scale underneath the first corrosion barrier, based on Cr,0s3-Al;05 solid solution or
o-Al;03. Four HEA model alloys have shown their microstructure stabilities during exposure in
low-oxygen containing molten Pb at 550-600 °C. Three HEA alloys show precipitations of B2-NiAl
phases at the grain boundaries. Sample with Ti addition exhibits phase transformations, namely

FCC—sigma and y'—n phase.

For the tests in steam at 1200 °C three AFA alloys based on the compositions with Y or Nb
addition and four HEA alloys, two with Nb and Ti have been selected. The AFA alloys containing Y
(Fe-15Cr-2.5AI-20Ni-0.5Y, Fe-16Cr-2.5A1-22Ni-0.5Y) and the three HEA alloys not containing Ti have

formed protective a-Al,03 scales on the alloy surface.

Considering both test environments, a general formula of AFA alloys that are compatible with
oxygen containing Pb at 550-600 °C and steam at 1200 °C is derived: Fe-(20-29)Ni-(15.2-16.5)Cr-(2.3-
4.3)Al (wt.%). A formula of HEA alloys based on the backbone composition of Fe-Ni-Cr-Al that are
compatible with oxygen containing molten Pb at 550-600 °C and steam at 1200 °C, and maintaining
the FCC structure in the matrix, is defined as: (30.29-34.50)Fe-(33.15-35.02)Ni-(21.37-25.01)Cr-(6.02-
11.69)Al (at.%). In addition, elements like Nb or Y used either as principle element (Nb in HEA) or as
minor additions (AFA) have an additional positive effect on the alumina scale formation in aggressive

environments. The addition of Nb foster in addition the mechanical strength at high temperatures.



Zusammenfassung

Aggressive Umgebungsbedingungen bei gleichzeitig hohen Temperaturen, wie sie in vielen
Anwendungen im  Energiebereich herrschen, benottigen die Entwicklung neuartiger
Strukturmaterialien. Aluminiumoxid bildende Legierungen (z.B. auf Ni-basis, bzw. Fe-basis) haben
wegen ihrer herausragenden Oxidationsbestandigkeit bei ausreichenden mechanischen
Eigenschaften fir Hochtemperaturanwendungen grole Beachtung erfahren. Durch Zulegieren
geeigneter Mengen von Al und Cr sind solche Legierungen in der Lage in sauerstoffhaltigen
extremen Umgebungsbedingungen stabile schiitzende aluminiumreiche Oxidschichten zu bilden.
Ferritische FeCrAl-Legierungen wurden erfolgreich fiir die Verwendung in fliissigem Pb optimiert.
Jedoch ist Flissigmetallversprodung nicht nur fiir ferritische Stahle sondern auch fiir ferittische
FeCrAl-Legierungen ein Anwendungshindernis. Aluminiumoxid bildende austenitische Stahle (AFA)
haben das Potential korrosionsbestandig und immun gegen Flissigmetallversprédung in fliissigem
Blei zu sein. Eine andere vielversprechende Materialgruppe sind Hochentropiematerialien (HEA).
Diese haben typischerweise fiinf oder mehr Basiselemente mit einem Anteil von jedem der
Elemente zwischen 5 und 35 at.%. Durch das Zulegieren von Elementen, die die Bildung von
Schutzschichten  férdern, wie Al und Cr, konnen  HEA-Legierungen oxidativen
Umgebungsbedingungen bei Temperaturen von groRer 1000 °C durch die Bildung von

aluminiumreichen Oxidschichten widerstehen.

In dieser Doktorarbeit, werden AFA und HEA Modellegierungen basierend auf den
Grundelementen Fe-Ni-Cr-Al entwickelt, um Elementzusammensetzungen von neuartigen
Legierungen zu finden, die mit den ausgewahlten aggressiven Medien (flUssiges Blei und Dampf)
kompatibel sind. Die AFA-Modellegierungen basierend auf Fe-(20-29)Ni-(12-16)Cr-(2-4)Al (in gew.%)
wurden unter Verwendung von thermodynamischen Gleichgewichtsberechnungen (Thermo-Calc)
und des Schaeffler-Diagramms entwickelt. Alle warmebehandelten Legierungen sind einphasige
austenitisch (FCC) mit einer Warmekapazitat, einer Warmeleitfahigkeit und einem thermischen
Ausdehnungskoeffizienten  vergleichbar dem des austenitischen Stahls SS316. Neun
aluminiumoxidbildende  HEA-Legierungen wurden Mithilfe empirischer Parameter wie
Mischungsenthalpie (AHmix), AtomgroRendifferenz (6r), Parameter Q ((2ciTm, i) ASmix /|AHmix])
und Valenzelektronenkonzentration (VEC) entworfen. Die Legierungen umfassen vier quaternare
Legierungen mit zweiphasigem Geflige (Also1-11,7Cr22,40-30,28F€32,62-34,50Ni26,91-34,28, FCC + B2 oder BCC),
zwei quaternare Legierungen mit einer einzelnen FCC-Phase (Als,02-7,96Cr23,23-25,01F€33,99-34,06N134,75-34,08)

und drei Quinérlegierungen, Iegiert mit Nb / Ti / Cu (A|7,90»8,24CI'21,37.22,04Feao,29»31,96Ni33,01»35,02Nbs,os/



Tis,01/Cus,00, FCC + Laves oder y'-Phase und Einzel-FCC). Die thermophysikalischen Eigenschaften von
HEA-Legierungen, die nicht warmebehandelt wurden, haben vergleichbare thermophysikalische

Eigenschaften wie SS316 bei Temperaturen unter 800 °C.

Korrosionstests wurden in geschmolzenem Pb mit einem Sauerstoffgehalt von 10 gew.% bei
550 °C und 600 °C fir 1000 h und 2000 h durchgefiihrt. Die in diesen Tests beobachtete
hervorragende Korrosionsbestandigkeit der AFA-Legierungen beruht auf der Bildung einer
schitzenden Oxidschicht (<200 nm) bestehend aus einer duReren Schicht aus Cr,0s und einer
inneren Schicht aus einem Cr,03 -Al,03 Mischkristall. Die passivierten Legierungen bewahren zudem
ihre austenitische Matrix. Durch die Zugabe von Yttrium wurde die GleichmaRigkeit der
Oxidschichtdicke sowie der Al- und Cr-Verteilung verbessert. Bei Nb-haltigen Proben zeigt die
TEM-Auswertung der Legierungsmatrix die Bildung von B2-NiAl- und Laves-Phasen (Fe;Nb) zusétzlich
zur Austenitphase. Der Mechanismus der Oxidschichtpassivierung auf HEA-Legierungen ist nahezu
identisch mit dem der AFA-Legierungen. Es bildet sich eine durchgehende Oxidschicht auf Basis von
Cr,03 oder (Fe, Cr)304 (im Falle der BCC-Phase) oder TiO, (mit Ti legiertes HEA), die als erste
Korrosionsbarriere wirkt. Legierungen mit ausreichendem Al-Zusatz bilden danach eine schiitzende
Oxidschicht unterhalb der ersten Korrosionsbarriere, bestehend aus einem Cr,03-Al,03 Mischkristall
oder a-Al,0s. Vier HEA-Modelllegierungen zeigten ihre Mikrostrukturstabilitit wahrend der
Auslagerung in sauerstoffhaltigem geschmolzenem Pb bei 550-600 °C. Drei HEA-Legierungen zeigen
Ausscheidungen von B2-NiAl-Phasen an den Korngrenzen. Probe mit Ti-Zusatz zeigt

Phasenumwandlungen, namlich FCC—sigma- und y’—n-Phase.

Fiir die Tests in Wasserdampf bei 1200 °C wurden drei AFA-Legierungen mit Y- oder Nb-Zusatz
und vier HEA-Legierungen, zwei mit Nb und Ti ausgewadhlt. Die AFA-Legierungen, die Y enthalten
(Fe-15Cr-2,5AI-20Ni-0,5Y, Fe-16Cr-2,5AI-22Ni-0,5Y) und die drei HEA-Legierungen, die kein Ti

enthalten, haben schiitzende a-Al,0s-Schichten auf der Legierungsoberflache gebildet.

Fiir beide Testumgebungen wird eine allgemeine Formel fiir AFA-Legierungen abgeleitet, die
mit Pb bei 550-600 °C und Dampf bei 1200 °C kompatibel sind: Fe-(20-29)Ni-(15,2-16,5)Cr-(2,3-4,3)
Al (gew .-%). HEA-Legierungen auf Basis der Grundelemente Fe-Ni-Cr-Al, die mit sauerstoffhaltigem
geschmolzenem Pb bei 550 bis 600 °C und Dampf bei 1200 °C vertraglich sind und ihre FCC-Struktur
in der Matrix beibehalten, sind kompatibel in folgender = Zusammensetzung:
(30.29-34.50)Fe-(33.15-35.02)Ni-(21.37-25.01)Cr-(6.02-11.69)Al (at.%). Dariber hinaus wirken sich
Elemente wie Nb oder Y, die entweder als Hauptelement (Nb in HEA) oder als geringfligige Zusatze

(Nb und Y in AFA) verwendet werden, zusatzlich positiv auf die Bildung von Aluminiumoxidschichten



in aggressiven Umgebungen aus. Die Zugabe von Nb tragt zudem zur Steigerung der mechanischen

Festigkeit bei hohen Temperaturen bei.
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1. Introduction

1.1 Motivation

Since the industrial revolution, the supply and demand in energy, especially in terms of
electricity, increases worldwide. According to the global energy statistical yearbook 2018, the global
electricity consumption has increased by a factor of two over the last three decades (Fig. 1-1), and
will continue to increase in the future [1-3]. At the same time, air pollution and global warming
caused by burning fossil fuels force humans to shift to "Eco-Friendly Energy Sources" and highly
efficient energy production solutions [4-6]. Renewable energy sources like wind, solar, biomass,
hydroelectric energy and geothermal power represent such technological solution options [7-11].
According to the BP statistical analysis of world energy data in 2018 [1-2], the consumption of
renewable energy grew by 14.5% compare with the previous year while coal’s share of world energy
continues to decrease [3].
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Fig. 1-1 Global electricity consumption from year 1990-2018 [1].

Among these energy sources, the share of solar (mainly Photovoltaics, PV) and wind energy
reaches 7.5% of world energy production, and power generation accounts for more than 30% of
total additional power production in 2018 [2]. However, a long term planning of electrical power
supply with the help of wind power is a great challenge due to the fluctuating provision on all time
scales, which requires the availability of considerable storage technologies. Concentrated solar
power (CSP) generates the electricity by converting the sunlight into high temperature heat using
mirrors or lenses [12-14]. Recently, advanced CSP power stations are combined with a thermal
energy storage (TES) aiming to provide low-cost and dis-patchable power from the sunlight [15-17].
According to the SunShot initiative launched by US DOE, the levelized cost of electricity (LCOE) from
sunlight will be reduced to $50-60 per MWh by 2020 [11, 18]. This will make the CSP solar energy



competitive at large scale with other forms of energy supply. Regarding CSP, temperatures higher

than 600 °C in the heat transfer fluid must be reached to achieve this goal [11].

To slow down and limit the global warming, a transition to low-carbon economy by reducing the
CO; footprint of electricity production is required, demanding a substantial reduction of fossil fuel
utilization to the lowest achievable level. However, most of the renewable energy sources have no
base-load capability and are intermittent, like wind and PV. One option of a base load capable
energy source with a low CO; footprint, nuclear energy, which contributes 11% of the world’s energy
supply today is considered in many countries as part of the future energy mix [1-2]. However, in the
last few decades, the severe accidents at Three Mile Island (1979), Chernobyl (1986), and Fukushima
(2011) put the focus on the operational safety of nuclear fission reactors [19-20]. The safety
concerns have triggered two main research directions; the development of accident tolerant nuclear
fuel (ATF) for the running reactor fleet, and the design of improved sustainable fission reactors, the
so-called Gen IV reactors. The development of accident tolerant nuclear fuel (ATF) aims to withstand
the severe accident scenarios for current reactors [20-22]. The research and design of the new
nuclear reactor generation (“Generation IV International Forum” [23]) targets highly improved safety
standards (any consequence of a severe accident has to be limited to the reactor side) in
combination with higher temperatures and advanced heat transfer fluids. According to the
“Generation IV International Forum”, six new types of reactors, including gas-cooled fast reactor,
lead cooled fast reactor, molten salts reactor, sodium-cooled fast reactor, super-critical
water-cooled reactor (SCWR), and very high-temperature gas reactor (VHTR) are selected as the next
generation reactor designs [23-24]. Moreover, operation at high temperature (>700 °C) will allow

the reactors to produce not only electricity but also hydrogen [25-26].

Advanced energy generation technologies are proposed as replaceable solutions for future
energy supply. These systems often involve high temperature, mechanical loads and high irradiation
doses (in case of nuclear applications) [27-44], for instance, concentrated solar power (>600 °C),
methane cracking (~850 °C), hydrogen production (700-1000 °C), liquid metal batteries (<450 °C),
and Gen IV nuclear fission reactors (500-1000 °C, neutron dose: 10-150 dpa) [33]. Therefore,
advanced heat transfer fluids (HTF) with excellent thermo-physical properties are proposed [45-46].
Table 1 lists the thermo-physical properties of different heat transfer media. Compared to currently
used media such as air/helium/oil/organics/molten salts, the heavy liquid metals lead (Pb) and
lead-bismuth eutectic (LBE-PhasBiss) show the widest working temperature ranges at a still relatively
high thermal conductivity vital to reduce component size. Compared with the liquid metal Na, they
have a significantly lower reactivity to oxygen and water. These specific properties are ideal for heat
transfer fluid applications such as advanced lead cooled fast reactors, spallation particle sources, and

CSP [13, 17, 28, 47, 48]. Moreover, the systems using Pb/LBE as coolant can be operated at
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temperatures above 500 °C [28, 29, 49]. The thermal energy harvested by the working fluids will be
directly or indirectly transferred to a steam generator or an advanced gas turbine for electricity
production. Using water/steam as heat transfer media will simplify the system design and reduce
the costs of electricity [45-46]. Moreover, high temperature steam can be applied for gasification
and pyrolysis systems that are recently being developed due to their high efficiency and low

environment impact in energy conversion and production [50, 54].

Table 1-1 Thermo-physical properties of candidate heat transfer mediums.

Heat  transfer | Temperature, | Specific heat capacity | Thermal Density Reference
fluids °C (Cp), ki/kg -K conductivity (p), kg/m3
(A), W/m-K
Air ~700 1.05 (600 °C) 0.06 (600 °C) 1.225 [55-56]
He 850-950 5.19 (25 °C) 0.33 0.055 [57-58]
(600 °C, 1 bar) (600 °C, 1 bar)
Steam 600-950 2.42 (steam, 600 °C) 0.08 (600 °C) 0.6 (100°C, 1 [45, 59,
MPa) 60]
Thermal Oil - <340 1.8-3.0 0.11-0.13 655-876 [61]
(shell heat (0-300 °C) (0-340 °C) (0-340 °C)
transfer Qil S2)
Organics <400 1.93 (300 °C) ~0.01(300°C) | 997-1090 [45]
(biphenyl/diphe
nyl oxide)
Na 98-1000 1.23 140 900 [62]
Pb/LBE 327-1749 0.14 (600 °C) 18.8 /15.6 10324/9936 [29, 63,
/125-1533 (600 °C) 64]
Solar salts <565 ~1.55 (500 °C) 0.55 (400 °C) 1800 (65-66]

In the context of this work, heavy liquid metal Pb and steam are addressed as the working fluids
due to both their attractive physicochemical properties and the potential for large-scale applications
[29, 36, 40, 42, 53]. Their compatibility with structural materials (e.g. container, pipes, heat
exchanger, cladding materials), in particular the high corrosiveness at elevated temperatures,
challenges their commercial application [29, 46, 67, 73]. Therefore, developing advanced materials is
essential to improve the high temperature compatibility between structural materials and aggressive

heat transfer fluids.

One concept of protecting structural steels from high temperature corrosion is to add
appropriate concentrations of Al and Cr into the bulk material to allow the alloys to form protective
alumina rich oxide scales in oxygen containing environmental conditions. Alumina forming alloys (e.g.
Ni-based, Fe-based) have received a great attention for high temperature applications because of
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their excellent oxidation resistance and improved mechanical properties [74-88]. The corrosion
behavior of ferritic FeCrAl alloys have been investigated in liquid Pb environment [85]. However,
ferritic steels as well as ferritic FeCrAl alloys suffer from liquid metal embrittlement in liquid Pb [89,
91]. Alumina forming austenitic (AFA) steels combine the advantages of corrosion resistance and
stable mechanical properties in aggressive environments at high temperatures. Nowadays,
commercial steels (ferritic/martensitic and austenitic) are able to withstand exposure to liquid Pb up
to 500 °C. As a first step in the development of advanced materials, the search for compatibility with
aggressive environments at 550 °C or even 600 °C is very challenging, especially for AFA steels. An
alternative approach to structural materials with the required compatibility is the high entropy alloy
concept first reported in 2004, which has attracted attention to many research groups [92-99].
These alloys contain five or more principle elements in equal or near-equal atomic ratio to form solid
solutions. Some of these combinations show superior mechanical, physical properties in comparison
with the traditional materials. High entropy alloys are expected to withstand higher temperatures
and to be more resistant to radiation, an important criterion for nuclear applications [96]. Recently,
the high entropy alloys are proposed as candidates for high temperature structural materials
considering their excellent corrosion resistance, structural stability and mechanical properties [96,
97, 99].

1.2 Aim and objectives

Motivated by the necessity to develop advanced structural materials for energy-related
applications targeting high temperatures in aggressive environments, the aim of this thesis is to
develop AFA and HEA model alloys compatible with liquid Pb (at 550 °C and 600 °C) and steam
(1200 °C). The exposure temperature of 1200 °C in steam corresponds to a loss of coolant accident in

water-cooled fission reactors. The criteria for a promising alloy are:

e Thermodynamic stability and metallurgic feasibility of the alloy composition.

e Thermo-physical properties appropriate for the application.

e Corrosion resistance in oxygen containing liquid Pb and steam at high temperature.
e Mechanical properties adequate for use as structural material.

e Microstructural stability during long-term exposure to liquid Pb and steam.

In the approach considered in this thesis for the development of the structural materials for
energy applications, the corrosion resistance is considered as the main criterion to start from.
Therefore, the principle objective of the work consists in the design, production,

aggressive-environments exposure and corrosion behavior characterization of Fe-Cr-Al-Ni model



alloys, which then serve as the basis for future industrial alumina-forming austenitic and

high-entropy alloy systems.

In addition, the other criteria of promising alloys mentioned above induce secondary objectives
of the current work. To get a first estimation on the suitability of the developed model alloys for
energy applications, secondary objectives are (i) to elaborate whether the thermo-physical
properties of the model alloys are comparable with those of commercial steels and (ii) to investigate

the microstructural stability of the model alloys during short-term exposure.

In the process of material development, starting from the selected promising model alloys as
backbone, additions of further alloying elements are required to reach the targeted mechanical
properties. Although the final material development is out of the scope of this thesis, it is a further
secondary objective to exemplify a first step of this process: to investigate the influence of additional
alloying elements, which are known to improve the mechanical properties, on the corrosion
behavior.

The development of the final materials with the characterization of their mechanical properties

and of their microstructural stability during long-term exposure are beyond the scope of this thesis.

1.3 Organization of the thesis

Based on the formulated goals the submitted thesis is structured along following logics. First,
the current state-of-the-art of structural materials in HLM and steam with respect to corrosion
behavior and technological means to improve their performance are critically reviewed (chapter 2).
Chapter 3 elaborates the fundamentals of material processing, its characterization as well as the
experimental corrosion measurement techniques. Based on the major material improvement
options outlined in chapter 1, the section 4 describes the model alloy design, its preparation and the
experimental observations of its microstructural state. It also scopes evolutionary steps towards
more advanced alloys (AFA-2"Y generation) and its thermo-physical properties. The experimentally
determined corrosion performance of the different alumina forming model alloys (AFA) as a function
of time, temperature level forms the core of chapter 5. Therein, the impact of the experimental
parameters on the stability of the microstructure is analyzed, a comparative summary of different
alloys is provided and finally, suggestions to improve AFA alloys based on the experiments are
elaborated. Chapter 6 replicates the AFA studies for High Entropy Alloys (HEA). Further, chapter 7
investigates both AFA and HEA alloys with respect to their oxidation performance in steam, with a
closer look to in-situ hydrogen release and surface analysis. Finally, chapter 8 condenses the major

results, identifies still open aspects and formulates options to overcome them.



2. Materials challenges in aggressive

environments - state of the art

2.1 Material degradation at extreme conditions
2.1.1 Corrosion and corrosion mitigation in heavy liquid metals (HLM)

The corrosion of metallic materials in heavy liquid metals (e.g. Pb, LBE) is mainly driven by
physical dissolution of alloying elements [29, 69, 100]. The dissolution of alloy elements like Ni, Fe
and Cr in Pb/LBE results in materials loss and phase transition [101-103]. Fig. 2-1 displays the
solubility of Fe, Cr, Ni and Al in molten Pb or PbBi eutectic (LBE) as a function of temperature [29,
104]. The solubility of alloying elements in molten Pb are ordered as follows: Ni>AI>Cr>Fe. Increasing
the temperature significantly increases the solubility of the structural material constituents in the
liquid. On the other hand, large temperature differences within a cooling system leads to dissolution
attack occurring close to the heat source while in the vicinity of the heat sink the solubility in the
coolant can be undercut yielding to deposition of corrosion products there even plug the pipes [100].
Moreover, the liquid metals can penetrate into the steel matrix through cracks and grain boundaries
affecting their performance. In particular, when the liquid metal reaches a crack tip, it will
significantly accelerate the crack growth rate under mechanical load [68, 105]. The corrosion process
in static condition may stop after a certain period when the concentration of the dissolved elements
in the molten metal reach the saturation values. However, when the flowing condition (velocity > 2
m/s) is introduced at above 500 °C, corrosion can even be accelerated due to the shear and frictional
stress acting on the surface, changing oxygen conditions, mass transport between the hot and cold

part. This causes an erosion attack of the passive oxide layer protecting the structural material [69,

106, 109].
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Fig. 2-1 Solubility of Ni, Cr, Fe and Al in liquid metals Pb, PbBi eutectic as a function of temperature [29, 104].

The addition of an appropriate quantity of oxygen is widely considered as an effective strategy
to mitigate the corrosion in HLM due to in-situ growth of the protective oxide scales on the bulk
material [110-111]. According to the Ellingham-diagram depicted in Fig. 2-2, some alloying elements
like Fe, Cr and Al exhibit a stronger chemical affinity to oxygen than Pb and Bi. When the dissolved
oxygen concentration is higher than the respective decomposition oxygen partial pressure of M,0,
(M: alloying element) and lower than that of PbO and BiO, these alloying elements, instead of the
HLM, are selectively oxidized. In case of temperatures lower than 500 °C, both austenitic and
ferritic/martensitic (F/M) steels are expected to be protected by the Fe- and Cr- oxide scales when
exposed to oxygen containing (108-10° wt.%) molten Pb or LBE environments [109, 112, 113].
Results from different exposure tests indicate that the oxide scales formed at such conditions consist
of an outer magnetite and an inner spinel layer [112, 114, 115]. However, above 500 °C, austenitic
steels do not form any protective oxide scale; even at oxygen conditions that are sufficient for
magnetite formation [29, 116, 117]. Exposure of austenitic steels to Pb at temperatures above
500 °C will result in dissolution attack, in particular targeting Ni, and phase transformation triggered
accordingly [29, 69, 116]. Regarding F/M steels, the thick oxide scales formed on surfaces at
temperatures above 500 °C lead to a thinning of the bulk material reducing admissible stresses but
also unfavorable since the low thermal conductivity of the oxide scale reduces efficiency [109, 114].
For instance, the mean oxidation rate of T91 in oxygen containing LBE can reach 0.13 mm/year at
550 °C [118]. When the temperature is higher than 550 °C, the risk to local dissolution attacks and
oxide scale spallation are likely to occur [69, 114]. Therefore, for high temperature operations
(>500 °C), mitigation strategies considering advanced alloys are significantly important to alleviate

the corrosion issues.
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Fig. 2-2 Ellingham-diagram for the selected oxide formation as a function of temperature and oxygen partial

pressure [119].
2.1.2 Corrosion investigation in steam

The severe degradation of structural materials, particularly in terms of corrosion and
mechanical failure, pose a challenge for high temperature steam applications [22, 54, 120, 121]. At
temperatures below 750 °C, the corrosion investigations of different materials (e.g.
ferritic/martensitic, austenitic steels, Ni-based alloys) in steam environments have been reported
[54, 121, 125]. Quadakkers et al. [122] tested the 9-12% Cr steels in steam environment at the
temperature range of 550-650 °C. A thick oxide scale, consisting of fast growing magnetite and inner
Cr-containing spinel, was observed on the surface of 9Cr—1Mo steel after 1000 hours exposure at
650 °C. During the long time exposure period (>1000 h), cracks and pores present in the oxide scale
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and at the scale-matrix interface lead to the scale exfoliation. Austenitic steels (e.g. 304H, 347H)
show lower oxidation rates than ferritic steels (e.g. T22, T91) due to the formation of Fe-Cr spinel
when exposed to steam at 700-800 °C [121]. The oxidation rates are also temperature dependent.
Increasing temperatures lead to formation of thick oxide scales and an increased risk to scale
spallation [121, 124]. Fresnillo et al. [126] investigated the oxidation behavior of two Ni-based alloys
(alloy 625) at 700-800 °C in Ar-50% H,0 for 3000-10000 h. A thin (1-2 um) and continuous Cr,0s rich
oxide scale together with Mn-rich spinel was obtained on all samples. The oxidation process follows
the parabolic law. Reports on the oxidation tests of alloys in steam environments at temperatures
beyond 800 °C are limited. Most of these reports are focused on FeCrAl alloys [22, 127, 130]. At
temperatures below 1000 °C, the oxide scales formed on Fe-21Cr-5AI-3Mo (APMT) and
Fe-12Cr-6Al-2Mo (C26M) consist of an outer Al, Cr and Fe rich layer and an inner Al rich layer [129].
When the temperature is above 1000 °C, only alumina layers have been observed [128, 129, 131]. In
addition, Pint et al. [132] and Moon et al. [133] have reported on the high temperature steam
oxidation of Fe-Cr-Si alloys. At temperatures beyond 1200 °C, only Fe-20Cr-2Si was found to be

protected by a continuous amorphous SiO; layer.

2.2 Materials solutions for aggressive environments (HLM, steam)

Conventional steels (e.g ferritic/martensitic, austenitic steels) rely on magnetite and chromia
scales for corrosion protection [54, 121, 124]. However, when exposed to aggressive environments
(e.g. water/steam, molten chloride salts), chromia and magnetite scales become compromised
because of the formation of volatile chromium oxy-hydroxide CrO,(OH),, Fe(OH), and Cr03~[134,
136]. In contrast, alumina shows relatively low oxidation rate and high thermodynamic stability in
corrosive environments (e.g. water vapor/steam, supercritical CO, conditions, molten sodium

sulphate, molten Pb, metal dusting conditions) [81, 128, 137, 140].

Alumina-forming alloys are defined as the alloys containing aluminum which can in-situ form
protective alumina-scales during exposure in oxygen-containing environments at elevated
temperature. In the last two decades, alumina-forming ferritic FeCrAl alloys and alumina forming
austenitic alloys (AFA) have received a lot of attention due to their excellent oxidation resistance and
creep resistance (in case of AFA) at elevated temperature [79-88, 141, 145]. By alloying with certain
amounts of Al, the ferrite FeCrAl model alloys with a general formula Fe-xCr-yAl (x>5, y>2.5 wt.%)
can form an external alumina scale at 800 °C in pure oxygen [146]. In case of austenitic alloys, the
model alloys with a formula Fe—(2.5-4)Al-(12-15)Cr-(12-30)Ni are able to form an external alumina
scale when exposed to air with 10% water vapor at 650-800 °C [81, 141, 147]. In addition, high
entropy alloys (HEA) are being considered as potential high temperature structural materials due to
their high strength, hardness and ductility, potential superior oxidation resistance, and structural

stability [99, 148, 153]. By alloying passive layer formation elements like Al or Cr, the alloys are
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expected to withstand temperatures above 1000 °C via formation of a protective oxide scale in air

conditions [154-155].
2.2.1 Alumina forming ferritic alloys (FeCrAl)

Alumina-forming FeCrAl alloys have attracted a lot of attention because of their excellent
oxidation and corrosion resistance at elevated temperature [128, 130, 144]. The applications include
heating element foils, thin wires in cooking plates, radiation devices, toasters, microwave equipment,
washing machine to glow plugs, heat resistance wires and various protection tubes [141, 142, 145,

156, 157].

Considering the oxidation resistance of the Fe-Al alloy system, it was found that the addition of
Cr significantly decreases the critical Al-content needed to form protective alumina scales, the
so-called “third element effect” [146, 158, 159]. The effects of adding Cr are related to transition
from internal to external oxidation, inhibition of the Fe external oxidation, and nucleation of a-Al,O3
on the corundum structure of Cr,03 [158, 161]. Zhang et al. [159] exposed the Fe-10Al, Fe-5Cr-10Al
and Fe-10Cr-10Al (at.%) alloys in 1 atm oxygen atmosphere at above 900 °C. The oxides formed on
the surface of Fe-10Al consisted of mixtures of Fe and Al oxides and large quantities of Fe-rich oxide
protrusions. As sufficient Cr is added (from 5 at.% Cr to 10 at.% Cr), the Fe-10Cr-10Al alloy is able to

form an external alumina scale with a thickness less than 1 um after 10 h exposure at 1000 °C.

Moreover, reactive elements (e.g. Y, Zr, Hf) are often added due to their positive effects on
improving the oxidation resistance of alumina-forming alloys [162, 165]. The effects of minor
addition of reactive elements manifest as (i) an increase of Al and Cr selective oxidation, which
either induces the formation of protective scales at lower concentrations or accelerates the
development of the protective scale in case of alloys with sufficient concentrations of these
elements, (ii) a decrease of the oxidation rate, (iii) a change in the scale growth mechanism and (iv) a
drastic improvement of the oxide scale adherence [162-168]. Cueff et al. [166-167] have compared
the oxidation behavior of Kanthal Al (without yttrium) and Kanthal AF (with 0.028 wt.% yttrium) in
air at 1173 K. After 30 h oxidation test, the blade-like whiskers and small equiaxed oxide
morphologies indicate the formation of both transition alumina (8-Al,0s) and stable a-Al,0s on
yttrium-free alloy. In contrast, only a-Al,Os is observed on yttrium-containing alloy Kanthal AF. In
addition, the thin oxide layer formed on Kanthal AF (1 um) compared with that formed on Kanthal

A1l (2 um) indicates that yttrium addition slows down the oxidation rate.

Regarding the aggressive environments related applications, the exposure of FeCrAl alloys in
corrosive conditions (e.g. air+10%H,0, molten Pb, steam, molten salts) has shown their excellent

material compatibilities [66, 130, 158, 162, 166, 169, 171]. As an example, the corrosion behavior of
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FeCrAl model alloys in molten Pb have been investigated [85, 138, 172]. A series of
Fe-(6-16)Cr-(4-8)Al (wt.%) alloys were designed, prepared and exposed to 10® wt.% containing
molten Pb at the temperature range of 400-600 °C [85, 138, 172]. After a certain exposure time
(800-1800 h), an Al-rich oxide scale was formed to effectively inhibit corrosion caused by molten Pb
on FeCrAl model alloys having the aluminum concentration Ca = 15.3-0.81 (Cc) + 0.0156 (Cc)? [wt.%],
where Ccr = 10-25 wt.% [138]. The thickness of the alumina scale formed on Fe-16Cr-6Al, measured
from TEM cross section image, varies from 60-500 nm when the samples were exposed at
400-600 °C in oxygen containing molten Pb. Unfortunately, alloys (including steels) with
body-centered cubic (BCC) structures are susceptible to liquid metal embrittlement (LME) at
temperatures below 400 °C [173-174], and therefore the idea of using ferritic alloys in HLM

environment was abandoned so far.
2.2.2 Alumina forming austenitic alloys (AFA)

Austenitic steel as structural component has its advantages for high temperature applications
because of the excellent formability, weld ability and corrosion resistance [175, 178]. By alloying
with low amount of Al (<5 wt.%), austenitic steels have the possibility to form an external alumina
scale when exposed to high temperature oxygen containing conditions [81, 143]. However, Al
stabilizes the bcc-structure and results in the loss of creep strength of austenitic steels at high
temperature [143]. Therefore, the concentrations of Al have to be kept at low level in order to

balance the alumina scale formation and high temperature mechanical properties.

Recently, a new alumina-forming austenite alloy (AFA) family Fe—(2.5-4)Al-(12-15)Cr—(12-30)Ni-
(0.6-3)Nb (wt.%), which shows excellent oxidation resistance by forming protective alumina-rich
scales, has been developed [81, 141]. These alloys have balanced the Al, Cr and Ni content in order
to maintain the single austenite structure in the matrix and second strengthening phases mainly
Fe;Nb (Laves), B-NiAl (B2), y’-Nis(Al, Ti) and MC (M=Cr, Nb) are employed to improve the creep

resistance at elevated temperature [81, 179, 180].

The scientific community has reported the excellent corrosion resistance and mechanical
properties of AFA alloys at high temperatures [81, 137, 143, 181, 184]. Yamamoto et al. [81, 179, 185]
and Brady et al. [143, 147, 180, 186, 187] investigated the high temperature corrosion behavior and
creep resistance of AFA alloys in air with 10% water vapor, as well as the influence of alloying
elements like Nb, Ti, Zr, B, C, Y and Hf. Their results indicate that AFA alloys (Fe-20Ni-14Cr-3Nb-xAl
base, wt.%) with a minimum of 2.5 wt.% Al is sufficient to form and maintain an external alumina
scale when exposed to air with 10% water vapor at 800 °C [81, 143]. Reactive elements like Y, Hf and
Zr have a positive influence on the oxidation performance of AFA alloys [147, 186, 187], as observed

on alumina-forming ferritic alloys (FeCrAl). Due to the formation of strengthening phases like Fe;Nb
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(Laves), B-NiAl (B2), y’-Niz(Al,Ti) and MC (M=Cr, Nb), AFA steels show an order of magnitude higher
creep resistance than the commercial A286 super alloys at 750 °C and 100 MPa conditions [179, 185,
188].

Ejenstam et al. [181] have exposed two AFA steels (Fe-14Cr-14Ni-2.5Al-base,
Fe-14Cr-20Ni-2.5Al-base, wt.%) in 107 wt.% oxygen containing molten Pb at 550 °C up to one year.
Both AFA alloys have formed a thin alumina rich oxide scale (< 100 nm). Only the low Ni-containing
AFA alloy (14Ni) did not show Ni dissolution in molten Pb. However, due to the low Ni content
(austenite stabilizer), Electron Backscatter Diffraction (EBSD) analysis has indicated the formation of
around 17% (volume fraction) ferrite phases in AFA steel after 1 year exposure at 550°C. Guo et al.
[189] tested the AFA 316 stainless steels (Fe-16.7Ni-15.9Cr-3.5Al-base, wt.%) in aerated supercritical
water (SCW) at 650 °C/25 MPa. AFA 316SS steels show the superior corrosion resistance over 316SS
without Al addition due to the formation of protective Al-, Cr-rich oxide scale. He et al. [137]
investigated the corrosion behavior of AFA steel (Fe-25Ni-13.8Cr-3.5Al-base, wt.%) in supercritical
carbon dioxide at 450-650 °C and 20 MPa. At low temperature (<550 °C, exposure time: 1000 h) and
high temperature (>550 °C) with exposure time less than 600 h, the substrates are protected by
slowly growing Al,Os; and Cr-, Mn-rich oxide scale. While the exposure temperature and time
increase, non-protective Fe-, Cr-rich multilayer instead of Al,O3; scale was obtained. Brady et al. [186]
studied the corrosion behaviors of Fe—(25-45)Ni—(10-25)Cr—(4-5)Al wt.% base alloys in air with 10%
water vapor at 1100 °C. The alloy Fe-35Ni-25Cr-4Al-base was protected by an external Al,Os scale,
while alloys with 45 Ni or 10 Cr show the internal oxidation behavior. In addition, minor additions of
Nb and C seem to have a beneficial effect on the corrosion resistance while Ti and C promote
internal oxidation. Kim et al. [140] investigated the steam oxidation behavior of alumina-forming
duplex steels Fe-(18-21)Ni-(16-21)Cr-(5-6)Al (wt.%) in steam at 1200 °C. After 8 h exposure,
Fe-18.7Ni-16.3Cr-6.14Al wt.% base AFA alloy has the lower mass gain than that of 310S. The layer
formed on the surface, based on the XRD and EDS mapping, mainly consists of a thick outer Fe-Ni-Cr
rich spinel layer and a continuous inner a-Al,Os layer. Below the oxide scale, a depletion zone of
B2-NiAl phase (up to tens of microns) was observed due to the formation of a-Al,0; scale. Corrosion
tests of AFA alloys in other conditions have shown the high compatibility of AFA alloys/steels with
the extreme environments [184, 190, 192]. For instance, Yan et al. [184] exposed the
Fe-25Ni-18Cr-3Al-base steel into molten sodium sulphate at 900 °C, and found the formation of a
continuous alumina scale at the early stage. Put et al. [190] tested AFA alloys
(Fe-23.6Ni-14.7Cr-7Al-base, wt.%) in metal dusting environments between 550-750 °C. The corrosion
test of Fe-25Ni-14Cr-3.5Al-2.5Nb-base (wt.%) AFA steels in 60% NaNOs/40% KNOs; mixture shows the
formation of a thin Al- and Cr-based oxide scale at 390 °C [191]. Brady et al. [192] investigated the
corrosion behaviors of Fe-25Ni-13.8Cr-3.5Al-base, Fe-20Ni-13.8Cr-3Al-base and Fe-12Ni-13.9Cr-2.5Al
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-base (wt.%) AFA alloys in simulated biomass cook stoves at above 600 °C. 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 [81, 143, 184, 190, 194]. However, due to the different
physical and chemical interactions between metallic materials and HLMs, the direct transfer of AFA
steels to these conditions (e.g. Pb, LBE) is questionable. Therefore, it is necessary to develop
dedicated AFA steels, targeted for the HLMs applications, which are able to in-situ form protective

alumina scale while maintain the austenitic matrix at the same time.
2.2.3 High entropy alloys (HEA)

High entropy alloy (HEA) is a relatively new concept. The early definition of HEA is based on the
entropy of mixing [92]. Alloys can be classified as low entropy (entropy of mixing < 0.69R, R is gas
constant), medium entropy (0.69R<entropy of mixing<1.61R), and high entropy (entropy of
mixing>1.61R) alloys. According to Boltzmann’s hypothesis, the high entropy contributed by the
mixing of multi-metallic elements favors the stabilization of a single solid solution [92]. In literature
there is an ongoing discussion about the terminology of HEA and similar concepts like
multi-component alloys, etc [92, 99, 148, 149, 195]. One requirement for an alloy to form a HEA is to
contain five or more principle elements with the concentration of each principle element between
5-35 at.% [194] . Yang and Zhang et al. [196] considered not only the entropy of mixing (ASmx) but
also the enthalpy of mixing (AHmix). They found that HEA may form if the parameter
2=(5¢Tmi)ASmix/ | AHmix| is larger than 1. Here, Tn; is melting temperature of element i. This
consideration allows alloys with only three or four principle elements to form HEA, which expands

the range for searching new HEAs.

In principle, multi-component alloys can exist as solid solution (SS), amorphous phase (AM) and
intermetallic compounds (IM), depending on the alloying elements, chemical concentrations and
solidification conditions [92, 93, 197, 199]. In order to minimize the number of trial-and-error
experiments, some empirical approaches combined with high throughput calculations have been
developed to predict the formation of solid solution, as separated from amorphous phase. Generally,
these calculations are based on thermodynamic considerations (e.g. the Gibbs free energy of mixing
(AGmix), the enthalpy of mixing (AHmix) and the entropy of mixing (ASmi)), a geometrical parameter
(atomic size difference (6r)) and physical parameters (e.g valance electron concentration (VEC),
electronegativity (Jy)) [92, 196, 200, 203]. By limiting the range of the enthalpy of mixing and atomic
radius difference, -15 kJ/mol < AHix< 5 kl/mol and ér <6.6%, the formation of a solid solution can be
predicted in the known HEA family which is based on the 3d transition metal family [197, 200].
However, there is still no effective theoretical method to separate the IM from SS [149, 199].
Moreover, Guo et al. [200] discussed the VEC of as-cast HEA and indicated this parameter can be

used to predict the BCC or FCC solid solution formations. However, recent studies indicated that dual
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phase (FCC+BCC) HEAs show even better mechanical properties (e.g. tensile, hardness, strength)
compared with single solid solutions [98, 204, 208]. Lu et al. [209] have designed the eutectic high
entropy alloys AlCoCrFeNi>1 with lamellar FCC/B2 structure. The tensile tests indicated that the as
cast alloys show excellent strength and ductility up to 700 °C (at 700 °C: proof stress: 108 MPa,
fracture stress: 538 MPa, and elongation: 22.9%). Song et al. [205, 210] reported the higher
compressive strength (2279.5 MPa) and hardness (835 HV) value of dual phase (FCC+BCC phases)
CrMnFeVTi compared with the single phase HEAs.

High entropy alloys are considered as the next generation structural materials due to their
excellent mechanical properties (e.g. hardness, strength and fatigue resistance), oxidation/corrosion
resistance and high temperature structural stabilities [99, 148, 152, 211, 213, 214]. Wang W.R. et al.
[205, 215] and Wang R. et al. [216] systematically studied the AlxCoCrFeNi (x in mole radio, x=0-2.0)
high-entropy alloy, mainly focused on the effect of Al on phase compositions, microstructure,
mechanical properties (e.g. hardness, compressive stress), and corrosion resistance. As x<0.4 or
x>1.0, the alloys show the single FCC or BCC solid solutions. When 0.4<x<1.0, the alloy matrix
consists of FCC and BCC dual phase structure. Increasing the Al content, the hardness of the alloys
increased at the cost of the reduced ductility. The equiaxed dendrites AlpsCoCrFeNi (FCC+BCC
structure) alloy has reached the maximum hardness (Hv 527) among the as-produced alloys.
Compared with AISI304L stainless steel, the AlCoCrFeNi alloys after aging (at 800 °C, 1000 °C and
1200 °C) have lower corrosion potential and pitting potential in 0.6M NaCl, which means higher
susceptibility to corrosion attacks. In addition, influences of adding fifth or sixth elements (e.g. Mn,
Nb, Mo, V, Si, Ti, Zr, Y) on either the microstructures or the properties have been widely reported
[207, 217-228]. Ma et al. [226] investigated the effect of Nb addition on the microstructure and
properties of AlCoCrFeNi high entropy alloy. Both AlCoCrFeNi and AlCoCrFeNbo 1Ni alloys formed a
single body-centered-cubic (BCC) solid solution phase. However, increasing the Nb content, for
instance AlCoCrFeNbyg2sNi, AlCoCrFeNbgsNi and AlCoCrFeNbg ssNi alloys, promotes the formation of
(CoCr)Nb type Laves phase. Besides, the compressive yield strength and Vickers hardness show an
approximately linear increase as Nb amounts increase. Zhu et al. [227] investigated the effects of Mo
addition on microstructure and mechanical properties of AlCoCrFeNi-based HEA alloys. For Mo
content between 0.2 and 0.5 (mole ratio), Al and Mo segregate in different phases. The alloy
strength was improved significantly by Mo addition. However, the ductility was reduced at the same

time.

Regarding the oxidation/corrosion behavior of HEA alloys, Butler et al. [155, 213, 229, 230]
investigated the high temperature oxidation behavior and structure stability of Alx(NiCoCrFe)ioox

(where x =38, 10, 12, 15, 20, and 30 (at.%)). After 100 h isothermal oxidation at 1050 °C in air, all the
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samples formed an external Cr,0s; scale combined with an internal Al,Os layer. Increasing the Al
content was reported to improve the oxidation resistance. Annealing treatment at high temperature
(1050 °C for 520 h) and low Al content (<15 at.%) were found coarsening the microstructures. Chang
et al. [207] studied the influence of Al and Ti on the microstructure and oxidation properties of
AlxCo1.5CrFeNiysTiy. Their results indicate that Al can promote the y* phase formation instead of
brittle n phase (NisTi). Moreover, Aly,Tios (Alo2Co15CrFeNiisTios) shows oxidation resistance by
forming a continuous Cr,03 layer during the isothermal oxidation at 900 °C for 200 h. Kai et al. [228]
compared the oxidation behavior of FeCoNiCr-X (X=Al, Si and Mn) in dry air at 700-900 °C. By alloying
Al or Si, the alloys show lower oxidation rates. Mn addition degrades the oxidation resistance of
FeCoNiCr. The oxidation kinetics of all alloys follow the parabolic law. Another study of the oxidation
of Al;3CrFeNi at 1000 °C in air revealed a duplex structure (BCC/B2) in the matrix and oxide scales
mainly consisting of Al,Os3 and Cr,0s [214]. Liu et al. [231] studied the oxidation behavior of
high-entropy alloys AlxCoCrFeNi (x=0.15, 0.4) in supercritical water at 550 °C. Both HEAs show the
superior oxidation resistance compared with heat resistance steel HR3C (25Cr-20Ni-Nb-N), in terms
of forming thin spinel (Fe,Cr);04 oxide scales. The electrochemical tests of oxidized alloys indicate
that the polarization resistance of the alloys was improved when the oxide scales passivated on the
alloy surface. Cross section analysis indicates the formation of a duplex layer on Alo1s and a single
Cr-rich layer on Alg4. As for the oxidation performed at 600 °C, mainly spinel was identified in the

oxide scale.

Despite the enormous scientific interest in HEAs, there are no reports regarding the
compatibility of HEA alloys with HLM and steam. Since the alumina based oxide scale shows superior
stability in oxygen containing aggressive environments (e.g. steam, HLMs), it is essential to add the

passive oxide scale forming elements in the potential HEA alloys.
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3. Fundamentals and experimental methods

In this chapter, the experimental methods applied within this thesis are presented. First, the
alloy production process including heat treatment is clarified. Then the basic principles of
oxygen-control for the corrosion test in molten Pb and the oxidation tests in steam conditions are
described. After that, various material microstructure characterization methodologies used in this
investigation are explained, including X-ray diffraction pattern (XRD), scanning electron microscopy
(SEM), focused ion beam (FIB), (scanning) transmission electron microscopy (S/TEM), and
energy-dispersive X-ray spectroscopy (EDS). Finally, the details related with measurements of the
material thermal-physical properties are given, namely differential thermal analysis (DTA), laser flash

analysis (LFA), and thermal expansion coefficient determination.
3.1 Alloy preparation and heat treatment

The model alloys (AFA and HEA) are prepared by arc melting with non-consumable tungsten
electrode in argon atmosphere using highly pure elements (purity>99.99%). The alloy ingots were
flipped over and re-melted at least 5 times in a water-chilled copper mold in order to promote the
homogenization of the compositions. After that, the as-cast AFA alloys were sealed in quartz tubes in
Ar atmosphere and annealed at 1250 °C for 2 h, followed by water quenching. The HEA alloys were

used in the as produced state without any further heat treatment.
3.1.1 Arc-melting process

The ingots were prepared under argon gas atmosphere in an arc melting system. Fig. 3-1 show a
scheme and an image of the arc melting system used in this study. The main part of the system is
consisted of a high vacuum chamber (around 1.1 dm3) and a viewing glass. The water-cooled
electrode with tungsten electrode tip is integrated in the support frame of the chamber. At the
upper part of the support frame, an independent knob handle is used to move the electrode
vertically and horizontally above the copper base plate. The water-cooled copper plate, which
incorporates the crucible shape, can be taken off after the removal of the fixing screws. Alloying
elements are put inside the crucible and heat-up by the arc between the electrodes and the alloying
elements. The arc-melting process can be summarized as following: the chamber is pumped to
vacuum conditions (<5*102 mbar) before starting the melting process. Argon gas is used to sweep
the chamber 2-3 times in order to support the pumping process. Then, the chamber is filled with
high purity argon gas to a pressure of 1-1.5 bar. When applying the voltage to the system, an arc
ignites between the tungsten electrode and the alloying elements placed in the crucible. By moving
the electrode and by that the arc across the alloying elements, all metals are molten and alloyed.

Before melting the pure elements, small pieces of Zr are molten to remove remaining oxygen in the
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chamber. After melting the sample for tens of seconds, the arc can be turned off by gradually
decreasing the current. The specimen is flipped over and re-melted at least 5 times to facilitate alloy

homogenization.

In this experiment, a mini arc melting system (MAM-1, Serial-No.2426220) with a
non-consumable tungsten electrode has been applied to prepare the as-cast alloys. The maximum

temperature can reach up to 4000 °C. A scheme and an image of this furnace is shown in Fig. 3-1.
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Fig. 3-1 Scheme of arc melting furnace used for as-cast alloy production.
3.2 Corrosion experiments
3.2.1 Corrosion test in oxygen containing molten Pb--COSTA

Since the metallic elements like Ni, Al, Cr, Fe have the dissolutions issues in molten Pb, the idea
of in-situ oxidation of the alloy surface has been developed as a mitigation strategy to inhibit the
corrosion attack caused by molten Pb [72, 110]. A facility developed for corrosion tests in stagnant
liguid metals with controlled oxygen conditions is used in this study. In order to promote formation
of oxide scale on alloy surface while avoiding the oxidation of the molten Pb, the oxygen
concentration in the liquid Pb has to be controlled in a dedicated range. According to the Gibbs free
energy of formation of Fe30, (structure) and PbO (fluid), the relation is displayed in following

equation (3.1)[72]:
2A¢G° (PbO) > RT In Po, > 0.5A¢G° (Fe304) , (3.1)

where A/G° (J/mol) represents the standard Gibbs energies of formation of PbO and Fe304, Po, (bar)
is the oxygen partial pressure in the atmosphere which is in equilibrium with the molten Pb; R

denotes the universal gas constant (8.314 J/mol-K). T (K) is the temperature of molten Pb.

In a Pb pool with oxygen containing cover gas, the PbO formation can be described by the

following reaction: Pb+1/2 0,¢>PbO. The equilibrium constant K is defined by equation (3.2).
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where K represents the equilibrium constant; aeso, as, and ao: are the activities of PbO, Pb and O; in
the equilibrium reaction. According to Henry's law for the solute in an ideal dilute solution @eto =
Co/Cs.o, WhereCo(wt.%) is the oxygen concentration, and Cs o (wt.%) represents the oxygen

solubility in Pb.

Based on the reference data, the relation between the oxygen partial pressure in the Pb pool
and the temperature is given by the following equation (3.3) [110]:

logPo. = 2log co +8. 16—%61 (3.3)

The oxygen control system is initially designed for the passivation of Fe-based oxide scales in
molten Pb environment. Here, the Fe oxidation reaction is employed to describe the oxygen

controlling principle. Based on the Fe oxidation reaction in oxygen, shown in equation (3.4):

% Fe(s) +%Oz(g) =% Fes0u(s). (3.4)
the equilibrium constant is calculated by equation (3.5):
1/4 0
a 1 LAG
Ko=—20 = Z- =exp(-+——), (3.5)
aFe aoz p02 RT

where K is equilibrium constant; aresos, are and ao: are the activity of Fes0s Fe and O; in the
equilibrium reactions. Here, the activity of solid Fes04 and Fe is taken as unit, ares0s= Gre = 1.
By setting the oxygen partial pressure lower than the oxygen partial pressure required to oxidize Pb

but higher than that to form Fe3;0,, the exposed metal Fe will be oxidized/passivated instead of Pb.

Due to the relatively low oxygen partial pressure (<10° bar) in the cover gas required for Fes04
formation, it is difficult to control the oxygen concentration directly by an O,/Ar flow [72, 110].
Therefore, Ho/H,0 couple is here applied to adjust the oxygen content required for the passive oxide
scale formation in molten Pb environments. The following equation describes the relation between

the oxygen partial pressure and the H,/H,0 ratio [110]:

P.o 1 AfG°(H 20)
= ex
p( RT )

3.6
I:)H 2 (POZ)]J2 ( )

where Pyz0, Pz and Po: denote the partial pressure of H,0, H, and O; in the reaction, respectively.

When oxygen and H,/H,O mixture exist as cover gas in the system, the relations read to:

Pio AfG°(H20) 37
P,, _CO(P )1’2 exp( RT ) 3.7)
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The boundary conditions are the oxygen concentration for PbO formation (equation 3.8) and

the one for Fes04 formation (equation 3.9):

0 . 0
szo _ & gp(AfG°(H20) ~AfG° (PbO),
TS RT

AfGO(HzO)—Ll‘rAfGO(Fesozt)

PH 20 _ Co, s exp(

P, G RT

(3.8)

(3.9)

In Fig. 3-2, an Ellingham-Richardson diagram shows the Gibbs free energy (AG) of oxide

formation of Fe, Cr, Al and Pb as a function of temperature. Additionally, the scale on the right side

of the diagram also provides the associated oxygen partial pressure (Po;) and the respective one of

the hydrogen/steam couple - Hy/H>0. The dashed line shows the oxygen concentration in the molten

Pb as a function of temperature. Both selected oxide formers, Al and Cr, being studied in this work

exhibit a substantial lower Gibbs free energy of oxide scale formation than Fe, and therefore require

lower amounts of oxygen partial pressure in the gas atmosphere. However, the dissolution of

alloying elements is not considered in this diagram. Therefore, the oxygen concentration has been

selected based on experience in the level required for Fe;04 oxidation.
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Fig. 3-2 Ellingham—Richardson diagram shows the Gibbs free energy of oxide formation of the alloying
elements (Al, Cr, Fe, Ni) and of Pb, Bi respectively. Range of constant oxygen concentrations in Pb and the
PbasBiss melt indicate the stability regions of Fe, Cr, Al oxides without PbO precipitation in the temperature

range.

Fig. 3-3 shows the schematic set-up of the oxygen control system in stagnant heavy liquid metal
and its implementation in the COSTA facility [72, 110] illustrated in Fig. 3-3 (right). Gases of Ar and
Ar/5%H, from separate bottles are mixed to obtain the required hydrogen amount. The mixed gas
passes a moisturizer which is kept at controlled temperature by a thermostat to obtain the targeted
water content and the specified H,/H,O ratio. Then the gas flows into the furnace, where an
equilibrium between the oxygen partial pressure in the gas and the oxygen concentration in the

molten Pb is achieved.
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Fig. 3-3 Corrosion test in molten Pb with oxygen control; (a) schematic diagram of oxygen control system; (b)
COSTA: stagnant heavy liquid metals corrosion test facility.

Alumina crucibles have been filled with Pb, subsequently placed on a Ni tray in a quartz tube
inside the furnace. Further the liquid Pb is exposed to reducing conditions for 3 days, followed by 7
days at the specified exposure conditions. The procedure for exposing the alloys follows the one
described in [70]. The prepared alloy ingots are cut into discs of around 10 mm diameter and 1.2 mm
thickness. A hole with a diameter of 1.5 mm is drilled on each specimen near the edge. All specimens
are grounded to a 1200 grit surface finish. Just before testing, the specimens are successively
cleaned with water, acetone and ethanol in an ultrasonic bath, and after that dried. Each specimen is
hanged using the hole and fastened to the alumina holders with a Mo-wire to prevent floating. In
order to introduce the specimens into the pre-conditioned liquid Pb, a dedicated glove-box is used

as air lock, conditioned to a similar oxygen partial pressure as in the quartz-tube. After connecting
20



the glove-box to the quartz-tube, the Ni-tray with all molten Pb-containing crucibles is transferred
into the glove box. All the specimens are placed in the crucibles and fully immersed in the molten Pb.
During this loading phase, which takes about 3 minutes, the temperature of the liquid Pb drops to
about 450-500 °C. After putting back the Ni-tray with all crucibles and specimens into the
quartz-tube, the temperature recovers to the set value within 10 min, while the oxygen partial
pressure at the quartz-tube outlet recovers within less than 2 hours. During exposure tests, the

oxygen partial pressure is continuously measured and kept constant at the set value.

The specimens are exposed at 550 °C for 1000 h and at 600 °C for 1000 h and 2000 h,
respectively. After exposure, the samples are extracted from molten Pb using the same conditioned
glove-box as for the loading process. Then, the remaining adherent Pb is cleaned by a mixed solution

of acetic acid, hydrogen peroxide and ethanol (1:1:1) after cool down.
3.2.2 Oxidation test in steam--BOX rig

The steam oxidation test is performed in a horizontal tube furnace, called BOX rig, in
atmospheric pressure, shown in Fig. 3-4 [130]. The tube is made by alumina, with a diameter of 32
mm and length of 600 mm. Molybdenum is used for the heater, which allows for a maximum
temperature of 1700 °C (HTM Reetz GmbH, Berlin). As for the gas supply system, it consists of two
gas flow controllers: a liquid flow controller and a controlled evaporator mixer unit (CEM). The CEM
here plays the function of evaporator and gas mixer. During the exposure tests, the samples are put
vertically. Only the arrow side touches the holder. Then the holder is placed in the center of the
furnace. The temperature is controlled by a mantled thermocouple located above the sample.
Oxidation tests are performed in flowing argon and steam gas environments. The flow rate is

controlled to 20 I/h Ar and 20 g/h H20 for steam oxidation.
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Fig. 3-4 BOX Rig for the high-temperature steam oxidation test.

During the experimental process, the specimens are first heated to 1200 °C in high purity Ar (6N)
atmosphere with a gas flow rate of 20 I/h Ar, then the atmosphere is changed to 20 I/h Ar and 20 g/h
H,0 (resulting in ~55 vol.% H,0) for steam oxidation. The specimens are oxidized in a flowing argon
and steam atmosphere. Argon is used as the carrier gas and the reference gas for mass spectrometer
analysis. Finally, after the 1 hour isothermal exposure, the specimens are cooled down to room
temperature by simultaneously changing the atmosphere back to high purity Ar with 20 I/h Ar flow
rate. The heating and cooling rates are 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 is

treated as a continuous measurement of the oxidation reaction kinetics.

3.3 Microstructural and thermo-physical properties characterization
3.3.1 Methods for microstructural properties characterization
X-ray diffraction pattern (XRD)

XRD is employed to identify the phase composition of the alloy matrix and that of the oxide
scales formed after the corrosion test. The working principle is based on the Bragg’s law. When the
incident X-rays are diffracted by lattice atoms, they can form constructive interference once the path
length difference is a multiple of the wavelength of the beam [232-233]. Usually, the Bragg-Brentano
geometry, also called 6/20 arrangement, is applied for lab test facilities. In this geometry, the sample
and the detector are rotated precisely by the angles 6 and 26 respectively, while the X-ray source is

kept stationary. Varying the incident angle of X-rays may cause the diffraction occurring on
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dedicated crystal planes. Fig. 3-5 illustrates the schematic diagram of 8/20 X-ray diffraction. The
phase compositions of investigated alloys are analyzed by a Seyfert C3000 powder diffractometer
(Cu-Kau radiation (A=1.5406 A)) with 6-26 conventional geometry. The range of measurement (6)

varies from 10° to 90°.
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Fig.3-5 Schematic diagram of the functional set-up of 8/26 X-ray diffraction (XRD) [233] provides to determine
crystallographic structure, chemical composition, and physical properties of materials.

Scanning Electron Microscopy (SEM)

SEM is applied for the characterization of surface morphology and microstructure of samples
before and after corrosion test. Fig. 3-6 shows the schematic diagram of interactions between the
electron beam and matter in SEM. In a SEM system, a focused electron beam with energy ranging
from 0.2-40 keV, interacts with the sample in a teardrop-shape (around 0.1-5 pum deep into the
sample) [234]. A variety of signals are generated during the interaction, including secondary
electrons (SE), backscattered electrons (BSE), diffracted backscattered electrons, and photons
(characteristic X-rays) [235]. Secondary electrons yield in high-resolution surface images since they
derive from surface near regions. Backscattered electrons come from deeper interaction regions of
the sample and carry the information of “mass”. In general, BSE images show contrast due to
variations in chemical composition of a specimen, whereas SE images reflect mainly its surface
topography. The areas of interest for transmission electron microscopy (TEM) investigations were
defined by SEM. The SEM used in this study are Philips XL 40 SEM (cathode: LaBe) with a working
distance of 10 mm, and SEM Hitachi S-4800 (cathode: tungsten) with a working distance of 8 mm.
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Fig. 3-6 Schematic illustration of interactions between the electron beam and a material sample in a SEM.

Focused ion beam (FIB)

A Dual Beam FIB-SEM system is applied to prepare the electron-transparent specimens for TEM
evaluation. The basic idea of sample preparation by FIB is removing the atoms from the material by
bombarding the target with accelerated heavy ions [236]. Gallium is the most commonly used ion
source because of its low melting point (29.8 °C) and low vapor pressure. The FIBs used in this study
are Zeiss Auriga 60 equipped with Omniprobe™ 400 micromanipulator (for AFA54, AFA75) or FEl
Strata 400S Dual beam FIB equipped with Omniprobe™ 200 micromanipulator (for HEA1, HEA4).

To protect the target area from ion impacts by milling, a 2-step Pt deposition is applied: 200 nm
Pt by e-beam deposition (30keV, 0° tilt), 2 um Pt by ion-beam deposition (30keV, tilted to ion beam
perpendicular, Strata 52°, Auriga 54°). The oxide scales of interest are located directly below the
Pt-layer. The milling and later lift-out process at 30keV consist of the following steps. Firstly, 2
trenches are milled before and behind the deposited Pt layer (see Fig. 3-7 left). Then the samples are
tilted back to 0° stage (tilt to achieve 52° or 54° with respect to the ion beam) in order to perform
the so-called U-cut. In the third step, the micromanipulator is attached. At the end, the lamella is
completely cut from the bulk and lifted-out. Then the lamella is attached to a Cu-lift-out grid for later

TEM analysis and removed from the micromanipulator.

For the final thinning to electron transparency, the lamella is over-tilted by 1.5°, and the milling
continues on alternating sites in a small window at 30 keV. For the final polishing an over-tilting of 3°

@ 5 keV and 5° @ 2 keV on alternating sites for 2 min each is used.
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Fig. 3-7 Examples of TEM foil preparation by FIB milling process, (a): Pt deposition on surface; (b): trenches
before and behind the target area; (c): final TEM-lamella with electron transparent area, (d): TEM-lamella on a
lift-out grid (red circle).

(Scanning) Transmission electron microscopy (S/TEM)

S/TEM comprises a variety of different techniques that provide information on morphology,
structure and composition of a sample [237]. In general, the optical setup in a transmission electron
microscope is similar to an optical microscope. Instead of light, accelerated electrons (usually 200 to
300 keV) are used as probing beam, and the lenses are electromagnetic lenses. The point resolution

of modern S/TEMs without corrector is usually around 0.2 nm or even better.

As the investigated TEM samples are thin (usually <100 nm), the interaction volume of
accelerated focused electrons with matter is small compared to SEM (compare with Fig. 3-6), and
mostly coherent forward scattering occurs. The electrons go through the sample. Unscattered
electrons as well as elastically scattered electrons are used for imaging and diffraction. The region of
interest contributing to electron diffraction is selected by the selected area aperture. With the
objective aperture centered on the un-scattered central beam a bright-field image results. For
high-resolution images, a large objective aperture (100 um or larger) is centered, also including
scattered electrons in the image, and a magnification above 250.000 must be selected. For dark-field
imaging, a small objective aperture (20 um) is centered, and the electron beam is tilted, so that the

diffraction spot of interest appears in the center of the aperture. In the scanning transmission mode,
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the focused electron beam rasterizes the sample. A High Angle Annular Dark-Field detector (HAADF)

detects the transmitted signal.

The instrument used is a FEI Tecnai G? F20 ST, operated at 200 keV with a field emission gun,
equipped with an Orius SC600 CCD Camera (Gatan, Pleasantron, California, USA) for image
acquisition, a S-UTW EDS Si(Li) Detector (EDAX, Mahwah, New Jersey, USA) for elemental analysis,
and a HAADF-detector for STEM-mode.

The samples are mounted in a double-tilt analytical holder that is optimized for EDS analysis.

Energy-Dispersive X-ray Spectroscopy (EDS)
Due to the interaction of accelerated electrons with matter, characteristic X-ray signals are

generated in a SEM, as already mentioned before (see Fig. 3-6), and also in a TEM. Therefore, EDS
combined with SEM/TEM is used to collect the X-rays for chemical compositions analysis of regions
of interest. In addition, to determine the thickness of oxide scales observed in SEM cross sections,

the FWHM (Full Width at Half Maximum) of the measured respective EDS signal is used.

During TEM investigations, the EDS-line profiles and elemental mapping are acquired in STEM
mode, using drift correction. The samples are tilted 20° towards the detector to improve

signal/noise ratio. Data evaluation has been done with TIA™, a proprietary software of FEI.

3.3.2 Methods for thermo-physical properties characterization

Differential thermal analysis (DTA)

DTA is applied in this investigation to define the annealing temperature. In DTA measurement,
both the sample and a reference undergo the same procedure of thermal cycle. The temperature
difference between sample and reference is recorded as a function of temperature, which allows to

determine melting, sublimation and other phase transitions.

Laser flash analysis (LFA)

Thermal conductivity (A: W/(m-K)) is the ability of material to conduct heat. It is calculated by
equation (3.10) [238].
AT) = p(T)-c,(T)-a(T), (3.10)
where p is the material density (kg/m3), C, the specific heat capacity (J/g/K), and a (m?/s) is the
thermal diffusivity. In order to evaluate the thermal conductivity of the prepared alloys, thermal

diffusivity, specific heat capacity and density have to be measured.

Thermal diffusivity refers to how fast a material reacts to the temperature change. A LFA is used

to measure the diffusivity a. The principle of LFA is applying an energy pulse to heat one surface of
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the sample. Then, the temperature change of the opposite surface parallel to the heated one is
measured by an infrared detector. Fig. 3-8 describes the temperature change curve during the

thermal diffusivity measurement [238].
AT
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ti2 t

Fig. 3-8 Sketch of the temporal temperature change during the measurement of thermal diffusivity using a LFA.
The thermal diffusivity can be calculated according to equation (3.11) [238]:

dZ
a=0.1388—, (3.11)

tl/Z
In which ty; (s) denotes the time value at half signal height and d (m) the thickness of the plate

sample. The specific heat capacity can be calculated by equation (3.12)

re
csam — Tma];c . (p-)"ef . .ref
p Tsam (p.l)sam p

max

(3.12)

where T (K) is the temperature, p (kg/m?) the material density and / (m) the thickness of the plate
sample. The LFA used in this measurement is LFA 457 MicroFlash. The size of plate sample is

10x10x1.5 mm. The measurements are performed in a temperature range of 50-800 °C.
Thermal expansion coefficient

Thermal expansion defines the change of material size due to a temperature change. The linear
thermal expansion refers to the material length change due to heating/cooling. The coefficient of

thermal expansion a can be calculated by:

AL
o= , (3.13)
L-AT

where L (m) is the original length of the test material, AL (m) the length change and AT (K) is the

change in temperature.

A 10 mm long rod type sample with a diameter of 3 mm is used in this measurement. During

the measurement, the sample is inserted into the sample holder with one side being in contact with
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a pushrod. The expansion or shrinkage caused by temperature change can be detected by the
displacement system connected to the pushrod. The investigated temperature range is 25-1000 °C.

The equipment used in this study is DIL 402 (Dilatometer Series).
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4. Design, microstructure, and thermo-physical

properties of as produced materials

4.1 Model alloy design

Considering the aggressive environment (molten Pb, steam) involved applications, the
candidate alumina-forming alloys require to be compatible with extreme conditions like high
temperature, corrosion, and radiation in case of nuclear systems. Therefore, the following criteria
are defined to help tailor the composition of potential alloys:

(i) High temperature (>550 °C) corrosion resistance by forming alumina-based scale during exposure.
(i1) FCC structure to avoid liquid metal embrittlement.

(ii1) Long time structural stability, avoiding phase transitions that may cause degradation during
exposure.

(iv) Excellent thermo-physical (specific heat capacity, thermal diffusivity, thermal conductivity,
thermal expansion) and high temperature mechanical properties (creep, fatigue resistance, etc.).

(v) Competitive costs and alloying elements (raw materials) availability.

(vi) Alloying elements with low neutron absorption cross section area (ca <10 barns) means low

activation materials under radiation, in case of application in nuclear environment.

4.1.1 AFA model alloys design
4.1.1.1 AFA-1st generation

Corrosion resistance is one of the most important requirements for materials in contact with
HLM [29]. The design activity is directed towards finding an appropriate set of composition ranges
for the quaternary Fe-Cr-Al-Ni system, where Al acts as a ferrite stabilizer and alumina layer former,
Cr as a ferrite stabilizer, chromia layer former and provider of the third-element effect, and Ni as an
austenite stabilizer. Basically, two requirements are taken into consideration: (i) passivate Al,Os base
oxide scale during exposure in oxygen containing conditions (molten Pb, steam) at temperatures
above 550 °C (molten Pb: 550-600 °C; steam: 1200 °C) and (ii) maintain the austenitic structure of

the matrix during high temperature exposure.

In order to promote the formation of an alumina scale, an Al concentration ranging 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. 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. Considering the amount of Ni

addition, the Ni fraction varies between 20 and 29 wt.%, depending on the equivalent
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concentrations of bcc stabilizer (Al, Cr), in order to stabilize the austenite at the exposure
temperature range. On the other hand, the Ni content has to be chosen as low as possible due to its

high solubility in molten Pb and the high costs.

Based on the introductory notes, 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 (TCFE7 database) [239]. As an example, the superimposed
calculated phase diagrams for Fe-(12, 14, 15 and 16)Cr-xAl-yNi systems at 600 °C are shown in Fig.
4-1. The selected alloy compositions (Table 4-1) with the general formula
Fe-(12-16)Cr-(2-4)Al-(20-29)Ni, are close to the separation lines between the stability domains of the
austenite(y) and austenite plus ferrite(y+a). The figure also contains the point corresponding to 316

austenitic stainless steel, which is located very close to the separation lines of y and y+a phases.
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Fig. 4-1 Calculated phase diagrams of Fe-(12, 14, 15, 16)Cr-xAl-yNi model systems at 600 °C, with the

coordinates of the selected nominal compositions for this study and the 316 steel indicated: % — AFA48, AFA51;
V — AFA45, AFA49, AFA52; A - AFAS5, AFAS6; € — AFA46, AFA47, AFAS0, AFAS3, AFA54; « - 316; [70].

Table 4-1 Nominal compositions of the first generation AFA model alloys designed for this study (wt.%).

Code Cr Al Ni Fe

AFA45 14 3.0 20 Balance
AFA46 16 2.5 20 Balance
AFA47 16 3.0 20 Balance
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AFA48 12 4.0 22 Balance
AFA49 14 4.0 22 Balance
AFAS50 16 2.5 22 Balance
AFA51 12 4.0 24 Balance
AFA52 14 4.0 24 Balance
AFA53 16 3.0 24 Balance
AFA54 16 4.0 24 Balance
AFA55 15 2.5 29 Balance
AFA56 15 3.5 29 Balance

In addition, the empirical Schaeffler diagram, which is developed by stainless steel industry, has
been employed to estimate the types of structural phases and their amounts as a function of the
chemical composition of the steels [240]. 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
[240-241]. Fig. 4-2 depicts the Schaeffler diagram where the first generation of the AFA model alloys
selected for the current corrosion study are implemented. According to this diagram, all model alloys
have an austenite structure at room temperature. For comparison, two commercial austenitic
stainless steels (AISI 310 and AISI 316) are also marked in the diagram. In the industrial process, in
order to stabilize the austenite structure, the final heat treatment of the commercial austenitic

stainless steels is made at temperatures around 1100 °C, followed by rapid cooling. In principle, the

Schaeffler diagram predicts the microstructural outcome of this process.
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Fig. 4-2 Schaeffler constitution diagram including the coordinates of the Fe-Cr-Al-Ni model alloys and two

Cr.eq(wt.%)=%Cr+3+%Al+%Mo+0.5+%Nb

references: stainless steels AISI 310 and AlSI 316 (y - austenite, o - ferrite, € - martensite).
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Both design tools are of value for the current study since the Schaeffler diagram estimates the
initial (before tests) phase constitution, while Thermo-Calc calculations predict the phase

equilibrium after the long-term exposure at 550 °C and 600 °C.
4.1.1.2 AFA-2m generation

The backbone compositions of AFA-2" generation model alloys are defined based on the
corrosion test results of AFA-1%* generation alloys. Two elemental additions to the backbone
compositions are considered: a reactive element, yttrium (0.5 wt.%), with positive effects on the
scale formation and adherence[162, 165], and niobium (1.5 wt.%) to promote the formation of
Feo:Nb Laves phase precipitates, which are beneficial for high-temperature strengthening (creep
strengthening) [179, 188].

Three AFA model alloys of 2" generation containing Y based on the formula
Fe-(14-16)Cr-2.5AI-(18-22)Ni-0.5Y, and another three samples containing Y and Nb based on the
formula Fe-(15-16)Cr-(2-3)Al-(20-29)Ni-0.5Y-1.5Nb have been considered for preparation and

investigation, which are shown in Table 4-2.

Table 4-2 Nominal composition of the second generation AFA model alloys (wt.%).

Code Cr Al Ni Y Nb Fe

AFA70 14 25 18 0.5 - Balance
AFA71 15 2.5 20 0.5 -- Balance
AFA72 16 2.5 22 0.5 -- Balance
AFA73 15 2.0 20 0.5 15 Balance
AFA74 15 3.0 29 0.5 1.5 Balance
AFA75 16 3.0 24 0.5 1.5 Balance

The equilibrium phase diagram calculated by the Thermo-Calc (TCFE7 database) and containing
the coordinates of the 2" generation AFA alloys, is depicted in Fig. 4-3. The compositions of AFA-2"¢
generation alloys are in the same region with the compositions of the 1 generation AFA model
alloys, close to the separation lines between the stability domains of the austenite(y) and austenite

plus ferrite(y+a).
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Fig. 4-3 Phase diagram of Fe-(14-16)Cr-(2-3)AI-(18-29)Ni-0.5Y-(1.5Nb)with the coordinates of the 2"
generation AFA model alloys, ¥ —AFA70; A— AFA71, AFA73, AFA74; ® — AFA72, AFA75; € —316.

Further confirmation by the Shaeffler diagram shown in Fig. 4-4 indicates that all the 2™
generation compositions fall into the FCC structure at room temperature.
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Fig. 4-4 Schaeffler constitution diagram including the coordinates of the Fe-Cr-Al-Ni-Y-Nb model alloys and two

references: stainless steels AlSI 310 and AlSI 316 (y - austenite, o - ferrite, € - martensite).
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4.1.2 HEA model alloys design

4.1.2.1 Selection of alloying elements

The design of HEA starts from the general premises enumerated in the introduction of this
chapter: corrosion resistance in molten Pb and steam, stable FCC structure of the alloy matrix,
excellent high-temperature thermo-physical and mechanical properties, competitive costs, raw
materials availability and in case of nuclear applications to be made from low activation elements.
Moreover, besides the single phase FCC HEA, model alloys from a new category called dual-phase
HEA (DP-HEA) [98, 208], in which the solid solution is strengthened by secondary phase
precipitations, are considered in this study for applications in HLM and steam environments. The
most common intermetallic compounds used are: NiAl (B2 phase), L1,-Ni3(AlTi) (y’ phase) and Fe.Nb
(Laves phase) [208, 242, 245].

Fig. 4-5 depicts the lattice structure of potential candidate elements [246]. Most elements have
either BCC or HCP phases. Transition elements as Mn, Ni and Cu are FCC structural elements.
Aluminum also has FCC structure, but stabilizes the BCC phase. Co has HCP phase structure and
stabilizes the FCC structure. In order to obtain the target FCC dominated structure, at least one
element from Mn, Ni, Cu and Co must be added. However, element Mn is not considered since a

high Mn content in HEA alloys degrades the oxidation resistance [207, 228].

H [ 1Bcc [ Fcc [ ]Hcp He
Li |Be B |C N |O |[F |Ne
Na | Mg Si P |S [Cl |Ar
K [ca |sc [Ti [V [cr [Mn]Fe [co Zn | Ga |Ge |As [Se Br |Kr
Rb|Sr |Y |Zr [Nb|Mo|Tc |[Ru|Rh|Pd|Ag|Cd |In [Sn [Sb |Te |l |Xe
Cs |Ba |Lu |Hf |Ta |W |Re |Os|Ir |Pt |Au/Hg |TI |[Pb |Bi |Po|At |Rn
Fr |Ra |Lr |Rf |{Db|Sg Bh |Hs |[Mt|Ds |Rg |Uub Uuq

Fig. 4-5 Lattice structure of some elements displayed in periodic table.

Moreover, refractory elements, like Nb, Ta, W, Zr, V, Ti, are also considered due to the
capability to improve the high temperature mechanical properties [208, 220, 222, 226, 248]. Mo is
not considered due to its susceptibility to o phase formation [223, 249]. In case of nuclear
applications, radiation resistance has to be considered as well. Table 4-3 gives the thermal neutron
absorption cross sectional area of some elements, which corresponds to the absorption of thermal
neurons with a velocity of 2200 m/s and an energy of 25.3 meV [246]. The elements Si, Zr, Al, Nb, Y,
Fe and Cr have neutron absorption cross sections lower than 5 barns. Elements with a relatively
large neutron absorption cross section like W, Co and Ta are not considered in this study as

candidate elements.
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Table 4-3 Neutron absorption cross sectional area of selected elements [246].

Element atomic oa (barn) Element atomic ca (barn)
number number
Si 14 0.171 Ni 28 4.49
Zr 40 0.184 \ 23 5.08
Al 13 0.232 Co 27 37.2
Nb 41 1.15 Hf 72 104
Y 39 1.28 Ta 73 20.6
Ru 44 2.56 w 74 18.3
Fe 26 2.56 Ti 22 6.09
Cr 24 3.1 Cu 29 3.78

Based on the formulated selection pre-requisites, the following seven elements are selected in
this study for the HEA design: Al, Cr, Ni, Fe, Nb, Ti, and Cu. Some elements are also the core (Fe, Cr,

Ni, Al) or the minor (Nb) constituents of alumina-forming austenitic alloys studied in this work [70].
4.1.2.2 Design rules

Although only seven elements are considered, there are 56 possibilities when combining four or
five elements in equal atomic ratio and an infinitely large number of non-equal molar combinations.
In order to minimize the number of trial-and-error experiments, some empirical parameters have
been applied to predict the formation of solid solution and intermetallic compounds. The
parameters considered in the current work are the enthalpy of mixing (AHmi), atomic size difference
(6r), the parameter (2 calculated from the enthalpy of mixing, the entropy of mixing (ASmx), the
melting temperature of the alloy (T,») and the valence electron concentration (VEC).

AHnix is defined by the following equation (4.1):

AHmix = Zn:4HijCin ,

j>i

(4.1)

where Hjj is the mixing enthalpy of the binary i-j alloy system and c; ¢; are atomic concentrations of
elementsi, j.

Considering the candidate elements, the mixing enthalpy of binary alloy A-B, calculated with
Miedema’s method, are given in Table 4-4. The Miedema method providing an estimation of the
mixing enthalpies for all binary solutions, is based on a macroscopic atom model in which the
electron density at the Wigner-Seitz cell boundary and the chemical potential of electronic charge of
pure metals are used as inputs. Having a rather fair accuracy, this method gives a quick access to the

enthalpies of mixing [250].

Table 4-4 Mixing Enthalpy AHmix (kJ/mol) of binary alloy A-B calculated with Miedema's method [249].

| Al EEREEE e Jou i |
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Al 0 -10 -11 -22 -18 -1 -30 Al
Cr 0 -1 -7 -7 12 -7 Cr
Fe 0 -2 -16 13 -17 Fe
Ni 0 -30 4 -35 Ni
Nb 0 3 2 Nb
Cu 0 -9 Cu
Ti 0 Ti

Another criterion considered in this investigation for the alloy design is the atomic size
difference (6r). The atomic radius is defined as the half of the inter-nuclear distance in the crystal of
the elements [252]. Table 4-5 shows the atomic radius of elements used in HEA design [253].
According to the Hume-Rothery's rule, solid solutions are favored when the alloys are made from
elements with similar atomic size. The following equation (4.2) defines the 6r in a multi-component

system [197].

5= /Z":c,»(l—%)z , (4.2)

where;:zcm , rirepresents the atomic radius of element i.

Table 4-5 Atomic radius and valance electron concentrations of elements used in the HEA alloy design [253].

Element Atomic radius (A) VEC
Al 1.432

Cr 1.249

Fe 1.241

Ni 1.246 10
Nb 1.429 5
Cu 1.278 11
Ti 1.462 4

Zhang et al. [197] were the first to propose criteria for the phase formation in the high-entropy
alloys based on the atomic size difference (6r), the enthalpy of mixing (AHmix) and the entropy of
mixing (ASmix). By plotting the reported values of (AHmi) in HEA versus 6r (Fig. 4-6), they obtained a
phase formation map displaying the stability domains of the solid solutions, ordered solid solutions,
intermediate phases (intermetallic compounds) and bulk metallic glasses. The figure shows that the
disordered solid solutions are formed when AHpi is in the range from -15 to 5 kJ/mol, while ér is
between 1% and 6.6%. In case of the disordered solid solutions, the entropy of mixing reaches a
maximum which is higher than that of amorphous phase and intermetallic compounds when the

alloying elements are in equiatomic ratio.

The parameter £2 proposed by Yang and Zhang et al. [196] is defined by equation (4.3):
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Q= —Tr;-I—IAS-,TX , (4.3)

where T = 2¢iTm,i, Tm,iis the melting point of element i.
This parameter 2is used to estimate the high-entropy solid-solution formation. It needs to be larger
than 1.1 for alloys to form HEA [196].
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Fig. 4-6 Phase formation map in HEA, based on the enthalpy of mixing (AHmix) and atomic size difference (6r):
“solid solution” indicates the alloy contains only disordered solid solution, “ordered solid solution” indicates
minor ordered precipitates besides solid solution and “intermediate phase” indicates there is precipitation of
intermediate phases like the intermetallic compound [196].

Guo et al. [200] proposed the valence electron concentration (VEC) as an additional criterion for
the prediction of the phase stability in high-entropy alloys. According to the definition, VEC of a

multi-element system can be expressed as in equation (4.4) [200]:
VEC=> ¢ VEG, (4.4)

where ¢; and VECare the atomic percentage and valence electron concentration of the i-th element
(Table 4-5). Moreover, Guo et al. [200] found that VEC can be used to quantitatively predict the
stability of the solid-solutions with FCC and BCC structures, formed in high-entropy alloys. For
BCC-solid solution VEC < 6.8, while for FCC, VEC > 8. These values were carefully reviewed and
adjusted later: the intermetallic compounds are formed when 6.0 < VEC < 7.8, the BCC-phase is
stable at VEC < 6.0 while the FCC-phase at VEC > 7.8 [254]. For VEC between 7.5 and 7.8, FCC solid

solution with precipitates of intermetallic compounds is formed.
4.1.2.3 Predicted results

The high-entropy model alloys design has been performed with respect to the parameters 6ér,

AHmix and 2, which can predict the formation of single solid-solution and of a dual-phase alloy
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(solid-solution with intermetallic compound precipitates), and to the parameter VEC used for the

prediction of the FCC, BCC solid-solutions and the intermetallic compounds.

Six quaternary Al-Cr- Fe-Ni-based and three quinary Al-Cr-Fe-Ni-(Nb, Ti, Cu)-based high-entropy

alloys have been prepared by fulfilling the critical values of the following criteria:

- Number of alloy constituents: more than four principal elements.

- Element concentration between 5 and 35 at.%.

- -15kJ/mol < AHmix < 5 ki/mol.

- 1% <6r<6.6%.

- 0>1.1.

- VEC>7.5.

To preserve the alloys VEC value above 7.5, the concentration of Al, which due to a VECs =3
may promote the formation of the BCC solid solution, has been selected between 6 and 12 at.%. The
same ratio is also considered in case of Nb (VECy, = 5) and Ti (VECy; = 4) to select their concentration
around 5 at.%. Copper (VECq, = 11) stabilizes the FCC structure and shows a positive enthalpy of
mixing with the other selected elements, except Al (Table 4-4 which indicates a tendency for Cu
segregation [217, 224]. For this reason and in order to compare the influence of the fifth element
addition, the concentration of Cu is also selected at 5 at.%. Table 4-6 shows the designed alloy

compositions and their parameters values of AHp, ér, VEC and (2.

Table 4-6 Design of candidate HEA and their corresponding AHmix, VEC, 6r, £2, and predicted phase.

Code Nominal Composition (at.%) | Aumix VEC or Q0 Predicted
Phase

HEA1l Alo.76Cr30.28Fe32.95Ni26.91 -8.62 7.56 4.44 2.28 FCC+IM
HEA2 Alo.gsCra2.50Fe34.50Ni33.15 -8.29 7.75 4.41 231 FCC+IM
HEA3 Alg.s1Cr23.13Fe33.68Niza.28 -7.87 7.76 4.22 2.43 FCC+IM
HEA4 Al11.69Cr22.40F€32.62Ni33.29 -8.87 7.62 4.74 2.18 FCC+IM
HEAS Als.02Cr25.01Fe33.99Ni34.98 -6.84 7.89 3.54 2.76 FCC
HEAG6 Al7.96Cr23.23Fe34.06Niz4.75 -7.55 7.85 4.02 2.52 FCC
HEA7 Alg24Cr21.37Fe30.29Ni35.02Nbs.os | -10.92 7.71 4.83 1.98 FCC+IM
HEA8 Al7.50Cr22.04Fe31.91Ni33.14Tis.01 -11.18 7.62 5.27 1.89 FCC+IM
HEA9 Alg.01Cr22.01Fe31.96Ni33.01Cus.00 | -5.45 7.95 4.02 3.82 FCC

The Fig. 4-7 displays the phase formation maps in a coordinate system, £2—6r, in which the
stability domains of the solid solutions, ordered solid solutions, intermediate phases (intermetallic
compounds) and bulk metallic glasses are also indicated as defined by Yang and Zhang et al. [196].

On these maps the designed nine HEA alloys are also indicated. As can be observed, two quaternary
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alloys (HEA5 and HEA6) and one quinary alloy (HEA9) are positioned in the subdomain related to
single-phase solid-solution. The other six alloys are in the subdomain of the solid solution with

precipitates of intermetallic compounds.

SS: solid solutions

I IM: inter-metallic
100 = MG: metallic glass

G 1o - SS
E S-\
E N”L/M
IM
1 -
MG

0 ; ééééé? 8 9.1011 12131415l1l6.17.18

5 (%)
Fig. 4-7 Phase formation map based on 2and 6ér, as defined by Yang and Zhang et al. [196], containing the
compositions of HEA alloys designed for this study.

Regarding the VEC criterion, it can be observed that three compositions (HEA5, HEA6 and HEA9)
show values above 7.8, which means that their predicted microstructure is a single-phase FCC
solid-solution. The VEC values of the other 6 designed alloys (HEA1, HEA2, HEA3, HEA4, HEA7, HEAS)
are in the range between 7.62 and 7.76 meaning that their predicted phases are FCC solid-solution

containing precipitates of the intermetallic compounds (dual-phase high-entropy alloys).

4.2 Microstructure and thermo-physical properties

In this chapter, the model alloys are analysed with respect to the microstructure and
thermo-physical properties. In depth analysis of the relation between the thermo-physical
properties and the microstructure properties is not performed, since the objective is to get a first

and coarse comparison with commercial steels only.
4.2.1 AFA-1st generation

The microstructure of all the annealed samples consists of large grains with an average size of
300 um, as illustrated in Fig. 4-8. Some randomly distributed oxide inclusions (Al-rich) with the size
<1 pum are observed. Taking into consideration the large dimension of the grains and the very low
density of the structural and chemical defects, the general corrosion behavior of the alloys will be

mainly influenced by alloys chemical composition and structure.
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Fig. 4-8 Representative microstructures of AFA-1%t generation alloys after annealing at 1250 °C for 2 h, large
austenite grains (0.3-2 mm) represent the general feature of the microstructure.

Table 4-7 shows the chemical compositions of AFA-1°t generation alloys measured by EDS. The
measured composition of all the samples is close to the nominal compositions. The accuracy of the

measurement is within 1 wt.%.

Table 4-7 Chemical compositions of AFA-1t generation measured by EDS (wt.%).

Code Nominal Cr Al Ni Fe
composition

AFA45 Fe-14Cr-3AI-20Ni 144 2.8 19.5 Balance
AFA46 Fe-16Cr-2.5Al-20Ni | 16.6 23 19.6 Balance
AFA47 Fe-16Cr-3AI-20Ni 16.6 2.7 21.7 Balance
AFA48 Fe-12Cr-4Al-22Ni 12.2 4.0 213 Balance
AFA49 Fe-14Cr-4Al-22Ni 14.4 4.2 21.2 Balance
AFA50 Fe-16Cr-2.5A1-22Ni | 16.5 25 21.4 Balance
AFA51 Fe-12Cr-4Al-24Ni 12.3 4.3 233 Balance
AFA52 Fe-14Cr-4Al-24Ni 14.3 43 23.4 Balance
AFA53 Fe-16Cr-3Al-24Ni 16.5 3.2 23.3 Balance
AFA54 Fe-16Cr-4Al-24Ni 16.3 43 23.4 Balance
AFAS55 Fe-15Cr-2.5Al-29Ni | 15.4 2.5 28.3 Balance
AFA56 Fe-15Cr-3.5Al-29Ni | 15.2 3.8 28.5 Balance

XRD analysis of all samples indicates the formation of a single-phase austenitic structure (y-Fe,
face centered cubic—FCC) without any secondary metallic phases as shown in Fig. 4-9. These results

confirm the predictions from the Schaeffler diagram.

40



4
200 - iiiz + Austenite
| —— AFA49
150 || —— AFAS53
—— AFA54

M ;
it v b \JMM'“ A AR A i st

;-MMW«MMWMMW | T PRRTRAR TR o PTRIWONRY Y
IAJ\W( LY E—
ittt M Whisssbbioan s

0

Intensity(a.u.)
3

)]
O

1 L 1 N 1 ' 1 ' 1 L I

20 30 40 50 60 70 80 90
20(degree)

Fig. 4-9 Representative XRD patterns of AFA-1% generation after annealing at 1250 °C for 2 h.

In addition, the thermo-physical properties of six AFA alloys of the 1% generation have been
measured. These are AFA46, AFA50, AFA53, AFA54, AFA55 and AFAS6. Fig. 4-10 shows the specific
heat capacity of AFA alloys and SS316 steel as a function of temperature. The error bar of this
measurement is + 5%. As temperature increases from 50 °C to 800 °C, all the samples show an
increase in specific heat capacity. The specific heat capacity of AFA53 and AFA54 is higher than that
of SS316 at the temperature range of 150-800 °C, which can be due to the high amount of Al and Cr
additions (3.2 Al-16.5 Cr (wt.%) in AFA53, 4.3Al-16.3 Cr (wt.%) in AFA54) [255]. AFA46, AFA50 and
AFA56 have similar values of specific heat capacity, which is lower than that of SS316. AFA55 has the
lowest value of specific heat capacity among all the tested samples. This can be due to the low Al
(2.5 wt.%) but high Ni additions (29 wt.%) [255]. The measured specific heat of AFA samples varies in
the range of 0.545-0.755 J/g/K at 600 °C except AFA55 which has a low value of 0.459 J/g/K. In
comparison, the specific heat of 5316 is 0.663 J/g/K at 600 °C.
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Fig. 4-10 Measured specific heat capacity of AFA samples as a function of temperature.
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Fig. 4-11 shows the thermal diffusivity of AFA samples. The error bar of this measurement is +
3%. At temperatures below 600 °C, AFA46, AFA53 and AFA54 show a value of thermal diffusivity that
increases with temperature. In the temperature range of 600 to 750 °C, it starts to decrease and
increases again depending on alloy composition between 700 and 750 °C. At 600 °C, the value of
thermal diffusivity of AFA samples changes from 4.72 to 5.42 mm?/s. SS316 shows the same trend of
thermal diffusivity as a function of temperature. The measured thermal diffusivity at 600 °C is 5.1
mm?/s. The decrease in thermal diffusivity might indicate some microstructural changes. AFA50,
AFA55 and AFA56 show increasing values of thermal diffusivity as temperature increases in the

entire temperature range tested.
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Fig. 4-11 Measured thermal diffusivity of AFA samples as a function of temperature.

Based on the measured alloy density, specific heat capacity and thermal diffusivity, thermal
conductivity of AFA samples can be calculated according to the equation (3.10). Fig. 4-12 shows the
plot of thermal conductivity of AFA samples as a function of temperature. All the samples show the
trend of increasing thermal conductivity with increasing temperature. AFA53 has the closest value of
thermal conductivity to SS316, varying from 15-35 W/m/K in the temperature range of 50 °C to
800 °C. AFA54 has a thermal conductivity that is lower than that of SS316 below 600 °C, but higher
above 600 °C. AFA46, AFA50, AFA55 and AFAS56 have all similar values of thermal conductivity in the
range between 10 and 22 W/(mK), which are lower than that of SS316.
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Fig.4-12 Experimentally evaluated thermal conductivity of AFA samples as a function of temperature.

Fig. 4-13 shows the linear thermal expansion of selected AFA alloys of 1% generation and SS316
as a function of temperature. AFA46, AFA50, AFA54, AFA55 and AFAS56 exhibit all similar values of
thermal expansion, with small differences between the heating and cooling process compared to
SS316. In summary, the coefficient of liner thermal expansion measured on AFA alloys varies from
1.83x10° to 1.97x107° °C* at 600 °C, which is close to the value of S5316 which is of 2.05x10°°C* at
same temperature. In contrast, the thermal expansion of AFA53 (blue color curve, Fig. 4-13 left)
shows a difference between the heating and cooling process which might be related to the
microstructure changes. Since the thermo-physical properties of AFA model alloys are comparable
with the that of commercial steel SS316, it can be concluded that the alumina-forming austenitic
steels can replace the SS316 steel without major changes of the equipment engineering design in

case of applications at temperature above 500 °C.
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Fig.4-13 Linear thermal expansion of AFA samples as a function of temperature, heating: 21-970 °C; cooling:

970-128 °C.

4.2.2 AFA-2rd generation
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Based on the corrosion performances of AFA-1% generation, six AFA model alloys have been

designed and prepared for further validation of their corrosion resistance (1000 h and 2000 h) at

600 °C. Microstructure analyses indicate the formation of large grains in all of the annealed samples,

as shown in Fig. 4-14. The bright dots/precipitates observed are distributed randomly in the alloy

matrix and are rich in Y, Al and Ni. This is due to the over-doping with Y. None of the three Nb

containing samples exhibits any Nb rich phase based on the SEM/EDS measurements. Table 4-8

shows the compositions of six AFA-2" generation alloys measured by EDS.

AFA70(BSE)

AINiY compound

]

\

AINiY compound

AFA74(BSE)

Fig. 4-14 Examples of microstructures of AFA-2"¢ generation alloys after annealing at 1250 °C for 2 h.

20um YAFA75(BSE)

AINiY compound

50 um

Table 4-8 Chemical compositions of AFA-2" generation measured by EDS (wt.%).

Code Nominal compositions Al Cr Ni Nb Y Fe

AFA70 | Fe-14Cr-2.5AlI-18Ni-0.5Y 2.7 14.7 17.9 - 0.4 Balance
AFA71 | Fe-15Cr-2.5AI-20Ni-0.5Y 25 15.4 19.9 - 0.5 Balance
AFA72 | Fe-16Cr-2.5AI-22Ni-0.5Y 25 15.4 21.8 - 0.5 Balance
AFA73 | Fe-15Cr-2Al-20Ni-0.5Y-1.5Nb | 2.1 15.4 22.0 1.3 0.5 Balance
AFA74 | Fe-15Cr-3Al-29Ni-0.5Y-1.5Nb | 4.3 15.5 27.9 1.1 0.5 Balance
AFA75 | Fe-16Cr-3Al-24Ni-0.5Y-1.5Nb | 3.1 15.7 241 1.68 0.7 Balance

Characterization of the phases by XRD analysis are displayed in Fig. 4-15. Only austenite is

identified in the matrix of all compositions. These results are consistent with the predictions made

by the Schaeffler diagram.
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Fig. 4-15 Representative XRD patterns of AFA-2"? generation samples after annealing at 1250 °C for 2 h.
4.2.3 HEA alloys

Fig. 4-16 shows the microstructure of the as-cast quaternary alloy system. The microstructure of
HEA1 displays the dendrites of bright contrast phases mixed with dark-gray inter-dendrites. Some
regions exhibits the mixture of both structures in nano-size grains. HEA2, HEA3 and HEA4 reveal
dendritic structures. Based on the EDS quantitative measurements, the dendrite (D) regions have
higher concentrations of Fe and Cr while the inter-dendrite (ID) regions are rich in Al and Ni. In case
of HEAS and HEAG6, the microstructures in the matrix are homogenous. No second precipitates are

visible.

B2 precipitates

HEAL(BSE) A2(BS {HEA3(BSE) S

HEAS(BSE) 20um |HEAG6(BSE)

Fig. 4-16 Microstructures of as-cast quaternary FeCrNiAl HEA alloys, prepared by arc melting.

Further characterization of the samples by XRD patterns are shown in Fig. 4-17. The alloy matrix
of HEA1, HEA2 and HEA4 show the signals from FCC and B2-NiAl phase, may also include the

overlapped signals from BCC phase. In case of HEA3, only FCC is identified. However, the
45



inter-dendrites shown in the alloy matrix indicate the formation of B2-NiAl precipitates as shown in

Fig. 4-16. Only austenite is visible in the matrix of HEA5 and HEA6.

The phase constitutions of all quaternary samples correspond with the predictions supported by
the design rules: HEAS5 and HEAG6 are single-phase FCC solid-solutions, while the microstructure of
HEA1, HEA2, HEA3 and HEA4 consists in the FCC solid-solution as alloy matrix with precipitates of the

intermetallic compound B2-NiAl.
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Fig. 4-17 XRD patterns of as-cast quaternary FeCrNiAl HEA alloys.

The microstructure of as-cast quinary HEA alloys is shown in Fig. 4-18. HEA7 and HEAS8 form the
dendrites structures, while only single solid solution has been observed in the bulk of HEA9. By
alloying Nb, HEA7 shows Nb-rich inter-metallic compounds in the inter-dendrite (ID) regions. In case

of HEAS, Al, Ni and Ti are enriched in the inter-dendrite (ID) regions.

\a"%

A0 o 2 HEAO(BSE)

Fig. 4-18 Typical microstructures of as-cast FeCrNiAIX (X=Nb, Cu or Ti) HEA alloys, prepared by arc melting.

Further characterizations of as-cast samples by XRD indicate the formation of FCC and Laves
(FezNb) in the matrix of HEA7 as shown in Fig. 4-19. In the matrix of HEA8, FCC, y" phases (Nis(Al,Ti))
are identified. HEA9 with Cu addition shows the formation of a single FCC phase.
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Fig. 4-19 Representative XRD patterns of as-cast quinary FeCrNiAIX (X=Nb, Cu or Ti) HEA alloys.

As in the case of quaternary HEA model alloys, the phase constitutions of quinary alloys
predicted by the design rules are confirmed: the matrix of HEA7 and HEAS8 is the FCC solid-solution in
which intermetallic phases Fe;Nb and Nis(Al,Ti) precipitate respectively, while the HEA9 exhibits a

single-phase FCC solid-solution.

Table 4-9 shows the nominal and measured chemical compositions (at.%) of as-cast HEA alloys.
The accuracy of the measurement is 1 at.%. The inter-dendrites of HEA1 show lower Al content
compared to the nominal Al concentrations, which indicate the formation of BCC phase instead of B2
phase. The small dark grains or precipitates observed in the morphology in Fig. 4-16 are the B2-NiAl
phase obtained by XRD, shown in Fig. 4-17. The inter-dendrites of HEA2, HEA3 and HEA4 show the
high concentration of Al and Ni, indicating the formation of B2 phases, which are also obtained by
XRD in Fig. 4-17.

Table 4-9 Chemical compositions of as-cast HEA alloys, measured by EDS (at.%).

Alloy | Nominal Composition | Morph | Al Cr Fe Ni Nb Ti Cu
(at.%) ology
HEA1 | Alo76Cr30.28Fes2.95Nizeo1 | D 6.33 | 28.84 | 35.28 | 29.55 | -- - -
(B2 precipitates are ID 7.13 | 33.19 | 3458 | 25.1
not measured)
HEA2 | Alo.gsCr22.50Fess.50Ni33.15 D 9.43 22.95 | 34.53 | 33.09 | -- - --
ID 20.99 | 17.62 | 21.85 | 39.54
HEA3 | Als91Cr2313FessesNizazs | M 9.74 | 23.81 | 33.31 | 33.14 | -- - --
P 11.85 | 23.7 29.26 | 35.19
HEA4 | Ali169Cr22.40Fes2.62Nizz29 | D 9.26 | 224 36.9 30.46 | -- - --
ID 20.17 | 14.05 | 36.9 30.46
HEA5 | Als.02CrasoiFessssNissss | SPh 579 | 255 |34.42 |34.29 |- - -
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HEA6 | Al7.96Cr23.23Fesa06Niza.7s | SPh 7.9 23.7 3441 | 33.99 | -- - -

HEA7 | Alg.24Cr21.37Fe30.29Ni35.02 D 7.05 23.29 | 34.43 | 34.07 | 1.16 - -
Nbs.os ID 6.23 | 19.58 | 26.66 | 30.76 | 16.77

HEA8 | Al7.90Cr22.04Fe31.91Ni33.14 D 6.45 2394 | 35.74 | 31.14 | - 273 | -
Tis.01 ID 14.01 | 15.17 | 23.48 | 38.94 8.4

HEA9 | Als.01Cr22.01Fes1.96Nizs.o1 | SPh 8.01 | 22.01 | 31.96 | 33.02 | -- - 5
Cus.o0

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

The thermal physical properties of quaternary (single phase, dendrite) and quinary HEA alloys
are measured. The error bar of this measurement is + 5%. Fig. 4-20 shows the specific heat capacity
of HEA1, HEA3, HEA4, HEAS5, HEA7 and HEAS8 as a function of temperature. Sample HEA1, HEA3,
HEA4, HEA5 and HEA8 show a monotonous increase of the specific heat capacity with rising
temperature. However, the specific heat capacity of HEA7 increases up to 600 °C to drop in the
range from 600 °C and 700 °C, before it rises again which might be caused by the microstructure
changes (e.g. phase transformation, precipitation). The measured specific heat of HEA alloys is in the
range of 0.52-0.57 J/g/K at 600 °C.
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Fig. 4-20 Measured specific heat capacity of HEA samples as a function of temperature.

The thermal diffusivity of sample HEA1, HEA4, HEAS5, HEA7 and HEA8 monotonically increase
with temperature up to 700 °C, shown in Fig. 4-21. The error bar of this measurement is + 3%. Then
a slight decrease start from 700 °C until the end of the measurement. HEA3 shows the increase of
thermal diffusivity from 50 °C to 600 °C. Then it begins to decrease and increases again from 650 °C.
The decrease of thermal diffusivity might be related to the dissolution of ordered B2 phase, which
leads to the disordering of matrix phase corresponding to the decrease in thermal diffusivity as
temperature increases [256]. Except HEA7 which shows a low value of 4.2 mm?/s, all the other alloys
have values in the range of 4.79-5.70 mm?/s at 600 °C. The slope of HEA7 diffusivity curve shows

changes at around 350 °C and 700°C, which might be related to microstructure changes.
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Fig. 4-21 Measured thermal diffusivity of HEA samples as a function of temperature.

The thermal conductivity, calculated from the measured thermal diffusivity, specific heat
capacity, and alloy density, of HEA1, HEA4, HEAS5 and HEAS8 increases in the temperature range
50-700 °C, as shown in Fig. 4-22. The measured thermal conductivity of these four samples varies in
18.4-22.29 W/m/K at 600 °C. Then the thermal conductivity starts to decrease at above 700 °C. HEA1
and HEA4 show the highest thermal conductivity at the measured temperature range due to the
relative high fraction of BCC (or B2) phase [257]. HEA3 and HEA7 show an increasing value of
thermal conductivity in the temperature range between 50 and 600 °C. At 600 °C, HEA3 and HEA7
have the thermal conductivity with a value of 17.76-18.27 W/m/K. Above, both samples show a
decrease of thermal conductivity at 600-650 °C, increasing again exceeding 700 °C. Such variation

might be related to microstructural changes.
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Fig. 4-22 Evaluated experimental thermal conductivity of HEA samples as a function of temperature.

The linear thermal expansion of HEA1 to HEAS alloys is depicted in Fig. 4-23. HEA1, HEA3, and

HEA4 show thermal expansion values with marginal difference between the heating and cooling
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process (Fig. 4-23, left). In contrast, HEA5 exhibits a significant difference in thermal expansion
between heating and cooling below 750 °C, e.g. 0.0025% at 150 °C during heating vs 0.005% at
150 °C during cooling. The thermal expansion during heating is lower than the value during cooling.
HEA7 shows a difference in thermal expansion between heating and cooling below 850 °C (Fig. 4-23,
right). Moreover, the curve of thermal expansion shows anomalies at the temperature range of
700-750 °C in both the heating and cooling process. In case of HEAS, the thermal expansion curves
show a hysteresis in the temperature range 700-930 °C. The anomalies of the thermal expansion of
HEA7 and HEA8 could be attributed to reversible microstructural changes at temperature above
700 °C. However, the range of coefficient of thermal expansion measured at 600 °C is between

1.58x10° and 2.04x10° °C™.
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Fig. 4-23 Measured linear thermal expansion of HEA samples as a function of temperature; heating: 21-970 °C;

cooling: 970-128 °C.
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5. Corrosion behavior of AFA model alloys

5.1 Corrosion behavior of AFA-1st generation at 550 °C and 600 °C for 1000 h

Twelve AFA-1°t generation model alloys were exposed to 10°® wt.% oxygen containing molten Pb
at 550 °C and 600 °C for 1000 h. Table 5-1 summarizes the corrosion performance of AFA alloys in
molten Pb conditions. Eight alloys (AFA45, AFA46, AFA47, AFA50, AFA53, AFA54, AFAS5 and AFA56)
have formed a protective oxide scale, while four compositions (AFA48, AFA49, AFA51, and AFA52)
exhibited corrosion attack during exposure in oxygen containing molten Pb conditions at 550 °C. At
600 °C, six samples (AFA46, AFA50, AFA53, AFA54, AFA55 and AFA56) have been passivated and the

remaining seven compositions have shown the evidence of corrosion attacks (Table 5-1).
Table 5-1 Corrosion performance of AFA-1°t generation alloys after 1000 h exposure
to 10° wt.% oxygen containing molten Pb at 550 °C and 600 °C.

Code Chemical composition (wt.%) 550 °C 600 °C
AFA45 Fe-14.4Cr-2.8AI-19.5Ni : ~
AFA46 Fe-16.6Cr-2.3AI-19.6Ni

AFA47 Fe-16.6Cr-2.7AI-21.7Ni : ~
AFA48 Fe-12.2Cr-4Al-21.3Ni ~ ~
AFA49 Fe-14.4Cr-4.2AI-21.2Ni —~ 5
AFA50 Fe-16.5Cr-2.5Al-21.4Ni

AFA51 Fe-12.3Cr-4.3Al-23.3Ni —~ —~
AFAS52 Fe-14.3Cr-4.3Al-23.4Ni —~ —~
AFAS53 Fe-16.5Cr-3.2AI-23.3Ni

AFA54 Fe-16.3Cr-4.3Al-23.4Ni

AFA55 Fe-15.4Cr-2.5AI-28.3Ni

AFA56 Fe-15.2Cr-3.8AI-28.5Ni

— : Corrosion resistance; “&": Corrosion attack.

5.1.1 Corrosion attack of AFA alloys at 550 °C and 600 °C

After 1000 h corrosion test at 550 °C, AFA48 and AFA51 (with 12 wt.% Cr), AFA49 and AFA52
(with 14 wt.% Cr) have shown dissolution attacks. At 600 °C, the samples with 12 wt.% Cr (AFA48,
AFA51) and 14 wt.% Cr (AFA45, AFA49, AFA52), together with another sample containing 16 wt.%
Cr (AFA47) show dissolution attack and oxide scale spallation. Fig. 5-1 shows the representative
surface view and cross section of AFA48 (12 wt.% Cr, at 550 °C), AFA49 (14 wt.% Cr, at 550 °C) and
AFA47 (16 wt.% Cr, at 600 °C) alloys after exposure tests at 550 °C and 600 °C. After exposure to
oxygen-containing molten Pb at 550 °C, samples with 12 wt.% Cr show widespread dissolution

attack, approximately at 90% of the surface area as show in Fig. 5-1 (AFA48). The cross section
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analysis in Fig. 5-1 (AFA48) reveals a thick dark-gray layer (>50 um at some parts) with Pb
penetration and some small precipitates. In case of samples containing 14 wt.% Cr, the alloys have
formed an oxide scale with localized dissolution attacks. This corrosion attack covers around 30 to
40% of the surface area (e.g. AFA49, AFA52). According to the cross section analysis (e.g. AFA49), a
thick layer shown in dark contrast, of around 15 to 20 um, is observed on both samples. Moreover,
bright Pb penetration are also visible at some spots. When exposed to oxygen-containing molten
Pb at 600 °C, the samples containing 12 wt.% Cr display a dissolution attack at around 90% of
surface area like the ones exposed at 550 °C. The cross section analysis reveals similar features like
the samples exposed at 550 °C, namely a dark-gray layer with Pb penetration, and small
precipitates. Samples with 14 wt.% Cr (AFA45, AFA49, AFA52) and 16 wt.% Cr (AFA47) have shown
localized dissolution attacks at about 30% to 50% of surface area. The other part of the surface is
covered by an oxide scale. The cross section analysis shows the dark-gray layer (10-30 um) with the
Pb penetration and some small precipitates. Cross section mapping of AFA52 (exposed at 600 °C)
reveals the signals of O, Al and Cr at the alloy surface, shown in Fig. 5-2. In the dark-gray region, an
enrichment of Fe and depletion of Ni is clearly visible. Besides, the dark precipitates are rich in Al

and Ni according to the EDS mapping and line scanning, see Fig. 5-3.
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Fig. 5-1 Dissolution attacks observed on the surface and cross section of AFA48 (550 °C), AFA49 (550 °C) and
AFA47 (600 °C) after 1000 h exposure to 10°® wt.% oxygen containing molten Pb.
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Fig. 5-2 EDS mapping of the cross section of AFA52 after 1000 h exposure to 10 wt.% oxygen containing
molten Pb at 600 °C.
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Fig. 5-3 EDS line scan of the cross section of AFA52 after 1000 h exposure to 10° wt.% oxygen containing
molten Pb at 600 °C (The direction of the measurement is indicated by the arrow).

Fig. 5-4 shows the XRD pattern examples of some of the alloys displaying dissolution attack:
AFA48 (550 °C), AFA47 (600 °C) and AFA52 (600 °C). According to the analysis, strong intensities from
BCC have been identified in all three samples. Corroborated with cross section analysis shown in Fig.
5-1, the gray regions have transformed from FCC to BCC phase due to the depletion of austenitic
stabilizer Ni. All samples show no or low intensity peaks belonging to the FCC phase due to the high
thickness of the ferrite layer. Besides, the Al-, Ni-rich precipitations, which are observed in the

dark-gray layer (see Fig. 5-1), are identified by XRD as the B2-NiAl compound.
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Fig. 5-4 Representative XRD patterns of samples displaying dissolution attack after 1000 h exposure to 10 wt.%
oxygen containing molten Pb at 550 °C and 600 °C: AFA48 (Fe-12.2Cr-4Al-21.3Ni), AFA47(Fe-16.6Cr-2.7Al-21.7
Ni) and AFA52 (Fe-14.3Cr-4.3Al-23.4Ni).

5.1.2 Corrosion resistance of AFA alloys at 550 °C
Alloy surface characterization

Eight samples AFA45, AFA46, AFA47, AFA50, AFA53, AFA54, AFAS5 and AFA56 have formed
protective oxide scales after 1000 h exposure in low-oxygen containing molten Pb at 550 °C. Fig. 5-5
shows the representative surface morphologies of alloys with 14 wt.% Cr (AFA45), 15 wt.% Cr (AFA56)
and 16 wt.% Cr (AFA53). No dissolution attack can be observed. The oxide scales formed on the alloy
surfaces are dense and uniform. Besides, Fe-rich oxide protrusions (magnetite, < 2% surface area)

have been observed on the surfaces of AFA45, AFA46, AFA53 and AFA56

Fig. 5-5 Representative surface morphologies of AFA-1°t generation samples after 1000 h exposure to 10° wt.%
oxygen containing molten Pb at 550 °C: AFA45 (Fe-14.4Cr-2.8Al-19.5Ni), AFA53 (Fe-16.5Cr-3.2AI-23.3Ni) and
AFA56 (Fe-15.2Cr-3.8Al-28.5Ni).

Cross section analysis

Fig. 5-6 shows the cross sections of passivated AFA-1° generation samples. Cross sectional
analysis confirms the formation of a continuous and thin oxide layer on the alloy surfaces. No
dissolution attack or Pb penetration has been observed in the alloy matrix. The magnetite

protuberances (Fes04) observed on the surface are parts of thick oxide spots, as shown in the cross
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section of AFA46. The evaluation of EDS line-scanning and mapping indicates that the oxide scale
mainly consists of Al- and Cr-oxides, as shown in Fig. 5-7 and Fig. 5-8. The oxygen signal maximum
observed in the EDS line-scans (Fig. 5-7) coincides the maxima of the Al and Cr signals. Furthermore,
the signal maxima of aluminum and chromium are either coincided or slightly shifted, where the Cr
peak appears closer to the surface. The thickness of the oxide scale is around 100 to 200 nm
according to the full width at half maximum (FWHM) measured from EDS line scanning. Another
phenomenon observed in all of these samples is the quasi-continuous transitional layer beneath the
oxide scale, with bright aspect in Fig. 5-6. EDS line scanning indicates that the transitional layer is
enriched in Fe and Ni, and depleted in Al and Cr. The thickness of the transitional layer varies
between 1 and 3 um and decreases with increasing of the Ni content. Additionally, small precipitates
(shown in dark contrast) are distributed among the transitional layer, as it is visible in Fig. 5-7 (AFA54)
and Fig. 5-8. According to the EDS measurements, the precipitates are enriched in Al and Ni, e.g. AFA
54 in Fig. 5-7, most probably being B2-NiAl compound. At the interface between the transitional
layer and the oxide scale and/or in the surrounding volume of the NiAl-rich precipitates,
Cr-enrichment is observed in some spots in all samples. Information about these precipitates is
obtained from EDS line-scans and elemental mapping as exemplified in Fig. 5-7 (AFA54) and Fig. 5-8
(AFA47).
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Fig. 5-6 Cross section images of AFA-1%t generation samples after 1000 h exposure to 10°® wt.% oxygen
containing molten Pb at 550 °C: AFA45 (Fe-14.4Cr-2.8Al-19.5Ni), AFA46 (Fe-16.6Cr-2.3Al-19.6Ni), AFA47
(Fe-16.6Cr-2.7Al-21.7Ni), AFA50 (Fe-16.5Cr-2.5Al-21.4Ni), ~AFA53  (Fe-16.5Cr-3.2Al-23.3Ni), AFA54
(Fe-16.3Cr-4.3Al-23.4Ni), AFAS55 (Fe-15.4Cr-2.5Al1-28.3Ni) and AFA56 (Fe-15.2Cr-3.8AI-28.5Ni), TL: transitional

layer.
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Fig. 5-7 EDS line scans of the cross sections of AFA-1%t generation samples after 1000 h exposure to 10° wt.%
oxygen containing molten Pb at 550 °C: AFA50 (Fe-16.5Cr-2.5Al-21.4Ni) and AFA54 (Fe-16.3Cr-4.3Al-23.4Ni),

(The direction of the measurement is indicated by the arrow).

s
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Fig. 5-8 EDS mapping of the cross section of AFA47 sample (Fe-16.6Cr-2.7Al-21.7Ni) after 1000 h exposure to
10°® wt.% oxygen containing molten Pb at 550 °C.

X-ray diffraction pattern

X-ray diffraction analysis has been performed on exposed samples to identify the phase
compositions. Since the types of oxides are mainly influenced by the Al and Cr content, samples with
different concentrations of Al and Cr are selected to represent the XRD patterns in Fig. 5-9, namely

AFA45 (Fe-14.4Cr-2.8Al-19.5Ni), AFA46 (Fe-16.6Cr-2.3Al-19.6Ni), AFA54 (Fe-16.3Cr-4.3Al-23.4Ni),
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AFA56 (Fe-15.2Cr-3.8Al-28.5Ni). According to the XRD analysis, the phases identified on each sample
are the followings: AFA45: FCC, B2, Fe;04 (strong), Cr,03 and (Al,Cr) .03, AFA46: FCC, B2, Fe304, Cr,0;
and (Al,Cr),0s; AFA54: FCC, B2 (weak), Cr,03 and (Al,Cr),05 (weak), and AFA56: FCC, BCC, B2 (strong),
Cr,03 and (Al,Cr),05 (weak). The X-ray diffraction patterns obtained from the oxide scale are weak
due to the small thickness and probably disordered structure of the oxide scale components.
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,0; and

the other Al,0s-Cr,03 solid solution.

The 100% intensity peak of Cr,Os, corresponding to (104) lattice plane, is located at
26=33,61°+0.02°, while the 100% intensity peak of the Al,0s-Cr,03 solid solution, corresponding to
the same lattice plane, is located in the range between 34.44° and 34.65°. Regarding the observed
Fe-rich oxide protrusions on some samples’ surfaces, magnetite (FesQ,) is identified in the XRD
patterns. Moreover, the intensity of magnetite decreases as the Ni and the Al content increase: XRD
patterns of the samples AFA54 and AFA56 do not show the peaks from magnetite. As for the phase
compositions of the alloy substrate, austenite as the matrix plus B2-NiAl (PDF Nr: 44-1188) are
identified from the XRD. Combining with cross section analysis (shown in Fig. 5-7), the Al- and Ni-
rich precipitates observed in the transitional layer are B2-NiAl. In addition, AFA56 has shown more
intense peaks at 26=44.44°, 64.73° and 81.99°, which indicate the presence of a BCC structure (other
than B2-NiAl compound) which, after taking into consideration the SEM/EDS results, is a FeCr solid

solution formed in the Cr-enriched spots of the transitional layer.
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Fig. 5-9 Representative XRD patterns measured on AFA-15tgeneration samples after 1000 h exposure to 10
wt.% oxygen containing molten Pb at 550 °C: AFA45 (Fe-14.4Cr-2.8AI-19.5Ni), AFA46 (Fe-16.6Cr-2.3AI-19.6Ni),
AFA54 (Fe-16.3Cr-4.3AlI-23.4Ni) and AFA56 (Fe-15.2Cr-3.8AI-28.5Ni).

5.1.3 Corrosion resistance of AFA alloys at 600 °C
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Alloy surface characterization

Six samples alloyed with 15 wt.% Cr (AFA55, AFA56) and 16 wt.% Cr (AFA46, AFA50, AFA53,
AFA54) succeeded to passivate based on an oxide scale formed during 1000 h exposure to
low-oxygen containing molten Pb at 600 °C. All samples (having Al concentration between 2.5 and 4
wt.%) formed a dense and continuous Al- and Cr- rich oxide scale. Fig. 5-10 shows the representative
surface morphologies of protective samples with different content of Al, Cr and Ni, namely AFA46

(Fe-16Cr-2.5Al-20Ni), AFA50 (Fe-16Cr-2.5A1-22Ni) and AFA55 (Fe-15Cr-2.5A1-29Ni).

100 um | AFA55

Fig. 5-10 Representative surface morphologies of AFA-1t generation samples after 1000 h exposure to 10° wt.%
oxygen containing molten Pb at 600 °C (AFA46, AFA50, AFA55).

Cross section analysis

The SEM images in Fig. 5-11 show the cross sections of AFA samples forming a protective oxide
scale. A continuous oxide scale, based on Al- and Cr- rich oxides, protects the samples from
corrosion attack. The thickness of the oxide scale varies from 50 to 200 nm, according to the FWHM
measured in EDS line scanning (examples shown in Fig. 5-12). Further EDS line scans of the oxide
scale indicate that the signal maximum of chromium coincides with that of aluminum, as depicted in
Fig. 5-12. Both signal maxima coincide with the maximum of the oxygen signal which indicates the
formation of oxide scale on alloy surface. A bright-gray metallic transitional layer (TL), which is
underneath the oxide scale, has been observed in all passivated samples. The thickness of this layer
varies between 1 and 3 um. As the Ni content increases, the transitional layer becomes less
pronounced, as in case of the samples passivated during exposure at 550 °C. Moreover, the
precipitates observed in the transitional layer mainly consist of Al and Ni, while some Cr-rich spots

are also found as shown in the EDS mapping analysis, see Fig. 5-13.
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Fig. 5-11 Representative cross section images of AFA-1%t generation samples after 1000 h exposure to 10° wt.%
oxygen containing molten Pb at 600 °C: AFA46 (Fe-16.6Cr-2.3Al-19.6Ni), AFA50 (Fe-16.5Cr-2.5Al-21.4Ni),
AFA53 (Fe-16.5Cr-3.2AI-23.3Ni), AFA54 (Fe-16.3Cr-4.3Al-23.4Ni), AFA55 (Fe-15.4Cr-2.5Al-28.3Ni) and AFA56
(Fe-15.2Cr-3.8Al-28.5Ni); TL: transitional layer.
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Fig. 5-12 Representative EDS line scans of the cross section of AFA-1%t generation samples after 1000 h
exposure to 10°® wt.% oxygen containing molten Pb at 600 °C: AFA46 (Fe-16.6Cr-2.3Al-19.6Ni) and AFA50
(Fe-16.5Cr-2.5Al-21.4Ni), TL: transitional layer, (The direction of the measurement is indicated by the arrow).
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Fig. 5-13 EDS mapping of the cross section of AFA46 (Fe-16.6Cr-2.3Al-19.6Ni) after 1000 h exposure to 10° wt.%

oxygen containing molten Pb at 600 °C.
X-ray diffraction pattern

Fig. 5-14 shows the representative XRD results of AFA-1*alloys after 1000 h exposure at 600 °C.
Only Cr,03 and Al,0s3-Cr,03 solid solution are recognized in the oxide scale. The intensities from the
oxides are weak due to the small thickness of the oxide layer. The identified diffraction peak of Cr,03
is at the position of 20=33.61°+ 0.02°, while the position of Al,0s-Cr,03 solid solution is in the range
of 34.50°-34.73°. In addition, B2 phase is also identified, which is related to the Al-, Ni- rich
precipitates in the transitional layer. Compared with passivated AFA samples exposed at 550 °C, the
XRD pattern shows a slightly higher intensity of the diffraction peak at 26=31.01°, which indicates
the increase of B2-NiAl phase fraction. Likewise, the peaks located at 26=44.44°, 64.73° and 81.99°
show higher intensities due to extension of the volume occupied by the Cr-rich FeCr solid solution
with BCC structure observed in the proximity of the oxide scale and in the surrounding of the B2-NiAl
phase precipitates. As for the phase in the alloy matrix, the austenite is conserved after exposure at

600 °C in oxygen-containing molten Pb for 1000 h.
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Fig. 5-14 Representative XRD patterns measured on AFA-1%tgeneration samples after 1000 h exposure to 10
wt.% oxygen containing molten Pb at 600 °C: AFA46 (Fe-16.6Cr-2.3Al-19.6Ni), AFA50 (Fe-16.5Cr-2.5Al1-21.4Ni),
AFA54 (Fe-16.3Cr-4.3AI-23.4Ni) and AFA56 (Fe-15.2Cr-3.8Al-28.5Ni).

5.2 Corrosion behavior of AFA-1st generation at 600 °C for 2000 h
SEM/EDS, XRD characterization

Two high Al containing samples AFA54 (4 wt.% Al) and AFA56 (3.5 wt.% Al) corresponding to
high Ni content AFA54 (24 wt.% Ni) and AFA56 (29 wt.% Ni) have been exposed to 10 wt.% oxygen
containing molten Pb at 600 °C for 2000 h. Fig. 5-15 shows the surface morphologies after the
corrosion test. No dissolution attack is observed on both samples. The surface of AFA54 is covered
by a smooth and continuous scale based on Al- and Cr- oxides, except a few magnetite (Fes04) spots
(< 1% surface area). In addition, some spots shown in dark-gray contrast (10-15% surface area) have
been observed in BSE mode images, e.g. AFA54 (BSE) in Fig. 5-15. The EDS measurements in these
dark spots indicate an increase of the Al and O concentration compared with the rest of the surface.
The surface of AFA56 is covered by a continuous oxide scale. EDS measurements indicate that the
oxide scale is rich in Al, Cr and O. Besides, magnetite spots accounting for 5-10% surface area are
also visible. Dark Al and O rich spots are also observed on the scale surface, but have a lower fraction

(< 2% surface area) compared with AFA54.

Fig. 5-15 Surface morphologies of AFA54 (SE, BSE) and AFA56 (SE, BSE) after 2000 h exposure to 10° wt.%

oxygen containing molten Pb at 600 °C.

61



Fig. 5-16 shows as example the cross section image of AFA54. The alloy surface is covered by a
thin oxide scale (<100 nm). No dissolution attack or Pb penetration into the matrix has been found.
EDS line scanning of the oxide scale indicates that the signal maximum from O coincides with the
maxima of the Cr and Al signals, meaning the formation of an Al-, Cr-based oxide scale. The dark Al-,
O-rich spots observed on the surface are with thicker oxide layer (=200 nm). Below the oxide scale, a
bright transitional layer, enriched in Fe and Ni, is observed. The thickness varies from 0.5 to 2 um. In
addition, some dark precipitates are also observed in the transitional layer. As evidenced by EDS
mapping, the precipitates consist of Al-, Ni-rich spots and some Cr-rich spots located near the oxide
scale or/and in vicinity of the NiAl-based precipitates, as shown in Fig. 5-17. Moreover, the mapping
of the cross section also shows a distribution of Al and Cr in the oxide layer, with more Al in the

thicker parts and more Cr in the thinner ones (Fig. 5-17).
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Fig. 5-16 Line scanning of the cross section of AFA54 after 2000 h exposure to 10°® wt.% oxygen containing

molten Pb at 600 °C, (The direction of the measurement is indicated by the arrow).
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Fig. 5-17 EDS mapping of the cross section of AFA54 sample after 2000 h exposure to 10 wt.% oxygen
containing molten Pb at 600 °C.

Corroborating the SEM/EDS and XRD analysis, protective oxide scales are formed on AFA54 and
AFA56 consisting of (Alp9Cro.1)203, (26=34.95-35°, corresponding to (104) lattice plane) and Cr,0s (Fig.
5-18). Peaks of magnetite are also present. In addition, FCC, B2-NiAl and a small fraction of a FeCr
solid solution with BCC structure (PDF Nr: 65-7775) phases have been identified in the XRD patterns.
The B2-NiAl and FeCr solid solution (BCC) phases are from the transitional layer, while the FCC solid

solution is from the alloy matrix.
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Fig. 5-18 XRD patterns measured on AFA54 (Fe-16.3Cr-4.3Al-23.4Ni) and AFA56 (Fe-15.2Cr-3.8Al-28.5Ni) after

2000 h exposure to 10 wt.% oxygen containing molten Pb at 600 °C.

TEM evaluation

For further evaluation of the oxide scale and transitional layer, the sample AFA54
(Fe-16Cr-4Al-24Ni) with less magnetite spots after 2000 h exposure in oxygen containing molten Pb
at 600 °Cis selected and characterized by different TEM techniques.
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Fig. 5-19 shows the TEM results of the sample in bright field (BF) mode combined with selected
area electron diffraction (SAED) analysis. The SAED performed on bulk material reveals FCC
crystalline structure (PDF Nr.33-397) of the alloy matrix, although the sample is not tilted accurately
into an appropriate zone axis. The zone axis parallel to the electron beam is close to [001]. The
highlighted spots can be attributed to (-200), (200), and (-220), respectively. As for the oxides
formed on the surface, the ring patterns on one hand indicate the polycrystalline structure of the
oxides. On the other hand, it reflects the nano-sized grains formed in the scale. This is also reflected
by the high-resolution TEM image, shown in Fig. 5-19 (e). Here, small grains and lattice fringes with a
spacing of 0.19nm are visible. They can be attributed to (202) planes of corundum. The thickness of
the oxide scale is around 50 nm. Based on the measured spacing, the ring pattern belongs to

corundum (AlxCri14)203, with x=0.85-0.9. This is in agreement with the result obtained by the XRD.

Fig. 5-19 TEM-BF images of AFA54 (Fe-16.3Cr-4.3Al-23.4Ni) and the corresponding SAED obtained on bulk alloy
(a, b); the oxide scale (c, d); high resolution image (e).

Fig. 5-20 shows the STEM image and the EDS line profile along the red line, which starts from
the middle part of the oxide scale and extends into the alloy matrix. The oxygen signal was not
evaluated. In the oxide scale part, Al has a strong intensity while it reduces gradually in the matrix
part, which indicates the formation of Al,0s-based oxide scale. In contrast, Fe, Cr and Ni show
relatively low intensities in the oxide scale. The yellow square is the reference area for drift

correction during acquisition.
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Fig. 5-20 STEM-image (left) and STEM-EDS line profiles (right) of the cross section of the oxide scale formed on
AFA54 after 2000 h exposure to 10 wt.% oxygen containing molten Pb at 600 °C.

Moreover, EDS area analysis has been performed within the oxide scale region, as shown in Fig.
5-21. Table 5-2 shows the standardless quantitative results of the chemical compositions in area 1
and area 2, respectively, evaluated with absorption correction for a 50 nm thin Al,O; film. Based on
the measurement, the fraction of Cr,0;3 is 20.82 wt.% in area 1, and 16.22 wt.% in area 2, being
consistent with the Cr,03 content in (AlosCro.1)203 solid solution (8=34.95-35°, corresponding to (104)
lattice plane), identified in the X-ray diffraction patterns (Fig. 5-18)

Area 2 Areal

Fig. 5-21 STEM-image showing the areas for EDS analyses of the oxide scale formed on AFA54 after 2000 h
exposure to 10 wt.% oxygen-containing molten Pb at 600 °C.

Table 5-2 EDS standardless quantitative measurements of chemical compositions of areas in oxide scale

(wt.%).
Region O(K) Al(K) Cr(K) Fe(K) Ni(K)
Areal 46.91 39.03 13.15 0.88 0.00
Area 2 53.58 36.40 9.08 0.93 0.00

STEM-EDS qualitative area scans have been acquired in the transitional layer and alloy matrix.

Compared with the alloy matrix (shown in area 3 in Fig. 5-22), the transitional layer is enriched in Fe
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and Ni, and depleted in Al, see area 1 in Fig. 5-22. In addition, the measurement of area 2, which is
located at the upper part of the transitional layer, shows the strong intensities from Cr, which

confirms the formation of a Cr-rich phase. The observed signal of Cu stems from the Cu-lift-out grid.
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Fig. 5-22 STEM image (left) and STEM-EDS area spectra (right) of the alloy matrix of AFA54 after 2000 h
exposure to 10® wt.% oxygen containing molten Pb at 600 °C.

5.3 Corrosion behavior of AFA-2nd generation at 600 °C

Six AFA-2" generation alloys have been exposed to 10° wt.% oxygen containing molten Pb at
600 °C for 1000 h and 2000 h. The surface status of each sample has been checked by SEM/EDS.

Table 5-3 summarizes the performance of AFA-2" generation samples after the corrosion tests.

Table 5-3 Corrosion performance of AFA-2"¢ generation alloys in molten Pb conditions.

Code Chemical compositions (wt.%) 1000 h 2000 h
AFA70 Fe-14.7Cr-2.7AI-17.9Ni-0.4Y

AFA71 Fe-15.4Cr-2.5A1-19.9Ni-0.5Y

AFA72 Fe-15.4Cr-2.5AI-21.8Ni-0.5Y

AFA73 Fe-15.4Cr-2.1AI-22Ni-0.5Y-1.3Nb

AFA74 Fe-15.5Cr-4.3Al-27.9Ni-0.5Y-1.1Nb

AFA75 Fe-15.7Cr-3.1Al-24.1Ni-0.7Y-1.68Nb

~~: Corrosion resistance; ~: Oxide scale spallation (no corrosion attack).
5.3.1 Corrosion test at 600 °C for 1000 h

Alloy surface characterization
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Fig. 5-23 shows the surface view of AFA-2" generation samples after the corrosion tests. The
surface morphologies of the samples made from four different alloys are displayed as examples, due
to their differences in the Al and Cr concentrations, Nb addition and scale spallation: AFA70
(Fe-14.7Cr-2.7Al-17.9Ni-0.4Y), AFA71 (Fe-15.4Cr-2.5AI-19.9Ni-0.5Y), AFA72 (Fe-15.4Cr-2.5AI-21.8Ni-
0.5Y) and AFA73 (Fe-15.4Cr-2.1AI-22Ni-0.5Y-1.3Nb), respectively. All of the samples have been
protected by the dense and continuous oxide scale grown during exposure. No corrosion attack is
observed. The still visible scratches from the grinding process may indicate that the passivating oxide
scales are very thin. As evidenced by quantitative EDS measurements, the oxides formed on the
alloys’ surfaces are based on Al and Cr. In addition, a few protrusions of Fe-, Cr- rich oxide
(magnetite) are observed on all samples. These protrusions are formed at the surface of the regions
surrounding YNiAl-rich spots, which are depleted in Al and Ni and hence are rich in Fe and Cr.
Regarding AFA72, some regions totalizing between 20% and 30% surface area show the evidence of

oxide scale spallation or scale cracks.

50, AFA73

Fig. 5-23 Representative surface morphologies of AFA-2"! generation alloys after 1000 h exposure to 10 wt.%
oxygen containing molten Pb at 600 °C: AFA70 (Fe-14.7Cr-2.7Al-17.9Ni-0.4Y), AFA71(Fe-15.4Cr-2.5Al-19.9Ni-
0.5Y), AFA72 (Fe-15.4Cr-2.5A1-21.8Ni-0.5Y) and AFA73 (Fe-15.4Cr-2.1Al-22Ni-0.5Y-1.3Nb).

Cross section analysis

Samples containing different concentrations of Al and Cr and two samples containing Nb are
selected to exemplify the cross section analysis in Fig. 5-24. These samples are AFA70

(Fe-14.7Cr-2.7A1-17.9Ni-0.4Y), AFA71 (Fe-15.4Cr-2.5AI-19.9Ni-0.5Y), AFA73 (Fe-15.4Cr-2.1AI-22Ni-
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0.5Y-1.3Nb), AFA74 (Fe-15.5Cr-4.3Al-27.9Ni-0.5Y-1.1Nb). No dissolution attack has been observed. A
thin oxide scale with a thickness less than 200 nm has been observed on all exposed samples. The
EDS line scans of the oxide scales of all AFA-2" generation alloys show a protective scale consisting
of O, Al and Cr, where the Cr peak appears either in front of the peak of Al or overlapped, as shown
in the examples displayed in Fig. 5-25. Below the oxide scale, a transitional layer, which is depleted
in Al and Cr but enriched in Fe and Ni, is identified by EDS line scanning. Some dark spots enriched in
Al and Ni have been observed in the transitional layer (Fig. 5-25, AFA70). The elemental mapping of
the oxide scales (an example depicted in Fig. 5-26) shows a uniform distribution of O, Cr and Al in the
oxide layer. The intensity of Cr in the scale region is lower in all second generation AFA alloys
compared with AFA-1%t generation samples exposed to the same conditions. Moreover, the presence

of Cr-enriched regions is not observed in some samples (e.g. AFA73).
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Fig. 5-24 Representative cross section images of AFA-2"¢ generation alloys after 1000 h exposure to 10 wt.%
oxygen containing molten Pb at 600 °C: AFA70 (Fe-14.7Cr-2.7Al-17.9Ni-0.4Y), AFA71 (Fe-15.4Cr-2.5Al-19.9Ni-
0.5Y), AFA73 (Fe-15.4Cr-2.1Al-22Ni-0.5Y-1.3Nb) and AFA74 (Fe-15.5Cr-4.3AI-27.9Ni-0.5Y-1.1Nb).
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Fig. 5-25 EDS line scanning across the cross section of AFA-2" generation alloys after 1000 h exposure to 10®
wt.% oxygen containing molten Pb at 600 °C: AFA71 (Fe-15.4Cr-2.5AI-19.9Ni-0.5Y) and AFA73
(Fe-15.4Cr-2.1Al-22Ni-0.5Y-1.3Nb), (The direction of the measurement is indicated by the arrow).

Oxide scale

Matrix

Fig. 5-26 EDS mapping of the cross section of AFA73 alloy after 1000 h exposure to 10 wt.% oxygen containing
molten Pb at 600 °C.

XRD characterization

According to the identified phases shown in the Fig. 5-27, the oxides mainly formed after 1000 h
exposure are magnetite (Fes0a), Cr,03 (PDF card Nr: 74-326), and Al,0s-Cr,0; solid solution. The
identified oxides formed on different samples are as follows: AFA70: Fes04, Cr,0; (weak); AFA71:
Fes0a4, Cry03, (AlosCro.1)203 (weak); AFA72: Fes04, Cry0s3; AFA73: Fesz04, Cr;03, (AlooCro1)203; AFA74:
Fes04, Cry03, (AlosCro.1)203; AFA75: Fes0,, Cra03, (AlooCro1),03 (weak). The weak signals from oxides

are due to the small thickness of the scale (<200 nm). The formed magnetite peaks are from the
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protrusions grown on the regions surrounding YNiAl-rich precipitates reaching the sample surface,
which are depleted in Al and Ni. Besides, austenite and B2 phases are observed in all the samples.
The peaks located at 26=44.44°, 64.73° and 81.99° (BCC structure), where the peaks of the B2 phase

and FeCr solid solution overlap, are weak, indicating a low concentration of both phases.
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Fig. 5-27 Representative XRD patterns performed on AFA-2" generation samples after 1000 h exposure in 10®
wt.% oxygen containing molten Pb at 600 °C (sample AFA71, AFA73, AFA74 and AFA75).

5.3.2 Corrosion test at 600 °C for 2000 h

Alloy surface characterization

Fig. 5-28 shows the representative surface view of protective AFA-2" generation samples after
2000 h exposure. Samples made of AFA70 and AFA71 with different content of Al and Cr and AFA75
containing 1.5 wt.% Nb are selected to be used as examples of the morphologies observed on the
exposed sample surfaces. The passivating oxide scales are dense and continuous. No corrosion
attack is evident after the corrosion test. Based on the EDS point measurements, the oxide scales are
enriched in Al and Cr. In addition, some Fe-, Cr-rich protrusions are observed on the surface of all
AFA-2" generation alloys in the regions (depleted in Al and Ni) surrounding the YNiAl-precipitates

reaching the surface.

Fig. 5-28 Representative surface morphologies of AFA-2"? generation samples after 2000 h exposure to 10 wt.%
oxygen containing molten Pb at 600 °C (sample AFA70, AFA71 and AFA75).
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Cross section analysis

Fig. 5-29 shows representative SEM cross section images: AFA70 (Fe-14.7Cr-2.7AI-17.9Ni-0.4Y),
AFA73 (Fe-15.4Cr-2.1AI-22Ni-0.5Y-1.3Nb) and AFA75 (Fe-15.7Cr-3.1AI-24.1Ni-0.7Y-1.68Nb). No
corrosion attack is observed in the alloy matrix. The alloy surface is covered by a thin and continuous
oxide layer. Selected EDS line scans indicating that the oxide scale is enriched in Al and Cr, are shown
in Fig. 5-30. The maximum of the Al signal is either below that of the Cr signal or they are coincided.
Below the oxide scale, a bright transitional layer with dark precipitates is visible in the SEM-BSE
images (see AFA70 in Fig. 5-29). Based on the EDS line scanning measurements, Al and Cr are
depleted while Fe is enriched in the transitional layer (see Fig. 5-30). The thickness of this layer
varies from 0.5 to 2 um, keeping almost the same ranges of values observed in case of the samples
exposed for 1000 h to molten Pb. For example, AFA75 has formed a transitional layer, ranging from
0.5 to 1 um. The transitional layer shows a decrease of Al. Moreover, some bright particles, which
are coherent with B2 precipitates, have been observed in the transitional layer, see Fig. 5-30. Based
on the EDS measurements, they are Fe-Nb-rich phase. The Cr-rich regions were not observed in the

transitional layer.
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Fig. 5-29 Representative cross section images of AFA-2" generation samples after 2000 h exposure to 10° wt.%
oxygen containing molten Pb at 600 °C (sample AFA70, AFA73 and AFA75).
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Fig. 5-30 EDS line scans of the cross section of AFA-2" generation samples after 2000 h exposure to 10 wt.%
oxygen containing molten Pb at 600 °C (sample AFA73 and AFA75), (The direction of the measurement is

indicated by the arrow).

The oxides formed on AFA-2" generation after 2000 h exposure in 10 wt.% oxygen-containing
molten Pb is the same as that found after 1000 h exposure at 600 °C. The detailed XRD analysis

results can be found in appendix A.

TEM evaluation

After 2000 h exposure to 10® wt.% oxygen containing molten Pb at 600 °C, sample AFA75
(Fe-15.7Cr-3.1Al-24.1Ni-0.7Y-1.68Nb) with uniform oxide scale has been selected for further TEM
evaluation. The TEM foil is cut from the magnetite-free region in the oxide scale by FIB. Fig. 5-31
shows the SAED results obtained from the alloy matrix (a) and oxide scale region (c). The sample was
not tilted accurately to a low indexed zone axis. According to Fig. 5-31 (b), austenite (FCC, PDF
Nr.33-397) oriented in <013> zone axis parallel to the electron beam is identified in the bulk material.
The SAED ring pattern obtained from the oxide scale indicates the poly- and nano-crystalline
morphology of the oxides in the scale. The phase shown in the SAED can be identified as corundum

type (Alp77Cro23)203 phase (shown in Fig. 5-31 (d)).
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Fig. 5-31 TEM-BF images of the cross section of AFA75 (Fe-15.7Cr-3.1AI-24.1Ni-0.7Y-1.68Nb) and
corresponding nano diffraction of the highlighted particle in alloy matrix (a) (b), and oxide scale (c), with the
corresponding SAED (d).

Fig. 5-32 displays the STEM-EDS line profiles of the oxide scale. Here, the oxygen signal was not
evaluated. At the outer part of the oxide scale below the Pt-layer, the intensities of Cr and Al are
identical, and the signal of Fe is low. The thickness of this part is around 50 nm. Following the outer
part layer, an inner part with strong signal from Al and reduced Cr intensity is observed. The
thickness of this part is also around 50 nm. Below the oxide scale, some Fe-, Nb-rich precipitates can
be found, and additionally Al-, Ni-rich B2 phase precipitates, which are also observed by SEM. The

yellow square is the reference area for drift correction during acquisition.
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Fig. 5-32 STEM-image (left) and STEM-EDS line profile (right) of the cross section of the oxide scale formed on
AFA75 after 2000 h exposure to 10°® wt.% oxygen containing molten Pb at 600 °C.

Fig. 5-33 shows the EDS mapping employed to analyze the phase compositions of the small

square marked in the bulk of AFA75. It clearly shows that Al and Ni enrich while Cr depletes at some
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large spots (300-500 nm), indicating the formation of B2-NiAl phase. Small precipitates (<50 nm) rich
in Nb and Fe may indicate the formation of Laves phase. The yellow square is the reference area for

drift correction during acquisition.

l A 1 100 nm

Fig. 5-33 STEM-image (upper left), detail of STEM-image (upper middle) and STEM-EDS mapping of alloy matrix
of AFA75 after 2000 h exposure to 10°® wt.% oxygen containing molten Pb at 600 °C.

Further chemical characterization has been performed by STEM-EDS line profiles, shown in Fig.
5-34. Two types of nano-precipitates, shown in dark and bright contrast, are observed. According to
the EDS line profiles across the particles, the bright particles, which are rich in Nb and Fe, indicate
the formation of laves phase particles. The dark precipitates enriched in Al and Ni belong to the B2

phases. The yellow square is the reference area for drift correction during acquisition.
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Fig. 5-34 STEM-image (left) and STEM-EDS line profiles (right) of the matrix of AFA75 after 2000 h exposure to
10°° wt.% oxygen containing molten Pb at 600 °C.

5.4 Microstructure stability characterization

Three AFA samples AFA46(20 wt.% Ni), AFA54(24 wt.% Ni) and AFA56(29 wt.% Ni) are selected
to characterize their microstructural stabilities after 1000 h exposure to 10 wt. % oxygen containing
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molten Pb at 600 °C, shown in Fig. 5-35. The surface oxide layer has been removed by grinding the

metal surface with a depth of 20 um. Then the samples matrix were analysed by SEM/EDS and XRD.

Fig.5-35 shows the representative SEM morphologies of exposed AFA46 and AFA56 after
removal of the surface scale. A few nano size black dots, mainly distributed in the matrix, are
identified at high magnification (4000x). Then the EDS point measurements show a slight enrichment

of Al and Ni at these spots.
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Fig. 5-35 SEM microstructures of samples matrix after removing the surface oxide layer, AFA46 and AFA56
after 1000 h exposure to 10°® wt. % oxygen containing molten Pb at 600 °C.

Further analysis by XRD indicates that the matrix conserves the austenite phase, see Fig. 5-36. In
addition, the secondary phase precipitates, intermetallic compound Nis(Al,Fe), are also identified in

all three samples, shown in Fig. 5-36.
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Fig. 5-36 XRD patterns of the AFA46, AFA54 and AFA56 alloys after remove the surface oxide scale, samples
exposed to molten Pb with 10°wt.% oxygen at 600 °C for 1000 h. The microstructure of the exposed alloys

consists of austenite (y) and y’-Ni3(Al,Fe) phases.
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5.5 Analysis and recommendations for corrosion resistant AFA model alloys

The main goal of this chapter is to define the critical concentrations of Al, Cr and Ni, at which
the quaternary Fe-Cr-Al-Ni model alloys (AFA-1°%t generation) are able to form stable protective oxide
scales while preserving an austenite matrix during exposure to 10® wt.% oxygen containing molten
Pb at 550 °C and 600 °C. Additionally, the influence of minor additions of the reactive element
yttrium on the protective scale quality (adherence) and of niobium on the mechanical properties at

high temperature is explored (AFA-2" generation).

Twelve AFA-1 generation model alloys have been exposed to 10° wt.% oxygen containing
molten Pb at 550 °C and 600 °C for 1000 h. The corrosion performance of AFA-1% generation alloys
have been summarized and shown in Table 5-1. Eight alloys with Cr content above 14 wt.% (AFA45,
AFA46, AFA47, AFA50, AFA53, AFA54, AFA55 and AFA56) have formed protective oxide scale at
550 °C. The oxide scale with a thickness of 100-200 nm is based on Cr,Os (outer layer) and
Cr,03-Al,03 solid solution (inner layer). Some magnetite protrusions (<2%) are observed on the
sample surfaces after the corrosion tests. A quasi-continuous transitional layer with FCC structure
and B2-NiAl and BCC solid solution precipitates is found beneath the oxide scale. The thickness of
the transitional layer varies from 1 to 3 um and decreases in thickness with the increase of the Ni

content.

From the eight alloys that have shown corrosion resistance at 550 °C, only six AFA-1% generation
alloys (AFA46, AFA50, AFA53, AFA54, AFA55, and AFA56) were passivated during 1000 h exposure to
oxygen containing molten Pb at 600 °C. The oxide scale and transitional layers formed at the higher
temperature are comparable with those formed at 550 °C. The concentration of the precipitates in

the transitional layer is slightly higher compared with the same samples exposed at 550 °C.

Two high Ni containing AFA-1°* generation alloys AFA54 (24 wt.% Ni) and AFA 56 (29 wt.% Ni)
have formed protective oxide scale based on an outer Cr,0; layer and an inner (Al,Cr),0s solid
solution layer after 2000 h exposure in 10® wt.% oxygen containing molten Pb at 600 °C. TEM
evaluation of the oxide scale formed on AFA54 indicates the formation of poly- and nano-crystalline
oxides in the scale. The thickness of the oxide scale is around 50 nm. A bright transitional layer, with
thickness in the range 0.5-2 um, has been observed below the oxide scale. Some dark precipitates of

B2-NiAl and Fe-, Cr-rich ferrite spots have been found in the transitional layer.

In case of the corrosion attacks at 550 °C and 600 °C, both the dissolution of alloying elements
(mainly Ni) and oxide scale spallation have been observed. The dissolution of Ni leads to the

formation of a ferrite (BCC) layer with a thickness around 15-50 um. The regions of the alloy matrix
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contaminated by Pb show poor adherence of the adjacent oxide scale and corresponding oxide scale

spallation. In addition, B2-NiAl precipitates are observed in the ferrite layer.

The AFA-2"? generation alloys have shown their corrosion resistance to low-oxygen containing
molten Pb at 600 °C after 1000 h and 2000 h exposure, except AFA72, which shows oxide scale
spallation after 1000 h exposure test, shown in Table 5-3. The oxide scale with a thickness less than
200 nm is based on Cr,03; and Cr,05-Al,03 solid solution. By adding yttrium, the distributions of Al
and Cr in the oxide scale become more uniform in thickness and distribution of Al and Cr in oxide
scale compared with AFA-1% generation alloys exposed at the same condition. In addition, magnetite
protrusions are also observed due to the oxidation of regions surrounding YNiAl-rich spots, which

are depleted in Al and Ni.

Below the oxide scale, a Fe-, Ni-rich transitional layer, with a thickness of 0.5 to 2 um has
formed during the corrosion tests. Besides, some B2-NiAl and Fe-, Cr-rich precipitates have been
observed in the transitional layer of all samples. Moreover, the X-ray peaks of the BCC phase (from
B2 and Fe-, Cr-rich precipitates) become less visible compared with the first generation AFA alloys. In
case of Nb containing samples, the bright Laves particles coherent with B2 precipitates are also

observed in the transitional layer.

TEM evaluation of AFA75 has indicated the formation of poly- and nano-crystalline oxides in the
scale after 2000 h corrosion test in oxygen containing molten Pb. The thickness of the oxide scale is
100 nm. TEM-EDS mapping and line scanning of the alloy matrix have shown the formation of small

size B2-NiAl (300-500 nm) and Laves (< 50 nm) phases in addition to the austenitic matrix.

The microstructure analysis of bulk alloys of AFA-1 generation after 1000 h corrosion test in
10° wt.% oxygen containing molten Pb at 600 °C reveal the FCC structure of the matrix with

v'-Nis(Al,Fe) phase.

Both Al and Cr play an important role in the corrosion behavior. Minimum amounts of Al and Cr
are critical for the formation of protective alumina-based scales on Fe/Ni-based alloys when exposed
to oxygen containing environments. According to the experimental results of AFA-1% generation, the
Al concentration for the formation of passive oxide scale at the temperature range of 550 to 600 °C
varies in the range of 2.3 to 4.3 wt.%. The minimum value of this range corresponds to the
Al-solubility limit in austenite. At concentrations above this value the precipitation of a secondary
phase B2-NiAl is observed, which is considered as an Al reservoir during the formation and growth of

the alumina scale and also as reinforcement phase of the austenite matrix [147, 258].
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In alloys designed for applic