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Abstract

Ferritic stainless steels are widely used as interconnect materials in solid oxide elec-
trolysis cells (SOECs), but oxide-scale growth and chromium evaporation can re-
duce their durability. Although Co-based coatings effectively suppress chromium
volatilisation, concerns regarding cobalt supply, cost, and sustainability motivate
the development of cobalt-free alternatives.

This thesis evaluates Ni/Ce as a cobalt-free alternative to Co/Ce coatings on Cro-
fer 22 APU and IM1 ferritic stainless steels. Coated and uncoated specimens were
exposed in air containing 3% HyO at 600 and 700 °C for up to 504 h. Oxidation
behaviour, chromium evaporation, and oxide-scale development were investigated
using mass-change measurements, the denuder technique, UV—Vis spectrophotom-
etry, and SEM/EDX analysis. Dual-atmosphere exposures were also performed on
IM1 at 600 °C.

Both coatings substantially reduced chromium evaporation compared with the cor-
responding uncoated materials. Co/Ce provided the strongest overall chromium-
retention performance. The greatest improvement was observed for Co/Ce-coated
Crofer 22 APU after 504 h at 700 °C, for which the cumulative chromium release
was approximately 20.7 times lower than for the uncoated material. Ni/Ce also
effectively suppressed chromium evaporation and showed promising performance as
a cobalt-free coating. Ni/Ce-coated IM1 and Crofer 22 APU exhibited broadly simi-
lar oxidation behaviour, chromium-evaporation trends, and oxide-scale development,
indicating that the coating had a strong influence on the degradation response under
the investigated conditions.

Microstructural analysis revealed clear effects of coating chemistry and exposure en-
vironment on oxide-scale development. Under dual-atmosphere conditions, Co/Ce-
coated IM1 exhibited the lowest local reaction-zone thickness and retained a com-
positionally distinct Co-rich outer region. In contrast, Ni/Ce-coated IM1 developed
a thicker and more heterogeneous oxide/coating region, with Fe extending through
much of the reaction zone.

Overall, Ni/Ce demonstrated potential as a cobalt-free coating for SOEC intercon-
nects, but it did not provide the same overall level of protection as Co/Ce, particu-
larly at 700 °C and under dual-atmosphere conditions. The results also indicate that
lower-cost ferritic stainless steels such as IM1 may provide performance approaching
that of conventional interconnect alloys when combined with a suitable protective
coating.

Keywords: solid oxide electrolysis cell, ferritic stainless steel, interconnect, chromium
evaporation, oxidation, Co/Ce coating, Ni/Ce coating, dual-atmosphere corrosion






Acknowledgements

We would like to express our sincere gratitude to our examiner and supervisor,
Professor Jan Erik Svensson, for giving us the opportunity to carry out this thesis
project. We are grateful for his guidance, valuable feedback, and support throughout
the work.

We would also like to thank Mohammad Sattari for his valuable assistance with the
SEM/EDX analysis and for helping us understand and interpret selected results.
His expertise and support were greatly appreciated.

This project was performed partly at Chalmers Materials Analysis Laboratory (CMAL),
and we gratefully acknowledge the laboratory facilities and technical support pro-
vided.

Tola Ahmed and Adam Abualdeber
Gothenburg, January 2026

vii






List of Acronyms

The acronyms used throughout this thesis are listed below in alphabetical order:

AEL Alkaline electrolyser

BIB Broad ion beam

BSE Backscattered electrons

Co/Ce  Cobalt—cerium coating

EDX Energy-dispersive X-ray spectroscopy

FSS Ferritic stainless steel

LSM Lanthanum strontium manganite
Ni/Ce  Nickel-cerium coating

PEM Proton-exchange membrane
PVD Physical vapour deposition

SE Secondary electrons

SEM Scanning electron microscopy

SOC Solid oxide cell

SOEC  Solid oxide electrolysis cell
SOFC Solid oxide fuel cell

TEC Thermal expansion coefficient
TPB Triple-phase boundary

UV-Vis Ultraviolet—visible spectroscopy
YSZ Yttria-stabilized zirconia

iX






Contents

List of Acronyms

Nomenclature

List of Figures

List of Tables

1 Introduction

3

1.1 Background . . . .. ... ... ..
1.2 Problem Statement . . . . . .. .. .. ... ... . .
1.3 Research Objectives . . . . . . . . . . . ... ... ... ... ...,
Theory

2.1 Introduction to Solid Oxide Electrolysis Cells . . . . . . .. ... ..

2.2
2.3

24

2.5

Operating Principle of Solid Oxide Electrolysis Cells. . . . . . . . ..
Solid Oxide Electrolysis Cell Materials and Designs . . . . . . . . ..
2.3.1 Electrolyte Materials . . . . .. .. ... ... ...
2.3.2 Electrode Materials . . . . .. . ... ... 0oL
2.3.3 Interconnects . . . . . . .. ... L
Oxidation of Metals . . . . . . . .. .. ... ... ... ...
2.4.1 Thermodynamics . . . . . . . . ... ...
2.4.2 Oxide-Growth Mechanism . . . ... ... ... ........
2.4.3 Oxidation Kinetics . . . . . ... .. ... ...
2.4.4  Chromium Evaporation . . ... .. .. ... ... ......
2.4.5 Protective Coatings . . . . . . . . .. ... ...
Dual-Atmosphere Conditions . . . . . . . . .. ... ... ... ....

Materials and Methods

3.1
3.2
3.3

3.4

Materials . . . . . . ...
Coatings . . . . . . . . .
Exposures . . . . . . .
3.3.1 Oxidation . . . . . . .. ...
3.3.2 Cr(VI) Evaporation . . . . . ... ... ... ... .. ... ..
3.3.3 Dual-Atmosphere Exposure . . . . .. ... ... ... ....
Characterisation Methods . . . . . .. .. .. .. ... .. ... ...

x1

ix

xi

xiii

xVii



3.4.1 Scanning Electron Microscopy and Energy-Dispersive X-ray
SPectrosScopy . . . . .. 22
3.4.2 Ultraviolet—Visible Spectrophotometry . . . . . .. .. .. .. 23
3.4.3 Broad Ion Beam Milling . . .. ... ... ... . ....... 24
4 Results and Discussion 27
4.1 Oxidation Behaviour and Chromium Evaporation . . . . .. ... .. 27
4.1.1 Net Mass Gain . . . . . . .. ... 27
4.1.2  Accumulated Chromium Evaporation . . . . . ... ... ... 29
4.1.3 Chromium Evaporation Rate . . .. .. ... ... ... ... 31
4.1.4 Gross Mass Gain . . . . . .. ... 33
4.1.5 Summary of Oxidation and Chromium Evaporation Behaviour 34
4.2  Microstructural Analysis . . . . . . . .. ... 35
4.3 Potential of IM1 as an Alternative Interconnect Material . . . . . . . 40
4.4 Dual-Atmosphere Corrosion Behaviour . . . . .. ... ... ... .. 42
4.4.1 Overview Microscopy . . . . . . . . . ..o 42
4.4.2 Top-View SEM and Surface EDX Analysis . . . . . ... ... 43
4.4.3 Cross-Sectional SEM/EDX Analysis. . . . . . ... ... ... 45
5 Conclusion 51
Bibliography 53

xii



2.1

2.2

2.3

24

2.5

3.1
3.2

3.3

3.4

3.5

4.1

4.2

4.3

List of Figures

Energy splitting in a solid oxide electrolysis cell, illustrating the con-
tributions of electrical and thermal energy [21]. . . . .. ... .. .. 6
Schematic illustration of a solid oxide electrolysis cell: (a) single-cell
operation showing steam reduction at the fuel electrode, oxide-ion
transport through the electrolyte, and oxygen evolution at the oxy-
gen electrode; and (b) a stacked-cell configuration with interconnects

linking repeated fuel-electrode—electrolyte—oxygen-electrode units. . . 7
Ellingham diagram showing the temperature dependence of AG® for
oxide formation [42]. . . . . . ... 11

Schematic illustration of oxide formation on a metal surface, showing
oxygen adsorption, oxide nucleation, and growth of a continuous oxide

layer. . . . . L 12
Schematic comparison of linear, parabolic, and logarithmic oxidation
kinetics. . . . . . . .o 13
Experimental equipment used for the oxidation experiments. . . . . . 19
Schematic illustration of the chromium-evaporation measurement sys-
tem, adapted from Froitzheim et al. [46]. . . . . ... ... ... ... 21
Specimen holder used for the dual-atmosphere exposure experiments
[49]. . 21

Schematic illustration of the SEM principle, showing the generation
of secondary electrons, backscattered electrons, and characteristic X-

rays during electron-specimen interaction. . . . . . . ... ... ... 23
Schematic illustration of the spectrophotometric measurement setup
used to determine chromate concentration at 370 nm. . . . . . . . .. 24

Mass change per unit area, Am/A, as a function of oxidation time for
(a) IM1 at 600 °C, (b) IM1 at 700 °C, (c) Crofer 22 APU at 600 °C,
and (d) Crofer 22 APU at 700 °C, in air containing 3% H,O. . . . . . 29
Cumulative chromium release as a function of time for (a) IM1 at
600 °C, (b) Crofer 22 APU at 600 °C, (c¢) IM1 at 700 °C, and (d)
Crofer 22 APU at 700 °C, exposed in air containing 3% H,O. . . . . . 31
Interval chromium-release rate as a function of collection-interval end
time for (a) IM1 at 600 °C, (b) Crofer 22 APU at 600 °C, (c) IM1 at
700 °C, and (d) Crofer 22 APU at 700 °C, exposed in air containing



4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

Gross mass gain per unit area, Amg.ss/A, corrected for chromium
vaporisation, as a function of oxidation time for (a) IM1 at 600 °C,
(b) Crofer 22 APU at 600 °C, (c¢) IM1 at 700 °C, and (d) Crofer 22
APU at 700 °C. . . . . . . .
Backscattered-electron SEM cross-sectional images and correspond-
ing EDX analyses of coated and uncoated Crofer 22 APU and IM1
after 504 h of exposure at 700 °C. Panel (A) shows Co/Ce-coated IM1,
panel (B) Ni/Ce-coated IM1, panel (C) uncoated IM1, panel (D) un-
coated Crofer 22 APU, panel (E) Ni/Ce-coated Crofer 22 APU, and
panel (F) Co/Ce-coated Crofer 22 APU. . . .. ... ... ... ...
Backscattered-electron SEM cross-sectional images of coated and un-
coated Crofer 22 APU and IM1 after 504 h of exposure at 700 °C. Pan-
els (A)—(C) show Co/Ce-coated, Ni/Ce-coated, and uncoated Cro-
fer 22 APU, respectively, while panels (D)—(F) show Co/Ce-coated,
Ni/Ce-coated, and uncoated IM1, respectively. . . . . . . . ... ...
Backscattered-electron SEM cross-sectional images and correspond-
ing EDX analyses of the oxide/coating region formed on Co/Ce-
coated IM1 after 504 h of exposure at 700 °C. Isolated and clustered
oxide nodules are visible in the cross sections. Region (i) is Fe-rich,
while region (ii) is a Cr-rich inner oxide region located near the met-
al/oxide interface. . . . . . . ... o
Schematic representation of the oxide/coating structure formed on
Ni/Ce-coated Crofer 22 APU after 504 h of exposure at 700 °C,
together with corresponding EDX elemental maps. Region (i) is a
Ni-rich outer oxide region, region (ii) is an intermediate mixed-oxide
region, and region (iii) is a Cr-rich inner oxide region adjacent to the
F'SS substrate. The dashed lines indicate approximate boundaries
between the compositionally distinct regions. . . . . . . . . .. .. ..
Cross-sectional images of the oxide/coating regions formed on Ni/Ce-
coated (A) IM1 and (B) Crofer 22 APU after 504 h of exposure at
700 °C. Both specimens had an initial Ni top-layer thickness of ap-
proximately 1000 nm. . . . . . . . . ...
Overview microscopy images of dual-atmosphere-exposed IM1 after
168 and 504 h at 600 °C: (a,b) uncoated, (c,d) Co/Ce-coated, and
(e,f) Ni/Ce-coated specimens. The images illustrate the development
of visible surface changes with exposure time. . . . . . .. ... ...
Top-view SEM images of uncoated, Co/Ce-coated, and Ni/Ce-coated
IM1 after 504 h of dual-atmosphere exposure at 600 °C. Images are
arranged from lower to higher magnification from left to right. . . . .
Cross-sectional SEM images showing local oxide/reaction-zone thick-
ness measurements for uncoated, Co/Ce-coated, and Ni/Ce-coated
IM1 after 504 h of dual-atmosphere exposure at 600 °C. The indicated
values represent local measurements and should not be interpreted as
statistically averaged oxide-scale thicknesses. . . . . . . . . .. .. ..

Xiv

45



4.13 Cross-sectional SEM image and corresponding EDX elemental maps

of uncoated IM1 after 504 h of dual-atmosphere exposure at 600 °C.

The maps show the distributions of O, Fe, Cr, Mn, and Cu across the

oxide scale and near-surface region. . . . . . .. ... ... L. 47
4.14 Cross-sectional SEM image and corresponding EDX elemental maps

of Co/Ce-coated IM1 after 504 h of dual-atmosphere exposure at

600 °C. The maps show the distributions of O, Fe, Co, Cr, Mn, and

Cu across the oxide/coating region and near-surface region. . . . . . . 48
4.15 Cross-sectional SEM image and corresponding EDX elemental maps

of Ni/Ce-coated IM1 after 504 h of dual-atmosphere exposure at

600 °C. The maps show the distributions of O, Fe, Ni, Cr, Mn, and

Cu across the oxide/coating region and near-surface region. . . . . . . 49

XV



xXvi



List of Tables

3.1 Chemical compositions of IM1 and Crofer 22 APU (wt.%). . . . . ..
3.2 Exposure conditions used for Crofer 22 APU and IM1 specimens.

xvii



xviii



1

Introduction

1.1 Background

Climate change is one of the major global challenges of the present century. Human
activities, primarily through greenhouse-gas emissions, have caused global warming
and increased the risk of severe environmental and societal impacts [1]. Since the
energy sector remains a major contributor to global CO4 emissions, the development
of low-carbon energy technologies is essential for reducing the environmental impact
of energy production and use [2].

Electricity generation from renewable sources such as wind and solar power has
expanded rapidly in recent years. However, the intermittent nature of these energy
sources creates challenges for electricity systems because electricity production does
not always coincide with demand. Energy-storage technologies and flexible energy-
system solutions are therefore needed to support grid stability and enable a greater
share of renewable energy in the energy system [3].

Hydrogen is widely regarded as a promising energy carrier for addressing these
challenges. It can store renewable electricity in chemical form and support the de-
carbonisation of sectors that are difficult to electrify directly [4]. However, most
hydrogen is currently produced from fossil fuels, resulting in substantial CO5 emis-
sions [5]. Efficient and sustainable hydrogen-production technologies are therefore
required to support the transition towards a low-carbon energy system.

Solid oxide cell (SOC) technology offers an efficient route for hydrogen production
and energy conversion. When operated in solid oxide electrolysis cell (SOEC) mode,
these systems produce hydrogen through high-temperature steam electrolysis. The
elevated operating temperature improves reaction kinetics and allows part of the
required energy to be supplied as heat rather than electricity, which can increase
the overall process efficiency [6]. However, the high operating temperature and
reactive gas environments also create materials challenges that can limit long-term
durability [7].



Metallic interconnects are critical components in SOEC stacks because they provide
electrical connections between adjacent cells while separating the fuel and oxidant
gas compartments. Ferritic stainless steels (F'SS) are commonly used as interconnect
materials because of their suitable thermal expansion compatibility, good electrical
conductivity, manufacturability, and relatively low cost [8, 9].

During operation, FSS interconnects form chromium-rich oxide scales. Although
these scales can provide protection against continued oxidation, they may also release
volatile chromium-containing species in humid oxidising environments [10]. These
species can be transported through the gas channels and deposited on electrode
surfaces, where they may contribute to performance degradation through chromium
poisoning [11]. Continued oxide-scale growth can also increase the electrical resis-
tance of the interconnect and reduce stack performance.

Protective coatings are therefore applied to metallic interconnects to reduce chromium
evaporation, limit oxide-scale growth, and improve long-term stability [49]. Cobalt-
based spinel coatings are widely used because they can effectively suppress chromium
evaporation while maintaining suitable electrical conductivity [49, 13]. However,
cobalt is considered a critical raw material and is associated with cost, supply, and
sustainability concerns. These limitations have increased interest in cobalt-free coat-
ing alternatives for SOC interconnect applications [13, 14].

In addition to coating composition, the underlying steel substrate can influence
oxidation behaviour, chromium transport, oxide-scale formation, and corrosion re-
sistance [15, 16]. Different FSS grades may therefore respond differently under
otherwise similar exposure conditions, particularly in humid and dual-atmosphere
environments relevant to SOEC operation [17].

Understanding the combined effects of substrate material, coating chemistry, coat-
ing thickness, temperature, and exposure environment is therefore important for
improving interconnect durability. In the present work, Co/Ce and Ni/Ce physical
vapour deposition (PVD) coatings are compared on Crofer 22 APU and IM1 to
evaluate their effects on oxidation behaviour, chromium evaporation, and corrosion
under SOEC-relevant conditions.

1.2 Problem Statement

FSS interconnects used in SOEC systems are exposed to high-temperature hu-
mid and dual-atmosphere environments that promote oxide-scale growth, chromium
evaporation, and corrosion. These degradation processes can increase electrical re-
sistance, contribute to chromium poisoning of the electrodes, and reduce stack dura-
bility.

Cobalt-based protective coatings are widely used because of their ability to sup-
press chromium volatilisation and improve interconnect stability. However, reliance
on cobalt raises concerns related to material cost, supply risk, and long-term sus-
tainability. In addition, specialised interconnect alloys such as Crofer 22 APU may



contribute to system cost, which creates interest in lower-cost FSS alternatives such
as IMI1.

Although coating chemistry, coating thickness, substrate material, temperature, and
exposure environment are all known to influence interconnect degradation, their
combined effects under SOEC-relevant humid-air and dual-atmosphere conditions
are not yet fully understood. In particular, further investigation is required to deter-
mine whether cobalt-free coating systems can provide protection approaching that
of conventional cobalt-based coatings and whether lower-cost FSS substrates can
achieve comparable performance when combined with suitable protective coatings.

1.3 Research Objectives

This thesis investigates how substrate material, coating chemistry, coating thickness,
temperature, and exposure environment influence the durability of FSS intercon-
nects under SOEC-relevant humid-air and dual-atmosphere conditions. Particular
emphasis is placed on oxidation behaviour, chromium evaporation, oxide-scale de-
velopment, reaction-zone formation, and the potential use of lower-cost interconnect
materials and cobalt-free coating systems.

The specific objectives are to:

e compare the oxidation behaviour and chromium-evaporation performance of
Crofer 22 APU and IM1 under humid-air exposure at 600 and 700 °C;

« evaluate the ability of Co/Ce and Ni/Ce physical vapour deposition (PVD)
coatings to modify oxidation behaviour and reduce chromium evaporation;

« assess the potential of Ni/Ce as a cobalt-free alternative to Co/Ce for SOEC
interconnect applications;

» investigate the influence of substrate material on coating performance and
determine whether the lower-cost IM1 alloy can approach the behaviour of the
benchmark Crofer 22 APU alloy when protected by a suitable coating;

e examine the corrosion behaviour of coated and uncoated IM1 under dual-
atmosphere exposure at 600 °C, with particular focus on surface morphol-
ogy, oxide-scale development, reaction-zone formation, and degradation mech-
anisms;

o characterise exposed surfaces and broad ion beam (BIB)-prepared cross sec-
tions using scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX);

o correlate the oxidation and chromium-evaporation results with the observed
surface and cross-sectional microstructures.
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Theory

2.1 Introduction to Solid Oxide Electrolysis
Cells

Solid oxide electrolysis cells (SOECs) are high-temperature electrochemical devices
that typically operate between 600 and 1000 °C [18]. Modern SOEC designs of-
ten target lower operating temperatures, typically around 600-900 °C, to improve
durability and reduce material degradation. SOECs use electrical energy to pro-
duce chemical fuels by splitting steam into hydrogen (Hs) and oxygen (O3). They
can also be used to generate carbon monoxide (CO) or synthesis gas through CO,
electrolysis or co-electrolysis [19].

An SOEC consists of two electrodes separated by an electrolyte that conducts ions
while blocking electrons. When several cells are assembled into a stack, interconnects
provide electrical connections between adjacent cells and separate the gas compart-
ments. The system operates through coupled redox reactions driven by an external
power supply. During operation, electrons flow through the external circuit, while
ions migrate through the electrolyte [20].

Compared with conventional electrolysis technologies such as alkaline electrolysis
(AEL) and proton-exchange membrane (PEM) electrolysis, SOECs operate at con-
siderably higher temperatures. These elevated temperatures improve reaction ki-
netics and reduce the electrical energy demand for electrolysis.

The total energy required for steam electrolysis in an SOEC corresponds to the
reaction enthalpy, AH, as expressed in Equation 2.1. In this relationship, AG
represents the electrical-energy contribution, corresponding to the Gibbs free energy,
while T'AS represents the thermal-energy contribution associated with entropy.

AH = AG +TAS (2.1)



This temperature-dependent energy distribution is illustrated in Figure 2.1, which
separates the total energy demand into electrical and thermal contributions. As the
temperature increases, a larger fraction of the required energy can be supplied as
heat, thereby reducing the electrical energy demand. This thermodynamic advan-
tage enables high system efficiency, particularly when SOECs are integrated with
high-temperature heat sources such as industrial waste heat or solar thermal energy.
SOECs are therefore considered a promising technology for efficient and sustainable
hydrogen production using renewable energy.
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Figure 2.1: Energy splitting in a solid oxide electrolysis cell, illustrating the
contributions of electrical and thermal energy [21].

2.2 Operating Principle of Solid Oxide
Electrolysis Cells

The operating principle of SOECs is based on high-temperature steam electrolysis,
in which electrical and thermal energy are converted into chemical energy in the
form of hydrogen [22]. SOECs use many of the same materials as solid oxide fuel
cells (SOFCs), but operate in the reverse direction [23].

An SOEC consists of three main electrochemical components: the fuel electrode,
the electrolyte, and the oxygen electrode. The fuel electrode, which acts as the
cathode in electrolysis mode, is where steam is reduced to hydrogen gas and oxide
ions, as shown in Equation 2.2. The electrolyte is a dense ion-conducting or proton-
conducting ceramic positioned between the electrodes. In oxygen-ion-conducting
SOECs, the electrolyte transports oxide ions, O?", from the fuel electrode to the
oxygen electrode while preventing electronic conduction and gas mixing.

The oxygen electrode, which acts as the anode in electrolysis mode, oxidises the
transported oxide ions to molecular oxygen while releasing electrons to the external
circuit, as shown in Equation 2.3. The overall cell reaction is shown in Equation 2.4.
The operating principle is illustrated in Figure 2.2.



The electrochemical reaction at the fuel electrode is:

H,0(g) + 2e~ — Hy(g) + O* (2.2)

The electrochemical reaction at the oxygen electrode is:

0% — 10,(g) + 2e~ (2.3)

The overall cell reaction is:

H,0(g) — Ha(g) + 504(g) (2.4)

Electrons released at the oxygen electrode are transported through the metallic
interconnects, which electrically connect the individual cells in the SOEC stack. At
elevated operating temperatures, electrochemical reactions are accelerated and ionic
conductivity increases. This reduces the electrical energy required for electrolysis
and improves system efficiency. However, an external voltage is still required to drive
the reaction [25]. These characteristics make SOECs attractive for applications in
which high-temperature heat is available, such as nuclear reactors, concentrated
solar-power systems, or industrial waste-heat sources.
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Figure 2.2: Schematic illustration of a solid oxide electrolysis cell: (a) single-cell
operation showing steam reduction at the fuel electrode, oxide-ion transport
through the electrolyte, and oxygen evolution at the oxygen electrode; and (b) a
stacked-cell configuration with interconnects linking repeated
fuel-electrode—electrolyte—oxygen-electrode units.



2.3 Solid Oxide Electrolysis Cell Materials and
Designs

2.3.1 Electrolyte Materials

The electrolyte is a key component of an SOEC and can act as either an oxygen-ion
conductor or a proton conductor. It must be chemically stable and have high ionic
conductivity with minimal electronic leakage to ensure efficient operation. Elec-
tronic conduction reduces efficiency by interfering with ionic transport. The elec-
trolyte should also be sufficiently thin to reduce ohmic losses and must prevent
recombination of Hy and O [26].

Materials used in SOECs are largely derived from those used in SOFCs, an estab-
lished commercial technology. The most common oxygen-ion-conducting electrolyte
is yttria-stabilised zirconia (YSZ), typically used at temperatures above 700 °C.
YSZ consists of ZrO, doped with approximately 8 mol% Y503, providing high ionic
conductivity, good mechanical strength, chemical stability, and relatively low cost.
Other oxygen-ion-conducting electrolytes include doped LaGaOjz and ceria-based
oxides.

Proton-conducting ceramic electrolytes can also be used in SOECs. Kreuer [27]
reviewed this approach in detail. Doped BaCeOj is considered a promising proton-
conducting electrolyte, although its conductivity depends on the dopant type, dopant
concentration, operating temperature, and oxygen partial pressure.

2.3.2 Electrode Materials

Electrode materials in SOECs must remain stable under reducing and oxidising en-
vironments while maintaining suitable microstructure, porosity, and thermal com-
patibility with the electrolyte. Adequate porosity is required for gas transport, while
a sufficient density of triple-phase boundary (TPB) regions is needed to support the
electrochemical reactions [28]. Matching the thermal expansion coefficients of the
electrodes and electrolyte is also essential to minimise thermal stresses and maintain
structural stability [29].

In SOEC operation, the fuel electrode acts as the cathode, where steam is reduced
to produce hydrogen and oxide ions, as shown in Equation 2.2. Because the oxygen
partial pressure on the fuel-electrode side is extremely low, approximately 1072 to
10716 bar, metallic materials such as Ni, Co, or Pt can be used [30].

Nickel is commonly used because of its high catalytic activity, good electrical con-
ductivity, and relatively low cost. Since Ni is primarily an electronic conductor, it
is typically combined with YSZ to form a porous Ni-YSZ cermet. This composite
provides both electronic and ionic conduction while increasing the electrochemically
active area. However, Ni-YSZ fuel electrodes may experience increased overpoten-
tials during SOEC operation owing to Ni oxidation [31].



The oxygen electrode operates under highly oxidising conditions and is responsible
for oxygen evolution. Oxygen-electrode materials therefore require high electronic
conductivity, catalytic activity, and long-term thermal stability. Noble metals such
as Pt and Au can be used; however, their high cost makes them impractical for
large-scale SOEC applications [32]. Perovskite oxides, such as lanthanum strontium
manganite (LSM), are widely used because of their good electrochemical perfor-
mance [20].

The addition of YSZ to LSM improves TPB density and ionic transport [33]. How-
ever, extended high-temperature operation may promote interfacial diffusion of
MnO, from LSM into YSZ, leading to the formation of electrically insulating phases
such as LasZroO; and SrZrOs. These phases can compromise long-term electro-
chemical stability [34]. This issue may be mitigated by slightly over-doping LSM
with MnO,, which can suppress the formation of secondary phases [35].

2.3.3 Interconnects

The main function of an interconnect in an SOEC stack is to provide an electrical
pathway between adjacent cells. Specifically, the interconnect connects the oxygen
electrode of one cell to the fuel electrode of the next cell while separating the fuel and
oxygen gas compartments. When oxide ions migrate through the electrolyte and are
oxidised at the oxygen electrode, electrons are released to the external circuit. These
electrons pass through the interconnect and are transported to the fuel electrode of
the adjacent cell.

Interconnect materials must therefore combine several demanding properties. They
require high electronic conductivity, low ionic conductivity, good thermal conductiv-
ity, and a thermal expansion coefficient (TEC) compatible with the electrodes and
electrolyte. They must also act as gas-tight separators to prevent mixing between
the fuel and oxygen compartments [36].

Early interconnect materials were mainly ceramic. However, their high cost, brittle-
ness, and fabrication difficulties made them less favourable for SOEC stack applica-
tions [37]. FSS interconnects have therefore received considerable attention because
of their lower cost, ease of fabrication, good electrical and thermal conductivity, and
TEC compatibility with other SOEC components.

Despite these advantages, FSS interconnects undergo corrosion during long-term
operation at 600-1000 °C, particularly in the aggressive gas environments present
on both sides of the interconnect. At high temperatures, these alloys form a dense
chromium-rich oxide scale, mainly CryOg3, which provides some protection against
further oxidation. However, chromium-containing species can volatilise from this
scale and deposit on the electrodes, causing chromium poisoning. In addition, con-
tinued oxide-scale growth on unprotected alloy surfaces increases electrical resistance
and reduces overall cell performance [38].



2.4 Oxidation of Metals

Oxidation is one of the main degradation processes affecting metallic materials at
elevated temperatures. When a metal is exposed to an oxidising atmosphere, it can
react with oxygen to form an oxide scale on the surface. The properties of this oxide
scale strongly influence the subsequent oxidation behaviour of the material. Dense
and adherent oxide scales can act as protective barriers by slowing the transport of
reacting species, whereas porous, cracked, or poorly adherent scales provide limited
protection.

The general oxidation reaction of a metal can be written as:

b
aM + 502 — MaOb (25)

where M represents the metal and M,O, represents the oxide formed during oxida-
tion [39].

In SOEC systems, metallic interconnects are exposed to high temperatures and
reactive gas environments. Oxidation of these components can lead to oxide-scale
growth, increased electrical resistance, chromium depletion, and reduced long-term
performance. Understanding metal oxidation is therefore essential for interpreting
the behaviour of coated and uncoated FSS interconnects investigated in this study.

2.4.1 Thermodynamics

The tendency of a metal to form an oxide is determined by the Gibbs free-energy
change for the oxidation reaction. Under standard conditions, this is expressed as:

AG® = AH® — TAS° (2.6)

where AH®° is the standard enthalpy change, AS° is the standard entropy change,
and T is the absolute temperature. For metal oxidation, AH® is usually negative
because oxide formation is exothermic. The entropy change is also often negative
because gaseous oxygen is consumed during oxide formation. As a result, AG° gen-
erally becomes less negative as temperature increases, meaning that oxide stability
decreases at higher temperatures [39, 40].

Oxidation is thermodynamically favourable when AG < 0. When AG = 0, the
metal, oxide, and surrounding gas atmosphere are in equilibrium. Under non-
standard conditions, the Gibbs free energy depends on the activities of the reacting
species and the oxygen partial pressure:

b/2

AG = AG® + RT'In ( M0, ) (2.7)
ayPo,
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where a represents activity, R is the gas constant, and pp, is the oxygen partial
pressure. For pure solid metals and oxides, the activities of the solid phases can be
approximated as unity. The equation can therefore be simplified to:

b
AG = AG® — S RTnpo, (2.8)

This relationship shows that oxidation depends on both temperature and oxygen
partial pressure. A higher oxygen partial pressure increases the thermodynamic
driving force for oxide formation, while increasing temperature generally reduces
oxide stability for many metal oxides.

The relationship between oxide stability, temperature, and oxygen partial pressure is
commonly represented using Ellingham diagrams. These diagrams plot the standard
Gibbs free energy of oxide formation as a function of temperature and are useful for
comparing the relative stability of different oxides [40, 41].
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Figure 2.3: Ellingham diagram showing the temperature dependence of AG® for
oxide formation [42].

2.4.2 Oxide-Growth Mechanism

The initial stages of metal oxidation involve several steps, as illustrated in Figure 2.4.
When a metal is exposed to an oxidising atmosphere at elevated temperature, oxy-
gen molecules first adsorb on the metal surface. The adsorbed oxygen then reacts
with metal atoms to form oxide nuclei. As oxidation continues, these nuclei grow
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laterally and vertically until they coalesce into a continuous oxide scale covering the
surface [39, 40].
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Figure 2.4: Schematic illustration of oxide formation on a metal surface, showing
oxygen adsorption, oxide nucleation, and growth of a continuous oxide layer.

Once a compact and continuous oxide scale has formed, further growth is often con-
trolled by the transport of reacting species through the oxide. According to classical
oxidation theory, often referred to as Wagner theory, the growth of a compact and
adherent oxide scale requires the coupled transport of ions and electronic charge
carriers through the scale [39, 40]. Depending on the oxide composition and defect
structure, metal ions, oxygen ions, or both may migrate through the oxide. As a re-
sult, oxide growth can occur at the metal-oxide interface, at the oxide—gas interface,
or at both interfaces.

The transport properties of oxide scales are strongly influenced by their defect struc-
ture. Many oxides are non-stoichiometric and contain point defects, such as vacan-
cies and interstitials, which provide pathways for ionic transport. At the same time,
electronic defects, such as electrons or electron holes, must move through the oxide
to maintain charge neutrality and allow the oxidation reaction to continue as the
scale thickens [40].

For FSS interconnects, oxidation typically results in the formation of chromium-rich
oxide scales. These chromia scales can provide protection by limiting additional
oxidation. However, continued scale growth increases the electrical resistance of
the interconnect and may contribute to long-term performance losses [8, 10]. The
oxide-scale structure also influences chromium transport towards the surface, which
is closely related to chromium evaporation. Understanding oxide-growth mecha-
nisms is therefore important for interpreting the oxidation behaviour of coated and
uncoated interconnect materials in this study.

2.4.3 Oxidation Kinetics

Thermodynamics determines whether oxide formation is favourable, whereas oxida-
tion kinetics describes the rate at which an oxide scale grows. For SOEC intercon-
nects operating at elevated temperatures, oxidation kinetics is important because
oxide-scale growth can increase electrical resistance and contribute to long-term
degradation.

After an initial oxide layer has formed, the oxidation rate depends on the protective-
ness of the scale and on the rate-controlling transport processes. Depending on the

12



oxide properties and exposure conditions, oxidation may follow linear, parabolic, or
logarithmic growth behaviour, as illustrated in Figure 2.5 [39, 40].
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Figure 2.5: Schematic comparison of linear, parabolic, and logarithmic oxidation
kinetics.

Linear oxidation is commonly associated with non-protective oxide scales that are
porous, cracked, or poorly adherent. In this case, the oxide does not act as an
effective diffusion barrier, allowing oxidising species to reach the metal surface con-
tinuously. The oxidation rate therefore remains approximately constant and can be
described by:

T = k’lt +C (29)

where x is the oxide thickness, k; is the linear rate constant, ¢ is the exposure time,
and C' is a constant related to the initial oxide thickness [39, 40].

When a dense and protective oxide scale forms, oxidation is often controlled by
diffusion through the growing oxide layer. In this case, the oxidation rate decreases
with time because the diffusion distance increases as the scale becomes thicker. This
behaviour is described by the parabolic rate law:

2 =kt +C (2.10)

where £, is the parabolic rate constant. Parabolic oxidation behaviour is commonly
observed for protective oxide scales, including chromia scales formed on FSS [39, 40].

At lower temperatures or during the early stages of oxidation, when the oxide film
is very thin, oxidation may follow logarithmic behaviour:

x = kjog log(t +19) + C (2.11)
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where Kiog, t9, and C are constants. Logarithmic oxidation is usually associated
with thin oxide films, in which short diffusion distances or electric-field effects can
influence transport through the scale [39, 40].

In practice, oxidation behaviour may deviate from ideal rate laws because several
processes can occur simultaneously. For FSS interconnects, chromia-scale growth
may be accompanied by chromium evaporation, coating—substrate interactions, changes
in oxide-scale structure, and chromium depletion near the surface. These effects are
important when interpreting the oxidation behaviour of coated and uncoated SOEC
interconnect materials [10].

2.4.4 Chromium Evaporation

Chromium evaporation is a major degradation mechanism in FSS interconnects used
in solid oxide electrolysis and fuel-cell systems at high temperatures. These steels
form a chromium-rich oxide scale, mainly Cr,O3, which slows oxidation. However,
in atmospheres containing oxygen and water vapour, this scale can react to form
volatile chromium species, leading to chromium loss and degradation of the protec-
tive oxide layer [10, 43].

At elevated temperatures, chromium oxide can react with oxygen to form gaseous
chromium trioxide:

Cry05(s) + 204(g) — 2CrOs(g) (2.12)

In humid environments, chromium oxyhydroxide species can form. Under SOEC-
relevant humid oxidising conditions, a dominant volatile species is chromium oxy-
hydroxide:

Water vapour stabilises these species and increases chromium volatility [43, 10]. The
gaseous chromium species can be transported through interconnect channels and
deposited on electrode surfaces, particularly the oxygen electrodes. These deposits
can block active reaction sites and reduce cell performance, a phenomenon known
as chromium poisoning [11].

Protective coatings are therefore applied to interconnect materials to reduce chromium
evaporation while maintaining electrical conductivity and improving long-term dura-
bility in SOEC environments [10, 49].
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2.4.5 Protective Coatings

Protective coatings are applied to FSS interconnects to reduce chromium evapora-
tion, limit oxide-scale growth, and maintain low electrical resistance during SOEC
operation. At high temperatures and in humid oxidising atmospheres, volatile
chromium species can form from the chromia scale and deposit on cell components,
contributing to performance degradation. Coatings therefore play an important role
in reducing chromium release and improving interconnect stability [49].

These coatings can act as diffusion barriers by slowing chromium transport from the
steel substrate to the gas phase. In addition, they may react with chromium to form
stable oxide or spinel phases, thereby reducing the formation of volatile chromium
species [49].

Comparative studies have shown that Mn-Co-based spinel coatings provide highly
effective chromium suppression. Chromium evaporation can be reduced by more
than an order of magnitude, while oxide scales remain thin and area-specific resis-
tance remains low during long-term exposure [49]. For this reason, Mn—Co spinel
coatings are commonly used as benchmark materials for interconnect coatings.

However, cobalt is considered a critical raw material, which has increased interest
in cobalt-free alternatives [13, 14]. Nickel-based coatings are one potential option.
Ce/FeNi coatings have shown lower oxidation rates and improved electrical perfor-
mance compared with Ce/Co coatings, although chromium evaporation may remain
higher than for Co-containing coatings [14].

Cerium additions can further improve coating performance by influencing oxide-
scale growth and adhesion. Ce-containing coatings have been reported to reduce
chromium evaporation when good surface coverage is achieved [44].

During SOEC operation, protective coatings must remain stable at high temper-
ature, in humid atmospheres, and under dual-atmosphere conditions. Coating in-
tegrity and phase stability are therefore important for long-term interconnect per-
formance [49, 14]. These challenges motivate the comparison of Co/Ce and Ni/Ce
coatings in the present work.

2.5 Dual-Atmosphere Conditions

In SOCs, metallic interconnects operate under dual-atmosphere conditions, with an
oxygen-containing gas on the air side and a hydrogen—steam mixture on the fuel side.
This creates a large oxygen partial-pressure gradient across the material, which can
influence oxidation behaviour. FSS interconnects typically form a chromium-rich
oxide scale, mainly CryO3, which can slow further oxidation. However, corrosion
may become more severe when different atmospheres are present on opposite sides
of the material, a phenomenon known as the dual-atmosphere effect [17].

One proposed explanation for this effect is that hydrogen from the fuel side can
diffuse through the steel and influence oxide-scale formation on the air side, lead-
ing to accelerated corrosion and reduced scale protectiveness. These processes can
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reduce interconnect durability and contribute to chromium-related degradation in
SOEC systems [45, 38]. Dual-atmosphere exposure tests are therefore used to evalu-
ate the corrosion behaviour and long-term stability of interconnect materials under
conditions that better represent SOC operation.
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3

Materials and Methods

This chapter describes the investigated ferritic stainless-steel grades, the protective
coating systems, the SOEC-relevant exposure conditions, and the characterisation
methods used after exposure.

3.1 Materials

Two FSS grades, Crofer 22 APU and IM1, were investigated in this study. Both
materials were supplied as sheet material and cut into different specimen geometries
depending on the exposure type. The chemical compositions of the materials are
presented in Table 3.1.

Table 3.1: Chemical compositions of IM1 and Crofer 22 APU (wt.%).

Material Fe Cr C Mn Si Ni Ti Nb Al Cu Mo V N P S

IM1 Bal. 20.96 0.029 - 0.09 - - - 0.022 - - - = - 0.0006

Crofer 22 APU Bal. 228 0.002 0.45 0.01 - 0.07 - 0.0r o001 - - - 0.002 <0.002
Bal. = balance; — = not specified or below the reporting limit.

Square coupons with dimensions of 15 x 15 mm were used for the single-atmosphere
oxidation and chromium-evaporation experiments, while disc-shaped specimens with
a diameter of 21 mm were used for the dual-atmosphere exposures. Before exposure,
the specimens were ultrasonically cleaned in acetone for 20 min, followed by ethanol
for 20 min, and then dried in air. Both coated and uncoated specimens were included
in the study.

3.2 Coatings

Two PVD coating systems, Co/Ce and Ni/Ce, were investigated. The coated speci-
mens were supplied with pre-deposited bilayer coatings on the FSS substrates. Both
coating systems consisted of a Ce layer adjacent to the substrate, followed by ei-
ther a Co or Ni top layer. The coating sequences are therefore referred to as sub-
strate/Ce/Co and substrate/Ce/Ni, respectively.
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The layer thicknesses were verified using cross-sectional SEM. The Ce layer was
10 nm thick. For the Co/Ce coating, the Co top layer was 600 nm thick on Crofer
22 APU and 300 nm thick on IM1. For the Ni/Ce coating, the Ni top layer was
1000 nm thick on both substrates.

Because the coated specimens were supplied with pre-deposited coatings, detailed
deposition parameters were not available. The coated and uncoated specimens were
prepared according to the exposure conditions summarised in Table 3.2.

3.3 Exposures

Table 3.2 summarises the exposure conditions used in this study. The tests were
designed to represent SOEC-relevant environments, including humid air and dual-
atmosphere conditions with a hydrogen-containing fuel-side atmosphere.

Both coated and uncoated Crofer 22 APU and IM1 specimens were tested to evaluate
the effects of substrate material, coating chemistry, coating thickness, temperature,
and exposure environment on oxidation behaviour, chromium evaporation, and cor-
rosion performance.

Table 3.2: Exposure conditions used for Crofer 22 APU and IM1 specimens.

Exposure Atmosphere Temp. Surface configuration  Dimensions
(°C)

600, 700 Uncoated 15 x 15 mm
Air-side oxidation Air + 3% HyO 600, 700 Co/Ce // Co/Ce

600, 700 Ni/Ce // Ni/Ce
Air-side 600, 700 Uncoated 15 x 15 mm
chromium Air + 3% H,O 600, 700 Co/Ce // Co/Ce
evaporation 600, 700 Ni/Ce // Ni/Ce

600  Uncoated // Uncoated & 21 mm
600 Co/Ce // Co/Ce

600  Ni/Ce // Ni/Ce

The single-atmosphere exposure durations were 24, 168, and 504 h. The dual-atmosphere specimens

were examined after 168 h and after a total exposure time of 504 h. The notation // indicates the
surface condition or atmosphere on opposite sides of the specimen.

Dual-atmosphere  Air + 3% HyO // Ar +
exposure 5% Hy + 3% HyO

3.3.1 Oxidation

Single-atmosphere oxidation experiments were conducted in air containing 3% H,O
at 600 and 700 °C using a tubular furnace. The airflow rate was set to 6000 standard
cubic centimetres per minute (sccm). The exposure times were 24, 168, and 504 h.

The specimens were weighed before and after exposure using a METTLER TOLEDO
XP6 microbalance to determine the mass change. The equipment used for the oxi-
dation experiments is shown in Figure 3.1.
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(a) Tubular furnace used for the (b) METTLER TOLEDO XP6
oxidation experiments. microbalance used for mass
measurements.

Figure 3.1: Experimental equipment used for the oxidation experiments.

For each exposure condition, two specimens were exposed, and the measured mass
changes were averaged. Separate specimens were used for each exposure duration.
The average mass change was normalised by the total exposed surface area to obtain
the mass change per unit area, Am/A, according to

Am  my —my

where myg is the initial mass, m; is the mass after exposure, and A is the total ex-
posed surface area. The resulting Am/A values were used to compare the oxidation
behaviour of the coated and uncoated specimens.

3.3.2 Cr(VI) Evaporation

Chromium evaporation was measured using the denuder technique, which has been
widely used to investigate chromium volatilisation from Fe-Cr interconnect mate-
rials [46]. The specimens were exposed in a tubular furnace under the same atmo-
sphere and temperature conditions described in Section 3.3.1.

During exposure, volatile chromium species formed at the specimen surface were
transported downstream by the gas flow. The denuder tube was replaced after each
exposure interval, allowing the amount of chromium collected during each interval
to be determined separately.

A denuder tube coated with sodium carbonate, Na,CO3, was placed downstream
of the specimens to collect the volatile chromium species described in Section 2.4.4.
These species react with the sodium carbonate coating to form solid sodium chro-
mate, NayCrQOy, according to
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CrO2(OH)s(g) + NagCO3(s) — NagCrOy4(s) + HaO(g) + CO4(g). (3.2)

After each exposure interval, the denuder tube and wash bottle were rinsed with
deionised water to dissolve the collected sodium chromate. The chromium-containing
solutions were then analysed using ultraviolet—visible (UV-Vis) spectrophotometry.

The chromate concentration was calculated from the measured absorbance using the
calibration factor obtained from the calibration procedure:

Abs

= 0.404° (3.3)

C

where c¢ is the chromate concentration, Abs is the measured absorbance, and 0.404
is the calibration factor.

The total chromate concentration was obtained by adding the contributions from
the denuder solution and the wash-bottle solution:

Ctotal = Cden T Cbot (34)

where cqen and cpo; are the chromate concentrations in the denuder and wash-bottle
solutions, respectively.

The amount of chromate collected during each exposure interval was calculated as

Mero,2— — Ctotal‘/u (35)

where V' = 0.025 L is the solution volume.

The corresponding chromium amount was calculated using the molar-mass ratio
between Cr and CrO,% :

52

s (3.6)

mcr — mcro427
The chromium release was normalised by the exposed surface area according to

mcy

R (3.7)

Crrelease =

where A is the exposed surface area.
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The cumulative chromium release was obtained by summing the chromium-release
values from the individual exposure intervals:

CI‘cum - Z Crrelease~ (38)

The interval chromium-evaporation rate was calculated by dividing the chromium
release measured during each interval by the corresponding interval duration.

Figure 3.2 illustrates the experimental setup used for the chromium-evaporation
measurements.

Denuder coated
Flow restrictor Samples with Na,CO, (s)

|

DR

Gas Flow
——

Figure 3.2: Schematic illustration of the chromium-evaporation measurement
system, adapted from Froitzheim et al. [46].

3.3.3 Dual-Atmosphere Exposure

IM1 specimens were exposed under dual-atmosphere conditions at 600 °C. Air con-
taining 3% H,O was supplied to one side of each specimen, while Ar containing 5%
H, and 3% H,O was supplied to the opposite side. Before exposure, the specimens
were cleaned according to the procedure described in Section 3.1.

The dual-atmosphere conditions were established using a specimen holder based on
the designs described by Holcomb et al. and Gannon et al. [47, 48]. Gold rings were
used to seal the specimens between the two gas environments. The specimen holder
used for the exposure experiments is shown in Figure 3.3.

6 mm

Ar+ 5% H, + 30 H,0 Gold sealing Steel sample Clamping ring 316 L tube

E——)
——)

Ar +5% H, + 3% H,0

= | 8800 sml-min~" Air—3% H,0 >
mm

Figure 3.3: Specimen holder used for the dual-atmosphere exposure experiments
[49].
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The specimens were exposed for 168 h and then removed for photographic documen-
tation. The exposure was subsequently continued for an additional 336 h, resulting
in a total exposure time of 504 h.

After exposure, selected cross sections were prepared using BIB milling to obtain
smooth surfaces with minimal preparation-induced damage. Both the exposed spec-
imen surfaces and the BIB-prepared cross sections were examined using SEM to eval-
uate surface morphology, oxide-scale morphology, and coating/substrate features.

3.4 Characterisation Methods

The specimens exposed under the different test conditions were characterised to
evaluate oxide-scale formation, coating stability, chromium evaporation, and mi-
crostructural changes. Surface and cross-sectional analyses were performed using
SEM/EDX, while chromium collected using the denuder setup was quantified using
UV-Vis spectrophotometry. Cross sections of selected specimens were prepared us-
ing BIB milling to obtain smooth surfaces suitable for detailed oxide-scale analysis.

3.4.1 Scanning Electron Microscopy and
Energy-Dispersive X-ray Spectroscopy

SEM was used to examine the surface morphology and cross-sectional microstructure
of the specimens after exposure. The technique produces high-resolution images by
scanning the specimen surface with a focused electron beam. Interactions between
the electron beam and the specimen generate several signals, including secondary
electrons (SE), backscattered electrons (BSE), and characteristic X-rays. These
signals provide information about surface morphology, compositional contrast, and
elemental composition [50, 51]. The principle of SEM is illustrated in Figure 3.4.
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Figure 3.4: Schematic illustration of the SEM principle, showing the generation
of secondary electrons, backscattered electrons, and characteristic X-rays during
electron—specimen interaction.

Secondary electrons are low-energy electrons generated close to the specimen surface.
They are mainly used to image surface features such as roughness, grain morphology,
and oxide-scale formation. Because they originate from a shallow interaction depth,
SE images provide detailed information about surface topography [50].

Backscattered electrons are primary electrons that are scattered out of the specimen
following elastic interactions with atoms in the material. The BSE signal is sensitive
to atomic number, meaning that regions containing elements with higher atomic
numbers generally appear brighter than regions containing lighter elements. BSE
imaging was therefore used to identify compositional contrast between oxide scales,
coatings, and the steel substrate [52].

EDX was used to analyse the elemental composition of selected regions. Character-
istic X-rays produced during electron—specimen interactions were used to identify
the elements present in the surface and cross-sectional regions of interest [52].

3.4.2 Ultraviolet—Visible Spectrophotometry

UV-Vis spectrophotometry was used to determine chromium concentrations in aque-
ous solutions obtained after rinsing the denuder tube and wash bottle. The collected
solutions may contain different hexavalent chromium species, Cr(VI), including chro-
mate and dichromate ions.

Under alkaline conditions at pH > 9, chromate ions, CrO4>, are the dominant
Cr(VI) species, accounting for at least 99.6% of the dissolved Cr(VI) [53]. The pH
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of all collected solutions was therefore measured. When the pH was below 9, small
quantities of 0.1 M NaOH were added to ensure alkaline conditions and promote
the predominance of chromate ions.

The chromate concentrations were determined using the Beer—Lambert law:

1
A =log, (IO) = excl, (3.9)

where A is the absorbance, Iy and I are the incident and transmitted light inten-
sities, respectively, €, is the molar absorption coefficient at wavelength A, ¢ is the
concentration of the absorbing species, and [ is the optical path length.

The spectrophotometric measurement setup used for the absorbance measurements
is illustrated in Figure 3.5.

Light
source Incident light Transmitted light Detector

intensity (/o) intensity (/)
- = - Absorbance
A = logso (ITD)

Monochromator

«— |
(A = 370 nm)

Sample solution
(cuvette, path length )

Figure 3.5: Schematic illustration of the spectrophotometric measurement setup
used to determine chromate concentration at 370 nm.

Chromate ions exhibit strong absorbance at 370 nm in aqueous solution; therefore,
all measurements were performed at this wavelength. The molar absorption coef-
ficient was determined from a calibration curve prepared using standard chromate
solutions of known concentration.

3.4.3 Broad Ion Beam Milling

Cross sections of selected specimens were prepared by BIB milling using a Leica EM
TIC 3X instrument. Before ion-beam preparation, each specimen was sectioned, and
a silicon wafer was attached to provide mechanical support. The specimen surface
was then mechanically polished to obtain a clean and smooth starting surface.

During BIB milling, material is gradually removed by accelerated argon ions, thereby
exposing a clean cross section. This technique produces smooth cross-sectional sur-
faces with minimal preparation-induced damage, making it suitable for microstruc-
tural analysis of oxide scales and coatings.
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Compared with conventional mechanical polishing, BIB preparation reduces defor-
mation and smearing, particularly in thin oxide layers and coatings. The prepared
cross sections were subsequently examined using SEM/EDX.
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4

Results and Discussion

4.1 Oxidation Behaviour and Chromium
Evaporation

The oxidation behaviour and chromium evaporation of uncoated and coated IM1
and Crofer 22 APU were investigated after exposure in humid air for 24, 168, and
504 h at 600 and 700 °C. The investigated coating systems were Co/Ce and Ni/Ce
bilayers. The metallic top-layer thicknesses were not identical: the Co layer was
approximately 300 nm on IM1 and 600 nm on Crofer 22 APU, whereas the Ni
layer was approximately 1000 nm on both substrates. Consequently, the observed
differences between the coated specimens reflect the combined effects of coating
chemistry, coating thickness, substrate material, and exposure temperature.

Separate experimental setups were used to evaluate oxide-scale growth and chromium
volatilisation. Oxidation behaviour was assessed from the mass change normalised
by the exposed surface area, whereas chromium evaporation was quantified from the
accumulated chromium release measured during exposure. Together, these measure-
ments provide insight into the high-temperature corrosion behaviour and protective
performance of the investigated coating systems.

4.1.1 Net Mass Gain

As shown in Figure 4.1, the coated specimens generally showed higher net mass gain
than the uncoated specimens at both temperatures. Among the coated conditions,
Ni/Ce showed the highest mass gain, followed by Co/Ce. For example, at 700 °C,
Ni/Ce-coated IM1 reached approximately 0.29 mg/cm? after 504 h, compared with
approximately 0.18 mg/cm? for Co/Ce-coated IM1. A similar trend was observed
for Crofer 22 APU.

The higher mass gain of the Ni/Ce-coated specimens is consistent with greater over-
all oxidation of the coating/substrate system. However, this difference cannot be
attributed to coating chemistry alone. The Ni top layer was approximately 1000 nm
thick on both substrates, whereas the Co top layer was approximately 300 nm on
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IM1 and 600 nm on Crofer 22 APU. The larger amount of Ni-containing coating ma-
terial available for oxidation may therefore have contributed to the higher measured
mass gain. In contrast, the lower and more gradual mass increase of the Co/Ce-
coated specimens is consistent with more limited overall oxidation under the present
conditions, although coating thickness must also be considered when comparing the
two systems.

The time dependence of the coated specimens further supports this interpretation.
Ni/Ce-coated specimens showed a rapid increase in mass during the early stages of
exposure, followed by a tendency to level off. Co/Ce-coated specimens, on the other
hand, showed a more gradual increase in mass with exposure time. This behaviour
is consistent with the progressive development of an oxide layer that increasingly
limits the transport of reacting species, as discussed in Section 2.4.3.

In contrast, the uncoated specimens showed very low or, in some cases, negative
net mass changes. For example, uncoated IM1 exposed at 600 °C decreased to ap-
proximately —0.035 mg/cm? after 504 h. This behaviour can be explained by the
competing effects of oxide formation and chromium evaporation. While oxide forma-
tion contributes to mass gain, chromium volatilisation leads to mass loss. At longer
exposure times, the mass loss associated with chromium evaporation can partly or
fully compensate for the mass gain caused by oxide growth, resulting in a very low or
negative net mass change. Similar behaviour has been reported for chromia-forming
alloys under humid oxidising conditions, where oxidation and chromium evaporation
occur simultaneously [54]. In addition, chromium supply from the alloy bulk may
become limited by diffusion, which can lead to chromium depletion near the surface
and reduce the stability of the protective chromia scale [54].

Temperature also had a clear influence on oxidation behaviour. For all materials and
coating systems, the mass gain was higher at 700 °C than at 600 °C. This confirms
that the oxidation process is thermally activated, since higher temperatures increase
reaction rates and enhance diffusion through the developing oxide scale.

Overall, the net mass-gain results show that the oxidation response was influenced
by coating chemistry, coating thickness, substrate material, and temperature. Ni/Ce
produced the highest mass gains, which is consistent with greater overall oxidation
but may also partly reflect its larger initial coating thickness. Co/Ce showed lower
and more gradual mass gain. Both coatings changed the oxidation response relative
to the uncoated specimens, which were strongly affected by the balance between
oxide growth and chromium evaporation. The microstructural analysis is therefore
required to determine whether these differences are associated with oxide morphol-
ogy, coating integrity, or the formation of protective oxide and spinel regions.
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Figure 4.1: Mass change per unit area, Am/A, as a function of oxidation time for
(a) IM1 at 600 °C, (b) IM1 at 700 °C, (c) Crofer 22 APU at 600 °C, and (d) Crofer
22 APU at 700 °C, in air containing 3% H,O.

4.1.2 Accumulated Chromium Evaporation

All investigated specimens showed an overall increase in cumulative chromium re-
lease with exposure time, as shown in Figure 4.2. This confirms that chromium
volatilisation continued throughout the exposure. However, the extent of chromium
release varied depending on temperature, substrate material, coating chemistry, and
coating thickness.

The effect of temperature was most pronounced for the uncoated materials. When
the temperature increased from 600 to 700 °C, the final cumulative chromium re-
lease increased by factors of approximately 4.5 for IM1 and 4.8 for Crofer 22 APU.
This strong temperature dependence is likely related to faster chromium diffusion
from the alloy bulk towards the oxide surface, together with enhanced formation
of volatile chromium-containing species, mainly CrO5(OH)s, in the presence of wa-
ter vapour. For the coated specimens, the temperature dependence was less direct
because the measured chromium release was also influenced by coating chemistry,
coating thickness, and the development of protective surface oxides.

The substrate material also affected chromium release. In the uncoated condition,
IM1 released approximately 1.7 times more chromium than Crofer 22 APU at 600 °C
and approximately 1.6 times more at 700 °C. This indicates that Crofer 22 APU
has better intrinsic resistance to chromium volatilisation. This behaviour is likely
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associated with the formation of a protective outer (Mn, Cr)3O4 spinel layer above
the inner CryOy scale [15]. Such a spinel layer can limit outward chromium transport
and thereby reduce chromium volatilisation.

Both Co/Ce and Ni/Ce coatings reduced cumulative chromium release compared
with the uncoated materials. For IM1, both coatings were effective, although their
relative performance changed with temperature. At 600 °C, Ni/Ce gave the lowest
chromium release, reducing the final cumulative value by a factor of approximately
5.2 compared with the uncoated specimen. Co/Ce reduced the release by a factor
of approximately 4.3. At 700 °C, Co/Ce became more effective, reducing the final
cumulative chromium release by a factor of approximately 8.6, compared with a
reduction factor of approximately 4.1 for Ni/Ce. This shows that Co/Ce provided
better chromium retention for IM1 under the higher-temperature condition.

For Crofer 22 APU, Co/Ce showed the strongest chromium-retention behaviour
at both temperatures. At 600 °C, Co/Ce reduced the final cumulative chromium
release by a factor of approximately 2.2, while Ni/Ce gave a reduction factor of
approximately 1.6. The difference became much more pronounced at 700 °C, where
Co/Ce reduced the final cumulative chromium release by a factor of approximately
20.7. In comparison, Ni/Ce reduced chromium release by a factor of approximately
3.3. This was the strongest chromium suppression observed in the present study.

The coating-thickness differences should also be considered when comparing chromium
retention. The Ni/Ce coating was approximately 1000 nm thick on both substrates,
while the Co/Ce coating was approximately 300 nm thick on IM1 and 600 nm thick
on Crofer 22 APU. A thicker coating may provide a longer diffusion path and a
larger reservoir of coating material. However, thickness alone did not determine
chromium suppression. Despite being thinner than Ni/Ce, Co/Ce provided the
strongest chromium retention for Crofer 22 APU and for IM1 at 700 °C. This indi-
cates that the chemical nature, continuity, and stability of the Co-containing surface
products were important, although the larger Co thickness on Crofer 22 APU may
also have contributed to its particularly strong performance.

The improved performance of Co/Ce may be related to the oxidation of Co to
Co304 [55], followed by the possible formation of Co-containing spinel phases such
as CoCry04 and (Co,Mn)30,4. Based on the literature, such phases are expected
to limit outward chromium transport and reduce chromium volatilisation. The
particularly strong suppression observed for Co/Ce-coated Crofer 22 APU at 700 °C
may also have been supported by its approximately 600 nm Co layer, compared with
approximately 300 nm on IM1. The larger Co reservoir may have promoted more
complete surface coverage or sustained the formation of Co-containing oxide and
spinel regions. Nevertheless, because the Ni/Ce coating was thicker at approximately
1000 nm but generally less effective at 700 °C, coating chemistry and the properties
of the developed reaction products appear to have been at least as important as
coating thickness.

In addition, the higher intrinsic oxidation resistance of Crofer 22 APU and its ten-
dency to form protective outer (Mn, Cr)3O, spinel layers may have contributed to
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the low chromium release. These interpretations are evaluated further using the
microstructural and compositional analyses.

Ni/Ce coatings also reduced cumulative chromium release compared with the un-
coated specimens, but they were generally less effective than Co/Ce, especially at
700 °C. This may be related to the formation of Ni-containing oxides and spinels,
such as NiO and NiCr,Oy4, which may provide a less effective barrier to chromium
transport than Co-containing phases such as CozO4 and CoCry04. However, confir-
mation of the exact oxide phases would require complementary phase analysis. The
observed trends are assessed further using microstructural characterisation.

Overall, the chromium-evaporation results show that both coatings improved chromium
retention, but their effectiveness depended on substrate material, exposure temper-
ature, coating chemistry, and coating thickness. Co/Ce gave the best overall perfor-
mance, particularly for Crofer 22 APU at 700 °C, whereas Ni/Ce was most effective
for IM1 at 600 °C. The performance of the thinner Co/Ce coatings demonstrates
that coating thickness alone does not explain the observed chromium-retention be-
haviour.
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Figure 4.2: Cumulative chromium release as a function of time for (a) IM1 at
600 °C, (b) Crofer 22 APU at 600 °C, (c¢) IM1 at 700 °C, and (d) Crofer 22 APU
at 700 °C, exposed in air containing 3% H,O.

4.1.3 Chromium Evaporation Rate

A major advantage of the denuder technique is that the denuder tubes can be ex-
changed during isothermal exposure without disturbing the specimens inside the
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furnace. Chromium was therefore not collected using one continuous denuder over
the full exposure time. Instead, each measured value represents the amount of
chromium collected during a specific exposure interval.

The interval chromium-release rates shown in Figure 4.3 complement the cumulative
chromium-release results by showing how the evaporation behaviour changed with
time. Although the cumulative chromium release increased throughout exposure,
the interval release rates generally decreased at longer exposure times. This indicates
that chromium volatilisation continued but became progressively slower as the oxide
scale developed and the surface layers became more protective. The highest rates
were typically observed during the first 24 h, while the lower rates measured after
168 and 504 h suggest increasing transport limitations through the growing surface
scale.

The same main trends observed in the cumulative data were also reflected in the
interval release rates. Higher rates were generally measured at 700 °C than at
600 °C, which is consistent with faster chromium diffusion and enhanced formation
of volatile CrOy(OH), at higher temperature. Crofer 22 APU generally showed lower
rates than IM1, likely due to the formation of a protective outer (Mn, Cr)3;O, spinel
layer above the CryO3 scale. Among the coatings, Co/Ce gave the lowest interval
chromium-release rates, especially for Crofer 22 APU at 700 °C, whereas Ni/Ce was
less effective in suppressing chromium release under this condition.

The interval results should also be interpreted in the context of the unequal coat-
ing thicknesses. Although Ni/Ce had the largest initial top-layer thickness on both
substrates, Co/Ce frequently produced lower chromium-release rates. This further
indicates that the effectiveness of the coatings depended not only on diffusion dis-
tance, but also on the chemistry, continuity, and stability of the oxide or spinel
regions formed during exposure.
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Figure 4.3: Interval chromium-release rate as a function of collection-interval end
time for (a) IM1 at 600 °C, (b) Crofer 22 APU at 600 °C, (c) IM1 at 700 °C, and
(d) Crofer 22 APU at 700 °C, exposed in air containing 3% H,O.

4.1.4 Gross Mass Gain

Gross mass change was calculated because the measured mass change does not rep-
resent oxide-scale growth alone. During exposure, the specimens gain mass through
oxidation but may also lose mass through chromium evaporation. The measured
mass change is therefore a net value resulting from these competing processes. To
better estimate the contribution from oxide formation, the evaporated chromium
was converted to an equivalent amount of Cr,O3 and added back to the measured
mass change.

As shown in Figure 4.4, the coated specimens showed positive gross mass change,
whereas the uncoated specimens remained very low and, in some cases, still de-
creased with time. This was particularly evident for IM1. The behaviour differs
from previous work, where the gross mass gain became positive after correction
for chromium vaporisation, indicating that oxide-scale growth dominated after the
chromium-loss correction [10]. In the present work, the CryOs correction was not
sufficient to compensate for the measured mass loss in these cases. The low or neg-
ative gross mass-change values should therefore not be interpreted as negative oxide
growth, but rather as very limited net oxide formation combined with additional
mass-loss effects.

Possible reasons for this behaviour include experimental scatter, since the measured
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mass changes were very small, and additional mass-loss processes that are not in-
cluded in the CryO3 correction. These may include minor oxide-scale spallation or
loss of poorly adherent surface products. As a result, the uncoated specimens did
not show clear parabolic gross mass-gain behaviour, whereas the coated specimens
showed more stable positive gross mass change.

The larger gross mass gain of the Ni/Ce-coated specimens should again be inter-
preted in relation to their larger initial coating thickness. Since the Ni top layer
was approximately 1000 nm thick, compared with 300-600 nm for the Co layers, a
larger quantity of metallic coating material was available for oxidation. The gross
mass-gain results therefore reflect oxidation of the complete coating/substrate sys-
tem rather than only growth of an oxide scale on the steel substrate.
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Figure 4.4: Gross mass gain per unit area, Amg,oss/A, corrected for chromium
vaporisation, as a function of oxidation time for (a) IM1 at 600 °C, (b) Crofer 22
APU at 600 °C, (c) IM1 at 700 °C, and (d) Crofer 22 APU at 700 °C.

4.1.5 Summary of Oxidation and Chromium Evaporation
Behaviour

Considering the oxidation and chromium-evaporation results together, the degrada-
tion behaviour was controlled by the combined effects of coating chemistry, coat-
ing thickness, substrate material, and temperature. Co/Ce provided the strongest
overall chromium retention, particularly on Crofer 22 APU at 700 °C. Ni/Ce also
reduced chromium evaporation relative to the uncoated specimens but was generally
associated with higher mass gain.
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The unequal coating thicknesses must be considered when interpreting these trends.
The Ni/Ce coating had a 1000 nm Ni top layer on both substrates, whereas the
Co/Ce coating had a 300 nm Co layer on IM1 and a 600 nm Co layer on Crofer 22
APU. The higher Ni/Ce mass gain may therefore partly reflect the larger amount of
coating material available for oxidation. However, the strong chromium suppression
achieved by the thinner Co/Ce coatings shows that thickness alone cannot explain
the observed performance.

These results indicate that coating chemistry, coating thickness, and substrate-
dependent oxide formation all contributed to the measured behaviour. The following
microstructural analysis is used to examine how coating integrity, oxide morphology,
and elemental distribution contributed to these differences.

4.2 Microstructural Analysis

Figure 4.6 presents backscattered-electron SEM cross-sectional images of coated and
uncoated Crofer 22 APU and IM1 after 504 h of exposure at 700 °C. The images
complement the gravimetric oxidation and chromium-evaporation measurements by
showing the morphology and continuity of the developed oxide/coating regions.

The coated specimens in panels (A), (B), (D), and (E) generally developed com-
paratively continuous oxide/coating regions, whereas the corresponding uncoated
specimens in panels (C) and (F) showed different oxide-scale morphologies. The
oxide scale formed on Crofer 22 APU appeared more compact and uniform than
that formed on IM1. This observation is consistent with the lower chromium re-
lease measured for Crofer 22 APU, although the SEM images alone do not establish
oxide-scale stability or diffusion rates.

To further investigate the composition of the oxide/coating regions, EDX analyses
were performed on coated and uncoated Crofer 22 APU and IM1 after 504 h of
exposure at 700 °C. The EDX results complement the cross-sectional SEM obser-
vations by providing information about the presence and distribution of selected
elements, including O, Cr, Fe, Mn, Co, Ni, and Ce, within the analysed regions,
as shown in Figure 4.5. Together, the SEM and EDX results provide a basis for
comparing oxide-scale development, elemental redistribution, and the influence of
coating chemistry and substrate composition on the oxidation response.
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Figure 4.5: Backscattered-electron SEM cross-sectional images and corresponding
EDX analyses of coated and uncoated Crofer 22 APU and IM1 after 504 h of
exposure at 700 °C. Panel (A) shows Co/Ce-coated IM1, panel (B) Ni/Ce-coated
IM1, panel (C) uncoated IM1, panel (D) uncoated Crofer 22 APU, panel (E)
Ni/Ce-coated Crofer 22 APU, and panel (F) Co/Ce-coated Crofer 22 APU.

The Co/Ce-coated specimens generally showed relatively compact oxide/coating
regions with limited visible cracking or porosity. In contrast, the Ni/Ce-coated
specimens developed thicker and more compositionally complex reaction regions.
These differences are consistent with the higher mass gains measured for Ni/Ce
and the lower chromium-release values generally obtained for Co/Ce, particularly
at 700 °C. However, the unequal initial coating thicknesses must also be considered
when comparing the developed microstructures.
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Figure 4.6: Backscattered-electron SEM cross-sectional images of coated and
uncoated Crofer 22 APU and IM1 after 504 h of exposure at 700 °C. Panels
(A)—(C) show Co/Ce-coated, Ni/Ce-coated, and uncoated Crofer 22 APU,
respectively, while panels (D)—(F) show Co/Ce-coated, Ni/Ce-coated, and
uncoated IM1, respectively.

Figure 4.7 presents backscattered-electron SEM cross-sectional images and corre-
sponding EDX analyses of Co/Ce-coated IM1 after 504 h of exposure at 700 °C.
The images show local variations in oxide-scale morphology. Isolated oxide nodules
are visible in panel (C), while a larger cluster of nodules is present in panel (A).
These localised regions indicate non-uniform oxide development and are consistent
with local breakaway-type oxidation.

In panels (A) and (C), region (i) shows a strong Fe contribution and is therefore
interpreted as an Fe-rich oxide region. Region (ii), located near the metal/oxide
interface, is enriched in Cr and is consistent with the presence of an inner Cr-rich
oxide layer. The available EDX data do not, however, confirm that this region
consists exclusively of CryOs.

Panel (B) shows a comparatively uniform oxide/coating region without clearly visi-
ble nodules. The corresponding EDX analysis shows a strong Co signal, confirming
that coating-derived Co remained present in the developed surface region after expo-
sure. Fe, Mn, and Cr were also detected, indicating transport of substrate elements
into the growing oxide/coating region and the formation of a compositionally mixed
scale.

The observed structure is consistent with oxidation mechanisms previously reported
for Ce/Co-coated FSS [58]. Under oxidising conditions, the metallic Co layer is
expected to convert to Co-rich oxides. Outward diffusion of Mn from the substrate
may subsequently contribute to the formation of Co—Mn-containing spinel-type re-
gions [59]. The Ce interlayer may influence oxide growth, elemental transport, and
scale adhesion. Nevertheless, the exact oxide and spinel phases cannot be established
from SEM/EDX alone and would require complementary phase analysis.

37



80 um

Figure 4.7: Backscattered-electron SEM cross-sectional images and
corresponding EDX analyses of the oxide/coating region formed on Co/Ce-coated
IM1 after 504 h of exposure at 700 °C. Isolated and clustered oxide nodules are
visible in the cross sections. Region (i) is Fe-rich, while region (ii) is a Cr-rich
inner oxide region located near the metal/oxide interface.

Figure 4.8 shows the oxide/coating structure developed on Ni/Ce-coated Crofer
22 APU after 504 h of exposure at 700 °C, together with the corresponding EDX
elemental maps. The developed scale can be divided into three compositionally
distinct regions.

Region (i) is enriched in Ni and O and is therefore interpreted as a Ni-rich outer
oxide region. This distribution is consistent with the formation of a Ni-containing
oxide, although the exact phase cannot be confirmed from EDX alone. Region (ii)
contains contributions from several coating- and substrate-derived elements and is
interpreted as an intermediate mixed-oxide region formed through outward transport
of substrate elements and reaction with oxygen. Region (iii), located adjacent to
the substrate, is enriched in Cr and is consistent with an inner chromia-rich oxide
region.

The layered elemental distribution demonstrates that the Ni/Ce coating participated
in oxide-scale development rather than remaining as an unchanged metallic layer.
The presence of a comparatively thick mixed-oxide region is consistent with the
higher mass gain measured for Ni/Ce-coated specimens. However, the coating still
reduced chromium evaporation relative to the uncoated condition, showing that
higher mass gain did not necessarily correspond to poorer chromium retention.
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Figure 4.8: Schematic representation of the oxide/coating structure formed on
Ni/Ce-coated Crofer 22 APU after 504 h of exposure at 700 °C, together with
corresponding EDX elemental maps. Region (i) is a Ni-rich outer oxide region,
region (ii) is an intermediate mixed-oxide region, and region (iii) is a Cr-rich inner
oxide region adjacent to the F'SS substrate. The dashed lines indicate approximate
boundaries between the compositionally distinct regions.

Overall, the SEM and EDX results show that the coated specimens developed more
compositionally complex oxide/coating structures than the uncoated materials. The
Co/Ce-coated specimens generally retained Co-rich surface regions and showed com-
paratively compact oxide morphologies, whereas the Ni/Ce-coated specimens devel-
oped thicker mixed-oxide regions containing both coating- and substrate-derived
elements.

These observations help explain why the coated specimens could show higher mass
gain while still exhibiting lower chromium evaporation than the uncoated specimens.
Oxidation of the metallic coating contributes to mass gain, while the developed oxide
or spinel-type regions may restrict outward chromium transport. Mass gain alone
is therefore insufficient for assessing coating performance and must be interpreted
together with chromium-evaporation measurements, oxide-scale morphology, and
elemental distribution.
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The results further indicate that Co/Ce provided the more effective overall bar-
rier under the investigated conditions. Co/Ce generally produced lower chromium-
release rates and comparatively compact oxide/coating regions, whereas Ni/Ce was
associated with greater mass gain and thicker mixed-oxide development. Never-
theless, the unequal initial coating thicknesses mean that the observed differences
reflect the combined effects of coating chemistry and coating thickness.

4.3 Potential of IM1 as an Alternative
Interconnect Material

The comparison between coated IM1 and Crofer 22 APU provides insight into the
combined influence of substrate material, coating chemistry, and coating thickness.
Crofer 22 APU is an established ferritic stainless steel for SOFC interconnect ap-
plications [61] and therefore provides a relevant reference material for evaluating
IM1.

For the Ni/Ce-coated specimens, both IM1 and Crofer 22 APU had an initial Ni
top-layer thickness of approximately 1000 nm. The two substrates showed broadly
similar mass-gain and chromium-evaporation trends during exposure. The cross-
sectional images obtained after 504 h at 700 °C also showed oxide/coating regions of
comparable overall thickness, as presented in Figure 4.9. These observations indicate
that the Ni/Ce coating provided a similar degree of protection on the two substrates
under the investigated conditions.

The comparable behaviour does not imply that the substrate composition was unim-
portant. Differences in alloy chemistry may still influence chromium supply, inter-
facial reactions, oxide adhesion, and long-term coating stability. Nevertheless, the
results suggest that IM1 can support a Ni/Ce coating response approaching that
obtained on Crofer 22 APU.
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Figure 4.9: Cross-sectional images of the oxide/coating regions formed on
Ni/Ce-coated (A) IM1 and (B) Crofer 22 APU after 504 h of exposure at 700 °C.
Both specimens had an initial Ni top-layer thickness of approximately 1000 nm.
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A similar substrate comparison can be made for the Co/Ce-coated specimens. Ap-
plication of Co/Ce substantially improved the oxidation and chromium-retention
behaviour of IM1 relative to the uncoated condition. The Co/Ce-coated IM1 spec-
imens had an initial Co top-layer thickness of approximately 300 nm, whereas the
corresponding coating on Crofer 22 APU contained an approximately 600 nm Co
layer. Despite this twofold difference in initial Co thickness, the two coated sub-
strates showed broadly similar mass-gain and chromium-evaporation behaviour. The
thicker Co layer on Crofer 22 APU therefore did not produce a clear performance
advantage under the investigated exposure conditions.

This result indicates that effective oxidation control and chromium suppression were
achieved on IM1 with a lower Co loading. The comparison with Ni/Ce further shows
that coating thickness alone did not determine performance. On IM1, the approxi-
mately 300 nm Co/Ce coating generally provided stronger chromium retention and
lower mass gain than the approximately 1000 nm Ni/Ce coating, despite the Ni layer
being more than three times thicker. Coating chemistry, phase formation, coating
continuity, and interfacial stability therefore appear to have been more important
than initial metallic-layer thickness alone.

The performance of the thinner Co/Ce coating is relevant from both resource-
efficiency and manufacturing perspectives. Cobalt is classified by the European
Union as a critical raw material owing to its economic importance and supply
risk [62]. Achieving strong chromium suppression with an approximately 300 nm Co
layer may reduce cobalt consumption and deposition requirements compared with a
thicker Co-containing coating. If IM1 is also confirmed to be less costly than Cro-
fer 22 APU, combining this substrate with a thinner protective coating could offer
further economic advantages. However, the present study did not include a formal
cost or life-cycle assessment, and these wider benefits should therefore be regarded
as potential rather than quantitatively demonstrated advantages.

The Ni/Ce comparison also supports the consideration of IM1 as an alternative
substrate, since the approximately 1000 nm Ni/Ce coatings behaved similarly on IM1
and Crofer 22 APU. However, because only one Ni-layer thickness was investigated,
these results do not establish whether the Ni/Ce coating could be made thinner
without reducing its protective performance.

Overall, the results indicate that coating design can partly compensate for differences
between the two substrate materials. Ni/Ce-coated IM1 approached the behaviour
of Ni/Ce-coated Crofer 22 APU, while Co/Ce-coated IM1 achieved oxidation and
chromium-retention performance comparable to Co/Ce-coated Crofer 22 APU with
approximately half the initial Co thickness. IM1 therefore appears to be a promising
alternative substrate when combined with an appropriately designed coating system.

Further work should systematically vary the Co/Ce and Ni/Ce coating thicknesses
to determine the minimum thickness required to maintain adequate oxidation resis-
tance and chromium suppression. Longer-term exposure and complementary mea-
surements of electrical resistance, coating adhesion, and mechanical stability are
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also required before IM1 can be considered a fully validated substitute for Crofer 22
APU in practical interconnect applications.

4.4 Dual-Atmosphere Corrosion Behaviour

Dual-atmosphere exposure was used to assess the corrosion behaviour of IM1 under
SOC-relevant conditions, with humid air and a hydrogen-containing atmosphere
present on opposite sides of the specimens. The following subsections compare
uncoated, Co/Ce-coated, and Ni/Ce-coated IM1 after exposure at 600 °C, with
emphasis on visible surface changes, surface morphology and composition, and the
through-thickness development of the oxide/coating regions.

4.4.1 Overview Microscopy

Figure 4.10 shows overview microscopy images of the three surface conditions after
168 and 504 h of dual-atmosphere exposure. The images reveal clear differences in
surface appearance depending on coating condition and exposure time.

The uncoated IM1 specimen showed the most pronounced visible degradation. After
168 h, localised contrast variations were already present, indicating non-uniform
surface oxidation. After 504 h, a larger fraction of dark and bright regions was
visible, suggesting continued development of surface corrosion products.

The Co/Ce-coated specimen maintained a comparatively uniform appearance through-
out the exposure. Although some surface roughening and contrast variation were
visible, the change between 168 and 504 h was less pronounced than for the uncoated
specimen.

The Ni/Ce-coated specimen showed a different visual response. A distinct brown /rust-
coloured discolouration was visible after 168 h. After 504 h, the surface appeared
more grey-toned, although local contrast variations remained. The Ni/Ce coating
therefore did not maintain the same uniform visual appearance as the Co/Ce coat-
ing.

Overall, the overview images show that coating chemistry influenced the visible sur-
face changes under dual-atmosphere conditions. The Co/Ce-coated specimen main-
tained the most uniform appearance, while the uncoated specimen showed more
pronounced localised degradation. The Ni/Ce-coated specimen exhibited a distinct
brown /rust-coloured discolouration after 168 h, followed by a more grey-toned ap-
pearance after 504 h. Since optical microscopy cannot determine the composition of
the observed surface products, top-view SEM and surface EDX were used to examine
the surface morphology and near-surface elemental composition after 504 h.
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Figure 4.10: Overview microscopy images of dual-atmosphere-exposed IM1 after
168 and 504 h at 600 °C: (a,b) uncoated, (c,d) Co/Ce-coated, and (e,f)
Ni/Ce-coated specimens. The images illustrate the development of visible surface
changes with exposure time.

4.4.2 Top-View SEM and Surface EDX Analysis

Figure 4.11 shows top-view SEM images of the uncoated, Co/Ce-coated, and Ni/Ce-
coated IM1 specimens after 504 h of dual-atmosphere exposure at 600 °C. The images
are arranged from lower to higher magnification from left to right to compare the
overall surface morphology and finer surface features. Surface EDX measurements
provide complementary semi-quantitative information about the elemental compo-
sition of the analysed air-side regions.
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The uncoated specimen showed a heterogeneous surface with densely distributed
corrosion-product features and several visible cracks. At higher magnification, irreg-
ular granular and plate-like particles were observed. The cracks may have developed
from stresses generated during oxide growth or cooling, although a contribution from
specimen handling cannot be excluded.

Surface EDX showed that the analysed uncoated region was dominated by Fe and
O, with only minor amounts of Cr and Mn. The outer surface was therefore Fe-rich
rather than being dominated by a Cr-rich protective oxide. Cu was also clearly
detected, indicating local enrichment at the analysed surface.

The Co/Ce-coated specimen exhibited a finer and comparatively more uniform sur-
face morphology. Numerous small elongated or needle-like features covered the
surface, while extensive cracking was less evident than for the uncoated specimen.

Surface EDX showed a substantial Co contribution together with Fe and O, con-
firming that coating-derived Co remained present in the outer surface region after
exposure. The retained Co signal and comparatively uniform morphology indicate
that the Co/Ce coating modified the development of the surface scale and main-
tained a coating-rich outer region.

The Ni/Ce-coated specimen also showed dense surface coverage, but its morphology
was more heterogeneous than that of the Co/Ce-coated specimen. Fine particles
and elongated features were observed together with larger irregular structures.

Surface EDX showed that the analysed Ni/Ce-coated region was dominated by Fe
and O, while only a small amount of Ni was detected. This indicates that the final
outer surface was Fe-rich and that Ni was not the dominant element in the analysed
region.

The Fe-rich composition of the Ni/Ce-coated surface is consistent with Fe-containing
corrosion products contributing to the brown/rust-coloured appearance observed
after 168 h. However, the optical and EDX observations correspond to different
exposure times, and EDX does not identify individual oxide phases. The relation-
ship should therefore be regarded as a supported interpretation rather than direct
confirmation.

Overall, the top-view SEM and surface EDX results show that the three surface
conditions developed different morphologies and near-surface compositions. The un-
coated specimen showed a heterogeneous, cracked, and Fe-rich surface. The Co/Ce-
coated specimen exhibited a finer morphology and retained a substantial Co con-
tribution, whereas the Ni/Ce-coated surface was more heterogeneous and strongly
dominated by Fe and O. The through-thickness elemental distributions and oxide/-
coating structures are examined in the following cross-sectional SEM /EDX section.
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Figure 4.11: Top-view SEM images of uncoated, Co/Ce-coated, and
Ni/Ce-coated IM1 after 504 h of dual-atmosphere exposure at 600 °C. Images are
arranged from lower to higher magnification from left to right.

4.4.3 Cross-Sectional SEM /EDX Analysis

Figure 4.12 compares local oxide/reaction-zone thickness measurements for the un-
coated, Co/Ce-coated, and Ni/Ce-coated IM1 specimens after 504 h of dual-atmosphere
exposure at 600 °C. The corresponding cross-sectional SEM/EDX results are pre-
sented separately for the three surface conditions in Figures 4.13-4.15. The SEM
images show the morphology of the oxide/coating regions, while the EDX maps show
the spatial distributions of O and the principal alloying or coating-related elements.

Local thickness measurements indicate that the oxide/reaction zones were not uni-
form. The uncoated specimen showed local thicknesses of approximately 30-35 pm,
while the Co/Ce-coated specimen showed lower values of approximately 18-26 pm.
The Ni/Ce-coated specimen showed values of approximately 28-36 pm, indicating
a comparatively thick and locally variable oxide/coating region.

Since these values were obtained from selected positions, they should be regarded
as local estimates rather than statistically representative average thicknesses. Nev-
ertheless, the measurements indicate clear differences in oxide-scale development
among the three surface conditions.
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Figure 4.12: Cross-sectional SEM images showing local oxide/reaction-zone
thickness measurements for uncoated, Co/Ce-coated, and Ni/Ce-coated IM1 after
504 h of dual-atmosphere exposure at 600 °C. The indicated values represent local
measurements and should not be interpreted as statistically averaged oxide-scale
thicknesses.

For the uncoated IM1 specimen, Figure 4.13 shows oxygen enrichment throughout
the surface reaction zone, confirming extensive oxide formation. Fe is detected
through a large part of the oxide region, whereas Cr is more strongly associated
with the inner part of the scale. The different Fe and Cr distributions indicate
that the scale was not composed solely of a thin, uniformly Cr-rich protective oxide.
Instead, the maps are consistent with a chemically layered scale containing a more
Fe-rich outer region and a Cr-containing inner region.

Mn largely follows the Cr-rich region, suggesting that Mn is associated with the
Cr-containing oxide. Cu is concentrated mainly towards the outer part of the scale,
despite the relatively low nominal Cu content of IM1.

This elemental distribution is consistent with previous observations of dual-atmosphere
corrosion of AISI 441 at 600 °C. Alnegren et al. reported breakdown of protective
oxidation and the development of Fe-rich corrosion products under dual-atmosphere
conditions, whereas specimens exposed to humid air on both sides maintained thin-
ner protective chromia-based scales [17]. The Fe-rich character of the scale observed
in the present work therefore indicates that oxidation was not limited to stable
growth of a thin protective chromia layer.

46



Uncoated, 504 h

Figure 4.13: Cross-sectional SEM image and corresponding EDX elemental maps
of uncoated IM1 after 504 h of dual-atmosphere exposure at 600 °C. The maps
show the distributions of O, Fe, Cr, Mn, and Cu across the oxide scale and
near-surface region.

The Co/Ce-coated specimen showed a different oxide/coating structure, as shown
in Figure 4.14. Co is concentrated mainly in the outer surface region, while Fe
is located primarily beneath the Co-rich region and is not clearly detected above
it. This indicates that the Co-containing outer layer remained compositionally dis-
tinguishable from the underlying Fe-containing oxide and substrate. The observed
separation suggests that the Co/Ce coating restricted outward Fe transport during
exposure.

Cr and Mn are concentrated closer to the inner oxide region and show similar spatial
distributions. Their overlap is consistent with the presence of a Cr—Mn-containing
oxide region. Cu is most visible near the outer part of the scale.

Together with its comparatively lower local reaction-zone thickness, the limited Fe
signal above the Co-rich region suggests that the Co/Ce coating restricted outward
Fe transport and oxide-scale development more effectively than the Ni/Ce coating
under the present conditions. However, the EDX maps are qualitative and do not
by themselves establish exact oxide phases or diffusion rates.
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Co/Ce, 504 h

Figure 4.14: Cross-sectional SEM image and corresponding EDX elemental maps
of Co/Ce-coated IM1 after 504 h of dual-atmosphere exposure at 600 °C. The
maps show the distributions of O, Fe, Co, Cr, Mn, and Cu across the
oxide/coating region and near-surface region.

In contrast, the Ni/Ce-coated specimen in Figure 4.15 shows Fe extending through
much of the oxide/coating region. This distribution is consistent with outward
Fe transport from the substrate and indicates that Fe participated strongly in the
growing surface scale. Ni remains detectable in the outer surface region, showing
that coating-derived Ni was retained in or contributed to the oxide/coating layer.
However, the penetration of the Fe signal through the reaction zone suggests that
the Ni/Ce coating did not restrict outward Fe transport as effectively as the Co/Ce
coating.

The comparatively thick and locally variable reaction zone, together with the Fe sig-
nal extending through much of the oxide/coating region, indicates the development
of a compositionally mixed Fe-containing scale. Cr and Mn again show similar dis-
tributions within the inner part of the reaction zone, which is consistent with their
association in a Cr—Mn-containing oxide region. Cu is visibly enriched towards the
outer part of the scale, despite its low concentration in the bulk alloy.

The extensive Fe distribution in the Ni/Ce-coated cross section is also consistent
with the Fe-rich surface composition identified by surface EDX.
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Ni/Ce, 504 h

Figure 4.15: Cross-sectional SEM image and corresponding EDX elemental maps
of Ni/Ce-coated IM1 after 504 h of dual-atmosphere exposure at 600 °C. The maps
show the distributions of O, Fe, Ni, Cr, Mn, and Cu across the oxide/coating
region and near-surface region.

Across all three specimens, Mn largely coincides with the Cr-containing regions.
In FSS, Mn may become incorporated into Cr-containing spinel-type oxides. The
observed Mn—Cr overlap is therefore consistent with the presence of a mixed Cr-Mn-
containing oxide. Nevertheless, EDX identifies elemental distributions rather than
crystalline phases, and confirmation of specific phases such as (Cr, Mn)304 would
require complementary phase analysis.

The Cu distribution is also notable because IM1 contains only a relatively small
amount of Cu. Its visibility near the outer surface suggests that Cu became locally
enriched during oxidation rather than remaining uniformly distributed throughout
the substrate. This may be associated with outward transport, rejection from the
growing Cr-rich inner oxide, or segregation within the outer oxide/coating region.
The available EDX maps do not determine the chemical state of Cu, and its role in
the corrosion mechanism therefore remains uncertain.

The measured oxide/reaction-zone thicknesses are comparable to literature observa-
tions for AISI 441 exposed under dual-atmosphere conditions at 600 °C. Alnegren et
al. [57] reported approximately 25 pm-thick Fe,O3/(Fe, Cr)3O4-type scales on sub-
stantial parts of the air-facing surface under dual-atmosphere exposure, whereas
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reference specimens exposed to humid air on both sides formed thin protective
(Cr,Mn)30,/Cry03 scales.

The relatively thick reaction zones and substantial Fe involvement observed in the
present study are therefore consistent with dual-atmosphere-assisted degradation
rather than only the continued growth of a thin protective chromia-based scale.

Overall, the cross-sectional SEM/EDX analysis revealed clear differences in oxide-
scale development among the three surface conditions. The uncoated specimen
formed a relatively thick Fe-containing scale with Cr and Mn concentrated more
strongly towards the inner region. The Co/Ce-coated specimen showed the lowest
local reaction-zone thickness and retained a compositionally distinct Co-rich outer
region above the Fe-containing oxide. In contrast, Fe extended through much of
the thicker Ni/Ce oxide/coating region. These observations indicate that Co/Ce
restricted outward Fe transport and oxide-scale growth more effectively than Ni/Ce
under the investigated dual-atmosphere conditions.
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Conclusion

This thesis investigated the influence of substrate material, coating chemistry, coat-
ing thickness, temperature, and exposure environment on the durability of ferritic
stainless-steel interconnects for solid oxide electrolysis cell applications. Co/Ce and
Ni/Ce coatings were evaluated on Crofer 22 APU and IM1 during exposure in humid
air at 600 and 700 °C for up to 504 h, while dual-atmosphere exposures were per-
formed on IM1 at 600 °C. The coating systems were assessed using mass-change mea-
surements, chromium-evaporation measurements, and surface and cross-sectional
SEM/EDX analyses.

Both Co/Ce and Ni/Ce substantially reduced chromium evaporation compared
with the corresponding uncoated materials, demonstrating their ability to restrict
chromium transport to the gas phase. Ni/Ce produced the lowest cumulative
chromium release for IM1 at 600 °C, showing that a cobalt-free coating can provide
effective chromium suppression under selected conditions. However, Co/Ce provided
the strongest overall chromium retention, particularly at 700 °C. The greatest im-
provement was observed for Co/Ce-coated Crofer 22 APU at 700 °C, for which the
cumulative chromium release after 504 h was approximately 20.7 times lower than
for the uncoated material.

The coated specimens generally exhibited higher positive mass gains than the un-
coated materials. Ni/Ce showed the highest mass gains, whereas Co/Ce exhibited
lower and more gradual mass increases. Since the initial coating thicknesses differed,
the greater mass gain of Ni/Ce was likely influenced by the larger amount of coating
material available for oxidation. Nevertheless, the stronger chromium suppression
achieved by the thinner Co/Ce coatings demonstrates that coating thickness alone
did not determine protective performance. The approximately 300 nm Co/Ce coat-
ing on IM1 generally provided stronger chromium retention and lower mass gain
than the approximately 1000 nm Ni/Ce coating on the same substrate. This find-
ing indicates that increasing the initial metallic-layer thickness did not necessarily
improve protection under the investigated conditions and highlights the importance
of coating chemistry and the resulting oxide/coating structure.
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Crofer 22 APU exhibited better intrinsic resistance to chromium evaporation than
IM1 in the uncoated condition, but this difference was substantially reduced by the
protective coatings. Ni/Ce-coated IM1 and Crofer 22 APU showed broadly similar
oxidation behaviour, chromium-evaporation trends, and oxide-scale development.
Co/Ce-coated IM1 also achieved mass-gain and chromium-retention behaviour ap-
proaching that of Co/Ce-coated Crofer 22 APU despite having approximately half
the initial Co-layer thickness. These findings indicate that IM1 can approach the
performance of Crofer 22 APU when protected by a suitable coating. More gener-
ally, the results show that the observed behaviour was governed by the combined
effects of coating chemistry, coating thickness, and substrate composition.

The microstructural observations supported the oxidation and chromium-evaporation
results. The coated specimens generally developed more continuous oxide/coating
regions than the uncoated materials, while the final scale morphology depended on
both coating chemistry and substrate composition. Under dual-atmosphere con-
ditions, Co/Ce-coated IM1 exhibited the lowest local reaction-zone thickness and
retained a compositionally distinct Co-rich outer region. In contrast, Ni/Ce-coated
IM1 developed a thicker and more heterogeneous oxide/coating region, with Fe ex-
tending through much of the reaction zone. These observations indicate that Co/Ce
restricted outward Fe transport and oxide-scale development more effectively than
Ni/Ce under the investigated dual-atmosphere conditions.

Overall, Ni/Ce demonstrated potential as a cobalt-free coating alternative because it
reduced chromium evaporation on both substrates and performed particularly well
on IM1 at 600 °C. However, it did not provide the same overall level of protection as
Co/Ce, particularly at 700 °C and under dual-atmosphere conditions. Ni/Ce should
therefore be regarded as a promising but not yet equivalent replacement for Co/Ce.
Co/Ce provided the most robust overall protection, while IM1 showed potential as
an alternative interconnect substrate when combined with a suitable coating system.

Further work should systematically investigate the influence of coating thickness and
determine the minimum thickness required to maintain effective oxidation resistance
and chromium suppression. In particular, thinner Ni/Ce coatings should be evalu-
ated to determine whether the current 1000 nm layer can be reduced without further
loss of protection. Longer exposure times, repeated dual-atmosphere testing, and
complementary measurements of electrical resistance, coating adhesion, mechanical
stability, and phase composition are also required to assess the long-term techni-
cal and economic suitability of IM1 and Ni/Ce for practical SOEC interconnect
applications.
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