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Abstract

Despite their advantages, the widespread commercialization of solid oxide fuel
cells (SOFCs) remains limited by challenges in long-term stability, cost, and
performance. At the cell level, performance is strongly determined by elec-
trode materials and porous microstructure, while degradation is strongly linked
to microstructural evolution, particularly within the anode. Compared with the
relatively stable zirconia phase in Nickel-Yttria-stabilized zirconia (Ni-YSZ),
Nickel-Gadolinium-doped ceria (Ni-GDC) anodes exhibit notable GDC phase
evolution, resulting in more complex microstructural dynamics. Understanding
the degradation of SOFCs resulting from microstructural evolution is essential for
predicting long-term cell performance and durability. In this work, a multiphase-
field model (MPF) based on a grand-potential formulation is employed to simulate
the microstructural evolution of Ni-GDC SOFC anodes under high-temperature
operating conditions. An active learning framework combined with Bayesian
optimization is employed to identify model parameters for simulating the ag-
ing of Ni-GDC anodes, using Focused ion beam-scanning electron microscopy
(FIB-SEM) reconstructed experimental microstructures and phase-field aging sim-
ulations. Diffusion and interfacial parameters are identified using a weighted-sum
scalarization-based multi-objective optimization approach, resulting in values that
are consistent with the available literature data.

Following parameter identification, quantitative MPF simulations of Ni and GDC
coarsening are performed employing the FIB-SEM reconstructed 3D microstruc-
tures. The influence of interfacial energies on degradation is further examined,
indicating that lower Ni contact angles primarily mitigate Ni coarsening, while



Abstract

lower GDC contact angles influence Ni’s long-term stability. The structure gener-
ator workflow is extended to create a realistic digital twin of Ni-GDC anodes by
incorporating a computationally efficient morphological coalescence step similar
to sintering. The generated synthetic structure is validated against FIB-SEM recon-
structed 3D Ni-GDC anode microstructures across several quantitative descriptors,
demonstrating strong agreement and enabling subsequent microstructure-property
analyses for electrode optimization.

Fifteen synthetic microstructures are systematically generated by varying Ni, GDC,
and pore volume fractions to investigate microstructural degradation. Electro-
chemical performance-relevant descriptors as well as mechanical integrity-relevant
descriptors such as elastic moduli and average von Mises stress are analyzed as
functions of phase volume fractions in pristine structures and their temporal evo-
lution during isothermal aging. The results identify microstructural configurations
that achieve a favorable balance between high initial electrochemical activity and
reduced degradation, with the performance determined by the interplay between
triple-phase boundary density, Ni percolation, and the Mixed ionic-electronic
conductor (MIEC) behavior of the GDC. Configurations with lower Ni content
remain viable due to stable GDC transport pathways and sustained electrochemi-
cal activity. Microstructures with intermediate porosity (about 35 %) exhibit the
most balanced mechanical behavior, while lower and higher porosities result in
increased stress concentrations and reduced functional performance, respectively.
Overall, the results highlight that optimal Ni-GDC SOFC anode design requires
an integrated electrochemical-mechanical performance consideration based on
multiple microstructural descriptors rather than single-metric optimization. The
findings provide quantitative guidelines for selecting Ni and GDC volume frac-
tions tailored to specific electrode designs, as well as for modeling at the cell and
stack levels.
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Trotz der Vorteile von Festoxidbrennstoffzellen (SOFC), ist deren breite Kom-
merzialisierung weiterhin durch Herausforderungen hinsichtlich Langzeitstabil-
itdt, Kosten und Leistungsfihigkeit begrenzt. Auf Zellebene wird die Leistung
mafgeblich durch die Elektrodenmaterialien und die pordse Mikrostruktur bes-
timmt, wahrend die Degradation eng mit der mikrostrukturellen Evolution, ins-
besondere innerhalb der Anode, verkniipft ist. Im Vergleich zur relativ stabilen
Zirkonoxidphase in Ni-Yttriumoxid-stabilisiertes Zirkonoxid (Ni-YSZ), weisen
Ni-Gadolinium-dotiertes Ceroxid (Ni-GDC) Anoden eine ausgeprigte Evolu-
tion der GDC-Phase auf, was zu einer komplexeren mikrostrukturellen Dynamik
fithrt. Das Verstidndnis dieser durch mikrostrukturelle Evolution verursachten
Degradationsprozesse ist entscheidend fiir die Vorhersage der Langzeitleistung
und Lebensdauer von SOFCs. In dieser Arbeit wird ein Multiphasenfeldmodell
(MPF) auf Basis einer groBkanonischen Potentialformulierung eingesetzt, um
die mikrostrukturelle Evolution von Ni-GDC Anoden unter Hochtemperatur-
Betriebsbedingungen zu simulieren.

Zur Identifikation der Modellparameter fiir die Simulation der Alterung von
Ni-GDC Anoden wird eine Methode des aktiven Lernens in Kombination mit
Bayes’scher Optimierung verwendet, wobei FIB-SEM rekonstruierte experi-
mentelle Mikrostrukturen und Phasenfeld-Alterungssimulationen herangezogen
werden. Die Diffusions- und Grenzflichenparameter werden mittels eines auf
gewichteter Summenskalarisierung basierenden Mehrzieloptimierungsansatzes
identifiziert. Dabei zeigt sich, dass die resultierenden Werte mit verfiigbaren
Literaturdaten konsistent sind. Basierend auf den identifizierten Parametern wird
die Vergroberung von Ni und GDC mithilfe quantitativer Phasenfeldsimulationen
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mittels FIB-SEM rekonstruierten dreidimensionalen Mikrostrukturen untersucht.
Die Validierung anhand ungealterter und vorgealterter Proben zeigt eine gute
Ubereinstimmung bei den zentralen mikrostrukturellen KenngroBen, wobei die
vorgealterten Strukturen genauer wiedergegeben werden. Der Einfluss der Gren-
zflichenenergien auf die Degradation wird untersucht. Dabei zeigt sich, dass
niedrigere Ni-Kontaktwinkel die Ni-Vergroberung reduzieren, wihrend niedrigere
GDC-Kontaktwinkel die Langzeitstabilitdt des Ni beeinflussen. Dariiber hin-
aus wird der Strukturgenerator um einen recheneffizienten, sinterdhnlichen mor-
phologischen Koaleszenzschritt erweitert, um realistische digitale Zwillinge von
Ni-GDC Anoden zu erzeugen. Die generierten synthetischen Mikrostrukturen
werden anhand mehrerer quantitativer Deskriptoren erfolgreich gegen FIB-SEM
rekonstruierte Strukturen validiert und ermdglichen weiterfiihrende Mikrostruktur-
Eigenschafts Analysen zur Elektrodenoptimierung.

Zur Untersuchung der mikrostrukturellen Degradation werden fiinfzehn synthetis-
che Mikrostrukturen durch systematische Variation der Volumenanteile von Ni,
GDC und Poren erzeugt. Sowohl elektrochemisch relevante Deskriptoren als
auch mechanische Kenngroen, wie Elastizitdtsmodule und gemittelte von-Mises-
Spannungen, werden als Funktion der Phasenvolumenanteile in den ungealterten
Strukturen, sowie in ihrer zeitlichen Entwicklung wihrend isothermer Alterung
analysiert. Die Ergebnisse identifizieren mikrostrukturelle Konfigurationen, die
ein giinstiges Verhiltnis zwischen hoher elektrochemischer Ausgangsaktivitit
und geringer Degradation ermdoglichen. Das elektrochemische Leistungsver-
halten wird dabei durch das Zusammenspiel von Dreiphasengrenzliniendichte
(TPB-Dichte), Ni-Perkolation und dem gemischt ionisch-elektronisch leitenden
Verhalten (MIEC-Verhalten) des GDC bestimmt. Konfigurationen mit geringerem
Ni-Gehalt bleiben aufgrund stabiler GDC-Transportpfade und anhaltender elek-
trochemischer Aktivitit funktionsfahig. Mikrostrukturen mit mittlerer Porositét
(etwa 35 %) zeigen das ausgewogenste mechanische Verhalten, wihrend geringere
und hohere Porositdten zu erhohten Spannungskonzentrationen beziehungsweise
zu verminderter funktionaler Leistungsfiahigkeit fithren. Insgesamt verdeutlichen
die Ergebnisse, dass ein optimales Design von Ni-GDC SOFC Anoden eine inte-
grierte Betrachtung der elektrochemischen und mechanischen Leistungsfihigkeit
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auf Basis mehrerer mikrostruktureller Deskriptoren erfordert, anstatt einer Op-
timierung anhand einer einzelnen KenngréBe. Die gewonnenen Erkenntnisse
liefern quantitative Richtlinien fiir die Auswahl geeigneter mikrostruktureller
Parameter fiir spezifische Ni-GDC Elektrodendesigns und bilden eine Grundlage
fiir weiterfithrende Modellierungen auf Zell- und Stackebene.
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1 Introduction

The growing global energy demand, together with the need to significantly reduce
greenhouse gas emissions, places the transition toward low- and zero-emission
energy systems at the center of global climate action strategies. The 28th United
Nations Climate Change Conference (COP28), held in Dubai in 2023, concluded
the first Global Stocktake under the Paris Agreement and highlighted gaps between
current mitigation efforts and long-term climate goals, calling for an accelerated
transition away from fossil fuels toward net-zero energy systems by 2050 and
for tripling global renewable energy capacity and doubling the rate of energy
efficiency improvements by 2030 [1]. In light of global climate change, Germany’s
climate policy is based on the Federal Climate Change Act (Klimaschutzgesetz),
which sets legally binding targets of —65 % greenhouse gas emissions by 2030,
—88 % by 2040, and climate neutrality by 2045 compared to 1990 levels [2]. A
transition to sustainable, low-carbon energy systems is essential to meet growing
energy demand while reducing greenhouse gas emissions.

Among clean energy sources, hydrogen (H») has received considerable attention
due to its versatility and environmental benefits. When used in fuel cells, hydrogen
reacts with oxygen (O,) to generate electricity, producing only water (H,O) as a
byproduct and thus avoiding direct emissions of greenhouse gases and pollutants.
Due to its high energy density and flexibility, hydrogen also serves as an effective
energy carrier and storage medium. In particular, it enables the storage of excess
electricity from renewable sources such as solar and wind through water elec-
trolysis, thereby supporting the integration of variable renewable energy into the
energy system. Among the various fuel cell technologies, solid oxide fuel cells
(SOFCs) have gained significant attention as a bridge towards sustainable energy
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systems. Their high efficiency (typically 45 %—60 % in fuel cell mode [3] and
up to 90 % in electrolysis mode [4]) enhances their technological and economic
viability. Furthermore, the same cell can be operated both as a fuel cell and as
an electrolysis cell (reversible SOCs), enabling flexible energy conversion. In
addition to hydrogen, these systems can also utilize hydrocarbon-based fuels such
as natural gas and methanol [5] from fossil and renewable sources, facilitating
a gradual transition to a hydrogen-based energy infrastructure. Fuel cells are
considered a promising technology for applications in transportation, stationary
power generation, and portable systems. Even before the federal government
adopted the national hydrogen strategy [6], German industry had already begun
investing in hydrogen technologies, with companies such as Robert Bosch GmbH
playing a leading role in the development of mobile and stationary fuel cells. To
enable large-scale market penetration, current efforts are primarily focused on
improving durability and reducing system costs.

Despite its advantages, widespread commercialization of SOFC technology re-
mains inhibited by limitations in long-term stability, cost, and performance. Im-
proving durability and performance requires optimized cell and stack design,
as well as integrated system development. At the individual cell level, perfor-
mance is largely determined by the material selection and microstructure of the
porous electrodes, while long-term performance degradation is strongly linked
to microstructural evolution, particularly within the anode and cathode, where
microstructural changes reduce the density of electrochemical reaction sites and
gradually degrade performance. A detailed understanding of these structure-
performance relationships is therefore essential for further improvements. The
characterization and comparative analysis of electrode microstructures, as well as
the investigation of their evolution during operation, are crucial for performance
optimization. However, they remain experimentally challenging and resource-
intensive due to reactions occurring at solid-solid and solid-pore interfaces and the
strong coupling between transport and electrochemical processes within complex
porous microstructures. Although macroscopic electrochemical characterization
can be performed with relative ease, the underlying microstructural degradation
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mechanisms cannot be directly captured. To bridge this gap, physics-based simu-
lation models are widely employed to predict microstructure evolution driven by
underlying degradation processes and to assess their impact on long-term cell per-
formance. These models also enable the identification of optimal microstructural
configurations and deepen the understanding of structure-performance correla-
tions.

1.1  Fuel cells

Fuel cell technology offers an alternative approach to electricity generation and is
increasingly regarded as a key component in the transition toward a sustainable,
low-emission energy infrastructure. The origins of the fuel cell concept date back
to the early 19th century, with the foundational ideas attributed to Sir Humphry
Davy. However, the first working demonstration came in 1839 by Sir William
Grove through the successful operation of an electrochemical hydrogen-oxygen
cell, which is widely regarded as the starting point of modern fuel cell develop-
ment. In Grove’s system, hydrogen and oxygen react to form water and generate
electricity at the same time. Fuel cells are electrochemical devices that convert
the chemical energy of a fuel directly into electrical energy, with heat generated
as a byproduct. A typical fuel cell consists of two porous electrodes (anode and
cathode) separated by an electrolyte, which may be solid or liquid and is imper-
meable to gases. During operation, the fuel is continuously supplied to the anode,
while an oxygen source, typically air, is supplied to the cathode. The oxidation
reaction is facilitated by ion conduction through the electrolyte. At the electrode
interfaces, fuel and oxidizing gases diffuse along the porous surfaces and undergo
electrochemical reactions at the triple-phase boundary that forms between the
electrode, electrolyte, and pore. This configuration enables continuous power
generation as long as reactants are supplied. Nevertheless, the practical lifespan of
fuel cells is often limited by material degradation, component failures, and other
operational constraints.
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Fuel cells generate electricity through a direct electrochemical conversion process,
differentiating them fundamentally from combustion-based power generation. In a
conventional thermal power plant, chemical energy is first converted into thermal
energy, then into mechanical work, and finally into electrical energy, resulting in
cumulative efficiency losses at each stage. In contrast, fuel cells eliminate these
intermediate steps, enabling a more efficient energy conversion pathway. Another
key advantage of fuel cells lies in their design flexibility. They can be configured in
modular designs and manufactured in a wide range of sizes, enabling adaptation to
diverse applications and offering significant advantages over conventional power
generation technologies. The operating principle of a fuel cell is similar to that
of a battery; however, they differ in one key aspect. In batteries, the electrodes
and the electrolyte participate directly in the energy conversion process, leading
to the gradual depletion of the internal reactants. Consequently, batteries must
be recharged or replaced once their stored energy is exhausted. In contrast, fuel
cells operate with a continuous supply of external fuel, while reaction products
are simultaneously removed.

1.1.1 Fuel cell types

Fuel cell technologies encompass a range of systems that differ in terms of elec-
trolyte used, operating temperature, and applications. Table 1.1 provides an
overview of the five major fuel cell types, including their achievable electrical
efficiencies, operating temperature ranges, and the corresponding electrolyte and
catalyst materials. Low-temperature systems, including alkaline fuel cells (AFC),
polymer electrolyte membrane fuel cells (PEMFC), and phosphoric acid fuel
cells (PAFC), typically operate with hydrated electrolytes and require noble metal
catalysts such as platinum to facilitate electrochemical reactions. In contrast, high-
temperature fuel cells such as molten carbonate fuel cells (MCFC) and solid oxide
fuel cells (SOFC) operate at elevated temperatures and do not rely on precious
metal catalysts, offering advantages in terms of catalytic cost. Among the various
fuel cell technologies, PEMFCs and SOFCs are widely regarded as two of the
most commercially mature and technologically advanced systems, dominating



1.1 Fuel cells

different application domains within the fuel cell market [7]. PEMFCs are par-
ticularly well-suited for transportation applications due to their low operating
temperature (typically around 80 °C), high power density, and rapid start-up capa-
bility. These attributes have enabled their deployment in fuel cell electric vehicles
and other mobility platforms [8]. However, their reliance on platinum catalysts
significantly increases system cost, and their sensitivity to impurities, particularly
carbon monoxide, can lead to catalyst poisoning and performance degradation.
Furthermore, PEMFCs generally require high-purity hydrogen, which presents
challenges related to fuel production, storage, and distribution infrastructure [9].
Although PEMFC technology has reached a relatively advanced stage of develop-
ment, its limited tolerance to alternative fuels such as hydrocarbons or ammonia
constrains its operational flexibility [9].

In contrast, high-temperature fuel cells such as SOFCs and MCFCs are more
suitable for stationary and grid-scale power generation applications. SOFCs
are predominantly developed and commercialized for stationary and distributed
power generation, where their high efficiency and inherent fuel flexibility can
be effectively utilised [10, 11]. A key advantage of SOFC technology lies in its
ability to operate on a wide range of fuels, including liquefied natural gas (LNG),
liquefied petroleum gas (LPG), methanol, and ethanol. In addition, SOFCs exhibit
a high tolerance to fuel impurities, thereby reducing or eliminating the need for
extensive fuel purification processes, particularly those associated with hydrogen
production, storage, and transport. However, their high operating temperatures,
typically in the range of 600 °C—1000 °C, impose significant limitations on their
deployment in transportation applications, primarily due to issues related to
thermal cycling and prolonged start-up times [9, 12]. Consequently, reducing
the operating temperature has become a central focus in the development of
next-generation SOFC systems. In this context, metal-supported SOFCs (MS-
SOFCs) have attracted considerable attention due to their ability to operate at
intermediate temperatures while maintaining robust performance, rapid start-
up capability, and high power density, thereby positioning them as a promising
candidate for mobile applications [9]. Despite these advancements, the application
of SOFC-based systems in transportation remains at an early stage of development.
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Nevertheless, the compatibility of SOFCs with existing fuel infrastructures, such
as gas pipelines and conventional refueling stations, enhances their practical
relevance. Over the past decades, intensive research and development efforts
have significantly improved the performance, durability, and cost-effectiveness of
SOFC technologies, bringing them closer to large-scale commercial deployment,
particularly in stationary power applications. However, despite this substantial
progress, key technical and economic challenges remain, which continue to limit
their widespread implementation.

Table 1.1: Comparison of major fuel cell technologies (based on ref [13]).

Fuel cell ~ Operating Electrolyte Catalyst ElecFrical
Type Temperature (°C) efficiency (%)
PEMFC <120 Perfluorosulfonic acid Pt 40-60
AFC < 100 KOH solution Ni/Ag up to 60
PAFC 150-200 Phosphoric acid Pt up to 40
MCFC 600-700 Molten alkali carbonates ~ Ni up to 50
SOFC 500-1000 YSZ (zirconia) Ceramic/Ni up to 60

1.2 Working principle of solid oxide fuel cells

As with other fuel cell systems, an SOFC consists of three key components:
a dense electrolyte positioned between two porous electrodes, specifically the
oxygen electrode (cathode) and the fuel electrode (anode). The SOFC electrolyte
is a gas-tight ceramic that conducts oxide ions (O?~) while electronically isolating
the electrodes, thus preventing direct combustion between the fuel and oxygen.
During operation, oxygen is supplied to the cathode, where it is adsorbed onto the
catalytic surface and reduced to oxide ions through the incorporation of electrons.
These oxide ions migrate through the electrolyte via vacancy-mediated diffusion,
driven by the large difference in the oxygen chemical potential between the cathode
(high oxygen partial pressure) and the anode (low oxygen partial pressure). The
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transported oxide ions react with the supplied fuel, typically hydrogen, at the
interface of the electrolyte and the anode, producing water and releasing electrons.
The electrons generated at the anode are repelled by the negatively charged
anode and drawn towards the positively charged cathode. Since the electrolyte
exhibits negligible electrical conductivity, these electrons cannot flow directly
across the electrolyte and are therefore compelled to traverse the external circuit
to reach the cathode. When an external load is incorporated into the circuit, the
resulting flow of electrons performs electrical work. However, in the case of
an open circuit, there is no pathway for the electrons to return to the cathode.
As aresult, charge accumulates at the electrodes, leading to the formation of an
electric potential difference between them. The simplified operating principle and
schematic structure of a solid oxide fuel cell are shown in Figure 1.1.

The following electrochemical reactions take place in a solid oxide fuel cell
operating with hydrogen as the fuel. At the SOFC anode:

2H, +20%” — 2H,0+4e", (1.1

at the SOFC cathode:
O, +4e” — 207", (1.2)

Thus, the overall cell reaction is:
2H; + O, — 2H,0. (1.3)

The overall redox reaction (eq 1.3) is composed of two spatially separated electro-
chemical half-cell reactions that take place at the porous anode and cathode, which
are isolated from each other by a dense electrolyte. During operation, hydrogen
and oxygen are continuously supplied to the anode and cathode, respectively, to
sustain the reaction. Since the voltage and power output of a single SOFC are
relatively small, multiple cells are connected to form a stack to achieve the desired
power output. The electrochemical reactions occur at the triple-phase boundary
(TPB) of the anode, defined as the region where the electronically conductive
phase, the ionically conductive phase, and the gaseous phase meet.
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Figure 1.1: Schematic of an operating SOFC showing two porous electrodes (anode and cathode)
separated by a dense electrolyte (adapted from ref [14]).

1.2.1 SOFC components

Each component of an SOFC serves multiple functions and needs to meet spe-

cific requirements, including the stability of its chemical composition, phase,

morphology, and dimensions under oxidizing and/or reducing conditions at high

temperatures, as well as chemical and thermomechanical compatibility with adja-

cent materials and adequate electronic and/or ionic conductivity. The electrolyte

and the interconnect components are required to be dense to ensure effective

separation of fuel and oxidant gases, while both the anode and the cathode must be
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porous to enable gas transport to the electrochemical reaction sites. This Section

briefly discusses the electrolyte and the cathode materials, with a greater emphasis

on the anode.

Anode As a key component of the SOFC, the anode — where the fuel is elec-
trochemically oxidized, releasing electrons — plays a critical role in determining

electrochemical performance and must therefore provide and sustain optimal

conditions for efficient fuel oxidation. The anode is required to meet the following

specifications:

Catalytic activity: High catalytic activity for the oxidation of fuels such as
hydrogen and hydrocarbon gases.

Stability: Chemical, morphological, and mechanical as well as dimensional
stability under high-temperature operating conditions, including reducing
and humid atmospheres, along with tolerance to redox cycling and to
contaminants such as sulfur, as well as to carbon deposition (coking).

Polarization resistance: Low polarization resistance to enable faster electro-
chemical kinetics and to minimize associated losses.

Conductivity: High electronic conductivity to minimize ohmic losses, com-
bined with adequate ionic conductivity (intrinsic or via a composite micro-
structure) to extend the triple-phase boundary into the electrode, thereby
increasing electrochemical activity.

Compatibility: Chemical, thermal, and mechanical compatibility with other
cell components (e.g., electrolyte and interconnects) during fabrication and
operation.

Porosity: Optimal porosity to enable efficient gas transport while providing
adequate mechanical strength.

The most commonly used and extensively studied anode material system is a Ni-

based cermet, typically consisting of metallic nickel and yttria-stabilized zirconia
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(YSZ), with 8 mol % YSZ (8YSZ) being the most widely employed composition.
Nickel provides electronic conductivity and catalytic activity for hydrogen dis-
sociation and subsequent electrochemical oxidation, enabling the transport of
electrons through the external circuit. The YSZ phase facilitates the transport
of oxygen ions from the electrolyte into the anode, where the electrochemical
reactions occur. The porous microstructure further promotes gas diffusion and
the removal of the reaction products. In addition to providing ion pathways, the
ceramic phase improves thermal expansion compatibility with the electrolyte and
suppresses nickel coarsening during operation. In conventional Ni-YSZ cermet
anodes, the electrochemical reaction sites are limited to the TPBs. The TPB
density and the connectivity of the electronic and ionic percolation networks
are therefore critical factors for anode performance. The overall performance
of the SOFC depends strongly on the microstructural parameters of the anode,
including phase distribution, particle size, and volume fractions of nickel and
YSZ, as well as porosity. In particular, a sufficient nickel content (approximately
30vol.%) is required to ensure a continuous electron-conducting network [15],
while the Ni/YSZ ratio critically determines the resulting transport properties and
electrochemical activity [16].

Alternative anode materials Conventional Ni-YSZ cermet anodes have
established the performance standard for SOFCs. Nevertheless, the large-scale
commercialization of SOFCs is limited by cost constraints and long-term sta-
bility [17]. Lowering the operating temperature (<650 °C) is a key approach to
enabling the use of more cost-effective materials while simultaneously improving
durability. At lower temperatures, Ni-YSZ anodes exhibit performance limitations
attributed to the relatively low ionic conductivity of YSZ, resulting in increased
ohmic resistance [18, 19]. To address these limitations, alternative anode materials
and designs are currently being actively researched. Among these, Ni/ceria-based
anodes are emerging as promising alternatives, primarily due to the high ionic con-
ductivity of gadolinium-doped ceria even at lower temperatures of 500 °C [19, 20].
In conventional Ni-YSZ systems, the electrochemical reaction sites are limited to
the TPBs, where the electronic conductor, the ionic conductor, and the gaseous
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fuel intersect. In contrast, Ni-GDC anodes benefit from the mixed ionic-electronic
conductivity of GDC, which allows electrochemical reactions to occur both at
TPBs and along the double-phase boundary (DPB) at the GDC/Pore interface [21-
23]. Extending these reaction sites enhances the electrode’s overall performance.
Consequently, the distribution and long-term stability of these reaction sites play
a crucial role in determining both the durability and efficiency of SOFC anodes
under operating conditions.

An alternative to conventional cermet anode design is the employment of purely
ceramic (metal-free) anodes capable of meeting all functional requirements of the
anode. Such an approach aims to eliminate metallic components, which are often
associated with instability and limited chemical tolerance under operating con-
ditions. These materials, known as mixed ionic-electronic conductors (MIECs),
simultaneously provide electronic conductivity, ionic conduction, and catalytic
activity. Porous MIEC structures offer simplified electrode designs, enhanced
chemical and structural stability, and reaction sites that extend beyond conven-
tional triple-phase boundaries to the entire electrode surface. Currently, however,
none of the ceramic materials meets the optimal balance of conductivity, catalytic
activity, performance, and long-term stability required for metal-free anodes. Con-
sequently, MIEC-based systems are typically combined with metallic phases to
improve catalytic performance or conductivity, as well as overall electrochemical
efficiency.

Electrolyte The dense electrolyte is a critical component in SOFC design, as
it needs to be completely gas-tight to prevent direct contact between oxidizing
and reducing gases. The electrolyte should exhibit higher ionic conductivity to
enable efficient transport of oxide ions from the cathode-electrolyte interface to
the electrolyte-anode interface, whilst simultaneously remaining electronically
insulating to impede electrons released at the anode from flowing directly towards
the cathode without passing through the external load. Furthermore, the elec-
trolyte must be chemically stable in both oxidizing and reducing atmospheres and
exhibit a coefficient of thermal expansion compatible with the adjacent electrode

11
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materials to ensure mechanical integrity during operation and under thermal cy-
cling. The most commonly used electrolyte in SOFCs is ZrO, doped with 8 mol %
Y,03 (8YSZ), a polycrystalline ceramic that exhibits excellent stability under
both oxidizing and reducing conditions. Although 8YSZ provides high oxide
ion conductivity, adequate transport of ions is generally achieved only at high
operating temperatures (about 1000 °C), at which anion diffusion is thermally
activated. In comparison, 3 mol% Y,03 in ZrO, (3YSZ) offers improved me-
chanical properties, including higher fracture strength and elasticity, but its lower
ionic conductivity limits its applicability to operation at intermediate or lower
temperatures. Alternative ceria-based electrolytes are therefore being investigated
for SOFCs in the intermediate and low-temperature ranges. With research moving
increasingly toward low-temperature SOFCs, ohmic loss across the electrolyte
becomes a performance bottleneck, and alternative solutions are required. One
common strategy to mitigate this is to reduce the electrolyte thickness to about
5 um, enabling operation at lower temperatures of 700 °C. At even lower tem-
peratures, YSZ is not suitable, and materials such as GDC are considered more
promising due to their higher ionic conductivity.

Cathode The durability and electrochemical performance of SOFCs are also
influenced by the cathode. Conventional cathodes are typically ceramic materials
without a metallic phase and must be operated under highly oxidizing conditions.
Accordingly, cathode materials are required to exhibit chemical stability, good
electronic and ionic conductivity, sufficient porosity for oxygen transport, and
high catalytic activity for the oxygen reduction reaction. The choice of cathode
materials closely depends on the electrolyte, requiring compatible thermal ex-
pansion behavior and chemical stability at the cathode-electrolyte interface to
prevent undesirable reactions during operation. A widely utilized cathode material
in SOFCs is strontium-doped lanthanum manganate (LSM), which offers high
electronic conductivity, negligible ionic conductivity, and high catalytic activity
for oxygen dissociation. Typically, the cathode is composed of a porous, sin-
tered mixture of LSM and YSZ, allowing electrochemical reactions to occur at
the TPBs whilst oxide ions are transported to the electrolyte through the YSZ

12
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phase. Although LSM-YSZ cathodes perform well at high operating temperatures
(1000 °C), their performance declines at lower temperatures (600 °C-800 °C). To
address this limitation, alternative cathode materials are being actively investigated
that exhibit higher catalytic activity at lower temperatures, are non-reactive with
the electrolyte material, and offer high ionic and electronic conductivity. As SOFC
developments progressively transition towards lower operating temperatures, re-
searchers are considering MIEC materials as an alternative to mixed-ceramic
cathodes. MIEC materials extend the active reaction zone beyond the TPB to
the entire electrode surface; examples include lanthanum strontium cobalt ferrite
(LSCF) and lanthanum strontium cobaltite (LSC). However, direct contact of
these cathodes with zirconia-based electrolytes can lead to the formation of an
insulating SrZrOs; interlayer [24, 25]. This is usually mitigated by inserting a
GDC interlayer between the LSCF cathode and the electrolyte [26].

1.2.2 Classification of SOFC systems

SOFCs are commonly classified according to operating temperature, cell/stack
design, and support configuration. Based on temperature, they are generally
divided into low-temperature SOFCs (500 °C—-650 °C), intermediate-temperature
SOFCs (650 °C-800 °C), and high-temperature SOFCs (800 °C-1000 °C). Higher
operating temperatures reduce ohmic resistance and enhance electrode kinetics,
thereby improving performance; however, higher operating temperatures also
present challenges such as accelerated material degradation, weakened structural
integrity, higher costs, and slower start-up and shut-down times. With regard
to cell and stack designs, SOFCs are typically configured in tubular, planar,
or segmented-in-series (integrated-planar) designs. Among these, planar and
tubular designs are most widely adopted due to their scalability, with planar
cells providing a higher packing density. In terms of mechanical support types,
SOFCs can be electrolyte-, anode-, or cathode-supported. Electrolyte-supported
cells are generally associated with high-temperature operation, while anode- and
cathode-supported designs, enabled by thin electrolyte layers, are more suitable
for intermediate and low-temperature operation. SOFCs may also be externally
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supported, such as interconnect-supported, metal-supported, or porous substrate-
supported configurations, the metal-supported variant being a particularly active
area of recent development for low-temperature operation.

1.3 Modeling of SOFCs

Modeling and simulation provide a robust framework for advancing next-generation
SOFCs by enabling a systematic evaluation of performance, degradation, and de-
sign optimization. A comprehensive understanding of the processes governing cell
performance and lifetime, and of their dependence on materials, microstructure,
cell design, and operating conditions, is essential for systematically improving
overall performance and lifetime. While various experimental techniques can be
employed to investigate the underlying physics of SOFC operation, numerical
modeling provides a powerful, non-invasive approach to examining aspects of
system dynamics that are challenging to assess experimentally. Optimization
across the system, stack, cell, and electrode levels through experiments is often
time-consuming, resource-intensive, and challenging, whereas numerical model-
ing enables rapid and cost-effective evaluation of design and operating parameters.
Physical modeling is indispensable for a fundamental understanding of the causes
and effects of the processes involved, as well as their interactions. Once validated,
these models enable the efficient optimization of materials, microstructure, and
operating conditions. In recent years, modeling has been widely employed to
predict electrochemical performance, and its combination with experimental
research remains central to improving efficiency and extending cell lifetime.

The complex interactions across different time and length scales, combined with
the complexity of materials and structures, present a significant computational
challenge in SOFC analysis. The performance of SOFCs is determined not solely
by the macroscopic stack design, but also by the microstructure of the electrodes,
depending on the morphology and composition of the constituent materials. As
a result, optimization requires a holistic approach across all levels, from the
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microstructure of the electrodes through individual cells to complete stack con-
figurations. In the work of Grew and Chiu [27], a comprehensive overview of
modeling and simulation techniques for SOFCs across the time and length scales
is provided, summarizing key functional and degradation processes together with
suitable modeling methods. As shown in Figure 1.2, these processes extend across
a broad range of characteristic time and length scales, together with the correspond-
ing modeling approaches capable of resolving them. Although the interactions
underlying these phenomena originate at the atomic level in the atomic structure
of individual atoms, these interactions reveal themselves in uniquely observable
and measurable ways extending across a wide range of time and length scales,
providing further insights. As modeling progresses from the system level toward
reaction kinetics, model detailing increases while the corresponding length scale
decreases. Accordingly, different modeling levels require specific formulations,
governing equations, and parameter sets tailored to the respective scale and the
phenomena under investigation. Based on the geometric representation, models
are typically classified as zero-dimensional (0D), one-dimensional (1D), two-
dimensional (2D), or three-dimensional (3D). Zero-dimensional models provide
global outcomes, such as current-voltage characteristics, while higher-dimensional
models progressively resolve spatial variations, with 3D models capturing the
full distributions of transport fluxes within the cell. They can also be divided
into white-box (physical) models, black-box (empirical) models, or gray-box
(semi-empirical) models, reflecting the extent to which physical equations and
experimental data are incorporated [28, 29]. In terms of length scale, SOFC
models are categorized into microscopic, mesoscopic, and macroscopic models.
Microscale models study atomic and molecular processes to determine intrinsic
material properties and reaction kinetics. Mesoscale models focus on the micro-
structure of the electrodes and interfacial phenomena that govern transport and
electrochemical activity. Macroscale models, which encompass analyses at the
cell, stack, and system levels, are employed to predict overall performance and
guide operating strategies. Across these scales, various numerical methods have
been adopted to capture the relevant processes and their interactions.
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Figure 1.2: An overview of the characteristic time and length scales of functional and degradation
processes in heterogeneous SOFC electrode structures, including common modeling and
simulation approaches across these scales (adapted from ref [27]).
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1.3.1 Microscale modeling

At the microscale, the analysis focuses on elementary reactions occurring at
catalyst surfaces from an atomic and molecular standpoint, enabling a detailed
understanding of the interaction mechanisms between reactants and catalyst ma-
terials. Microscale modeling in SOFCs captures the fundamental electronic and
atomistic processes governing electrochemical phenomena and provides valuable
insights into the development and optimization of the composition of catalyst
materials. Among the most commonly employed computational approaches at
this scale are density functional theory (DFT), kinetic Monte Carlo (KMC), and
molecular dynamics (MD), which enable the investigation of reaction mechanisms
and kinetics at the atomic level [30]. DFT is a quantum mechanical method used to
investigate the structure and properties of multi-particle systems based on electron
density. By solving the Schrodinger equation for a multi-particle system, the DFT
method evaluates the ground-state structure and energy states of materials. DFT
method is widely employed to study the electronic structure, chemical bonding,
and surface phenomena, including adsorption, desorption, and elementary reaction
steps on catalyst materials [31, 32]. It has also been applied to analyze catalytic
and electrocatalytic reactions involving gaseous species in porous materials [33].
Furthermore, DFT modelling allows evaluation of reaction kinetics by calculating
activation energies along different reaction pathways, thereby providing insights
into the underlying mechanisms. MD is a physics-based modeling method used to
study multi-body systems by employing classical Newton’s laws of motion [34].
It is widely applied in the study of transport processes in materials, such as calcu-
lating diffusion coefficients using the Einstein equation [35]. MD modeling has
been used, for example, to investigate oxygen diffusion in gadolinium-doped ceria
(GDC) [36] as well as deformation mechanisms under mechanical loading [37].
It is also effective for predicting thermal properties; for instance, the thermal
conductivity of ZrO; and YSZ was evaluated using MD simulations [38]. KMC
is a stochastic modeling method used to simulate time-dependent processes, such
as atomic diffusion in many-particle systems [39]. Unlike MD methods, the KMC
method generates sequences of system states based on probabilistic event rates
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rather than solving equations of motion, thereby permitting larger time steps [40].
Gunn et al. [41] used the KMC method to investigate oxygen and cation dif-
fusion in 10 mol % GDC, while Krishnamurthy et al. [42] investigated oxygen
diffusion in the YSZ system. In the latter study, activation energies obtained
from DFT calculations were used as input parameters for the KMC simulations,
and an optimal oxygen diffusivity was reported for yttria contents in the range
of 8 %—12 %. Overall, microscale modeling methods enable the evaluation of
fundamental physicochemical properties, including thermodynamics, reaction
kinetics, electrical and thermal conductivity, and diffusion coefficients. It has be-
come a powerful tool for the development of novel materials and the optimization
of material structures at the atomic level. However, its applicability is limited
by modeling time and length scales. Consequently, microscale modeling cannot
directly capture larger-scale properties, such as the porous structure of electrodes
and species transport within these structures.

1.3.2 Mesoscale modeling

Mesoscale modeling serves as a crucial bridge between atomistic simulations
and continuum-scale models by capturing microstructural effects on intermediate
length and time scales. It is particularly relevant in the analysis of degradation
mechanisms and the optimization of electrode microstructures, since performance
and durability are strongly dependent on the morphology, composition, and struc-
tural properties of the particles, which determine species transport and electro-
chemical activity. Using realistic electrode structures as computational domains,
mesoscale models provide valuable insights for the design of high-performance
cells and stacks. Commonly employed approaches at this scale include the Lat-
tice Boltzmann method (LBM), the Discrete Element method (DEM), and the
Phase-field method (PFM), which enable the investigation of interfacial dynamics,
transport processes, and microstructural evolution. The LBM is a mesoscopic
computational fluid dynamics modeling approach particularly well suited for
simulating transport phenomena in porous media with complex geometries and
multiphase flows [43]. In LBM, the computational domain is represented as a
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discrete lattice in which particles move between positions by calculating the parti-
cle velocity distribution function. The Lattice Boltzmann method is commonly
used to study internal flow behavior at the pore scale in the porous electrodes of
SOFCs. LBM is often employed to model mass transport and electrochemical
reaction processes within porous SOFC electrodes [44, 45]. The anode overpo-
tential strongly influences SOFC performance [46], and its prediction provides
insights into polarization behavior. LBM has been applied to simulate polariza-
tion resistance and overpotential in Ni-YSZ anodes, with the results validated
against experimental impedance and electrochemical data [47, 48]. Furthermore,
LBM enabled a three-dimensional analysis of the distributions of electrochemical
potential and current density within the anode microstructures [47]. The DEM,
first introduced by Cundall and Strack [49], is a well-established method for
simulating packings of particles, particle flows, and fluid-particle interactions.
It models the behavior of individual particles considering the forces of contact
interactions, gravity, and friction [50]. Applications of DEM in SOFC research
have been widely reported. DEM has been applied to generate realistic electrode
microstructures, including partially sintered morphologies, to investigate packing
behavior and evaluate effective electrical and ionic conductivity [51, 52]. DEM
has also been employed to model the mechanical response of electrodes, including
elastic and failure behavior [53].

PFM is a continuum-based approach that describes microstructural evolution
using continuous field variables (order parameters) governed by thermodynamic
and kinetic principles. It is well established for simulating processes such as
phase transformations, grain growth, and particle coarsening in electrode ma-
terials [54-56]. In SOFCs, phase-field modeling can simulate the evolution of
the three-phase microstructure (electrode, electrolyte, and pores), enabling the
prediction of phenomena such as Ni coarsening in anodes and its impact on TPB
distribution, electrochemical performance, and long-term degradation [54]. PFM
predictions can be validated against experimental results obtained from imaging
techniques such as scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and X-ray micro-computed tomography. PFM’s ability to
model such complex microstructural evolutions plays a key role in understanding
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and mitigating degradation phenomena, which present a major bottleneck for the
commercialization of fuel cell and electrolysis technologies [57, 58]. In this work,
a phase-field method is employed to simulate the microstructural evolution of
SOFC anodes under high-temperature operating conditions, in which pronounced
morphological changes are observed during operation. Mesoscopic electrode
models complement macroscopic cell and stack models by capturing phenomena
that are difficult to resolve on larger scales, including Ni coarsening, carbon de-
position, and the evolution of microstructural parameters. These models provide
detailed insights into reaction mechanisms and structural changes within porous
electrodes, thereby enabling more accurate prediction of electrode performance.
Given that the overall performance of SOFCs is strongly determined by the elec-
trode microstructure, achieving an optimal electrode configuration is essential for
efficient and durable operation. Outputs from mesoscopic simulations, such as
effective transport properties (e.g., ionic conductivity and gas diffusivity) and mi-
crostructural properties, can be incorporated as inputs into macroscopic continuum
models to describe the performance of the entire cell or stack. In cell and stack
models, microstructural parameters such as TPB, Ni and GDC specific surface
area are often represented by averaged values, whereas their accurate characteri-
zation requires mesoscale electrode simulations. These parameters, particularly
the TPB density, play a decisive role in electrochemical performance and can be
fully understood at the micro- or mesoscale. Mesoscopic modeling thus provides
detailed insights into reaction-transfer mechanisms, parameter estimation, and
degradation processes that cannot be captured at the macroscopic level. The re-
sulting effective properties and mechanistic descriptions can then be incorporated
into cell and stack models, enabling more reliable large-scale simulations and
facilitating the design and optimization of commercial SOFC systems. Figure 1.3
shows mesoscale modeling at the electrode microstructure level, demonstrating
its role as a crucial bridge linking atomistic and continuum-scale approaches by
capturing microstructural effects over intermediary length and time scales.
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Figure 1.3: Different modeling levels for solid oxide fuel cells, spanning from stack-level to atomic-
scale reaction kinetics.

1.3.3 Macroscale modeling

At the macroscopic level, the overall behavior of the SOFC is described by
integrating smaller-scale information into continuum models for system-level
analysis. Such models typically consist of coupled partial differential equations,
including the Nernst-Planck, Poisson, and conservation equations, to simulate
multiphysics transport processes. These frameworks enable the prediction of key
parameters, including gas and temperature distributions, material concentrations,
and current density [59-61]. Cell-level modeling simulates the operation of a
single SOFC cell under controlled conditions, often employing inputs derived
from mesoscale simulations. A continuum approach is commonly adopted, in
which porous electrodes and the species therein are treated as a homogenized
continuum [39]. Electrochemical response is modeled using formulations based
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on the Nernst equation and polarization losses. SOFC cell/stack models are gen-
erally classified as steady-state or transient models. Steady-state models neglect
time-dependent terms and are primarily employed to investigate transfer mecha-
nisms, fuel flexibility, structural optimization, and stress distribution. In contrast,
transient models capture dynamic behavior, including start-up, degradation, and
other time-dependent aspects in SOFC operation. Although cell-level models pro-
vide detailed insights into the behavior of individual cells, practical applications
require the integration of multiple cells into stacks. Nevertheless, the results from
cell-level simulations serve as essential inputs for stack- and system-level model-
ing, thereby supporting the design and optimization of large-scale SOFC systems.
Stack-level modeling describes the behavior of SOFC stacks consisting of multiple
cells, interconnects, manifolds, seals, and support frames. These models provide
a detailed description of stack operations and are commonly used to optimize
performance through improvements in stack design and operating strategies. At
this level, computational fluid dynamics (CFD) is typically used to analyze trans-
port processes within the stack. These methods enable detailed predictions of
physicochemical processes based on conservation equations for mass, momentum,
and energy, along with electrodynamic reaction kinetics. System-level modeling
considers the entire SOFC system, including the stacks and balance of plant (BoP)
components such as pumps, heat exchangers, fuel processing units, and power
conversion systems (Alternating Current/Direct Current converters). The primary
objective is to enhance overall system efficiency by optimizing system design and
operating strategies. This is typically achieved through thermodynamic analyses
based on the first and second laws of thermodynamics. Additionally, system-level
models provide boundary conditions for stack and cell-level models. At this level,
modeling approaches are generally categorized into lumped parameter models
(black-box models) and spatial distribution models [62]. The widely used lumped
parameter models are based on the principles of mass and energy conservation
and offer computational efficiency, although the detailed field distributions remain
unaccounted for. In contrast, spatial distribution models capture the variation of
key parameters within the system and provide deeper insights into spatial effects
and system behavior [63—-65]. Interestingly, modeling of SOFCs is often presented
from a top-down paradigm, from the system down to the cell/stack and then to the
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1.4 SOFC anode microstructures

electrode, whereas practical development typically follows the reverse direction.
High-performance systems are achieved by first designing and optimizing the
electrodes, enabling the fabrication of high-performance cells and stacks, and ulti-
mately leading to stable and efficient operation at the system level. The integration
of SOFC modeling with artificial intelligence is emerging as a promising research
direction. By linking microscale physical mechanisms with macroscale system
behavior, machine learning (ML) techniques can enhance predictive accuracy
while reducing computational cost, thereby accelerating the development and
optimization of energy systems [66—69].

1.4 SOFC anode microstructures

The increasing requirements for the performance and durability of SOFCs un-
derscore the importance of a detailed understanding of the 3D microstructure
of the electrodes at the micrometer scale, as this structure affects both transport
processes and reaction kinetics. The microstructural features directly influence key
electrochemical properties, such as polarization resistance, effective conductivity,
and power density [70]. Therefore, the precise characterization and correlation of
the microstructure with electrochemical performance is imperative for optimizing
electrode design. Electrode microstructure also plays a critical role in ensuring the
proper functioning of all physical phenomena within an SOFC, and analyzing the
geometry and evolution of the microstructure during operation provides insights
into structure-performance correlations. Furthermore, three-dimensional digital
representations of electrode microstructures enable the application of computa-
tional tools for the quantitative characterization of key morphological properties
and physical simulations.

Currently, porous electrode microstructures are generated using both experimen-
tal reconstruction methods and numerical approaches. Experimental methods
rely on high-resolution instruments (e.g., SEM) to obtain 2D slices, which are
subsequently processed into 3D structures using image processing technologies.
Common tomography methods include X-ray computed tomography (X-ray CT),
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FIB-SEM, electron tomography, and atomic probe tomography, with increasing
resolution provided at the expense of smaller reconstructed volumes. Among
these methods, X-ray CT and FIB-SEM are most frequently employed in porous
electrode reconstruction studies. Earlier work, dating back to about two decades
ago, employed FIB-SEM to reconstruct the electrode microstructure of the SOFC
anode and extract key parameters such as TPB density and tortuosity [71]. Al-
though these techniques provide accurate representations of real structures, they
are not predictive and depend on the availability of samples, image resolution, and
post-processing, all of which can lead to uncertainties; FIB-SEM is a destructive
technique, precluding repeated analyses of the same region, and is time-consuming,
as reconstructions take hours to days [72]. As an alternative, numerical approaches,
including statistical, physics-based, and Artificial Intelligence (AI)- driven meth-
ods, are being applied to generate synthetic microstructures. Stochastic methods
generate 3D porous structures by imposing statistical constraints such as porosity
and pore size distribution, while physics-based approaches generate the 3D mi-
crostructure by simulating its formation processes. These digitally generated 3D
structures enable multiphysics simulations to investigate electrochemical, thermal,
mechanical, and morphological behavior. In the microstructural analysis of hetero-
geneous SOFC electrodes, the representative volume element (RVE) is essential to
ensure quantitative reliability. The RVE defines a sufficiently large volume that is
statistically representative of the overall structure [73], meaning that the measured
properties are independent of the chosen spatial location. Due to the intrinsic
heterogeneity of electrode microstructures and limitations in the field of view
with imaging techniques, careful selection of the RVE is necessary to capture key
morphological properties for accurate prediction of transport and electrochemical
behavior. The RVE size is a variable quantity and depends on several factors, such
as the phase volume fraction and the characteristic particle size. Therefore, it must
be chosen so that the RVE is neither undersized, which leads to statistical bias,
nor excessively large, which unnecessarily increases computational resources.

While 3D experimental reconstructions and synthetic microstructures provide dig-
ital representations, their meaningful interpretation and application in predictive
modeling require quantitative descriptors such as particle size distribution, specific
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1.4 SOFC anode microstructures

surface area, tortuosity, and TPB length. These parameters determine the electro-
chemical reaction sites and control the transport of electrons, ions, and gaseous
species, thereby determining local reaction kinetics and overall electrochemical
performance. Several methods can be applied to quantify the microstructure, with
each descriptor capturing specific aspects of electrode behavior. Tortuosity, for
example, characterizes the complexity of transport pathways and strongly influ-
ences the effective transport properties in porous electrodes. The TPBs represent
the primary reaction site in conventional SOFC electrodes, and therefore their
density is an important performance indicator. Furthermore, anodes composed of
MIEC, such as Ni-GDC, have attracted increasing attention due to their improved
electrochemical performance, resulting from the DPBs in addition to the conven-
tional TPBs. Figure 1.4 shows the 3D SOFC anode’s microstructure as well as
key morphological and effective properties, including TPBs, DPBs, tortuosity,
specific surface area, mean particle diameter, volume fraction, and elastic moduli,
that can be extracted from the RVE. These descriptors are essential to establish
correlations between microstructure, electrochemical performance, mechanical
integrity, and degradation behavior during operation.

1.4.1 Relationship between microstructure and fuel cell
performance

To evaluate SOFC performance, it is essential to understand the relationship be-
tween electrode and cell performance. Figure 1.5 shows a typical current-voltage
curve (I-V curve) for an SOFC. The dashed line represents the ideal voltage
resulting from the Nernst potential under standard conditions. At open circuit
(zero current), deviations from standard conditions result in a lower measured
voltage. As current flows, additional voltage losses arise due to finite reaction
kinetics. These voltage losses, referred to as overpotentials or polarization losses,
collectively reduce the operating voltage below its ideal value and determine the
overall performance of the cell. The magnitude of the voltage drop increases
with current density and depends on factors such as temperature, pressure, gas
composition, and flow rate, as well as material properties. Total polarization is the

25



1 Introduction

&y

| _
—_

Elastic moduli

Exy

I

— £

Particle diameter -—

|

Volume fraction

Surface area

Tortuosity

Interface area

conductor

Figure 1.4: Representative Volume Element (RVE) of an SOFC anode microstructure, along with
key microstructural characterization metrics related to structural features, electrochemical
performance, and mechanical integrity.
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1.4 SOFC anode microstructures

sum of activation, ohmic, and concentration losses. Although these losses cannot
be completely eliminated, they can be minimized through appropriate material
selection and optimized cell design. At low current densities, the activation overpo-
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Figure 1.5: Schematic representation of the current-voltage characteristic curve of an SOFC, indicating
three major losses contributing to the cell voltage drop: activation loss, ohmic loss, and
concentration loss.

tential dominates and is governed by the kinetic processes of the electrochemical
reactions within the electrode’s microstructure. These reactions are required to
overcome an intrinsic energy barrier, known as the activation energy, thereby
resulting in activation or charge-transfer polarization. Since electrochemical reac-
tions occur at both TPBs and DPBs in Ni-GDC anodes, increasing the density and
distribution of TPBs and DPBs through microstructural optimization effectively
reduces activation polarization and improves the overall performance of the cell.
At intermediate current densities, cell performance is primarily limited by ohmic
resistance. Ohmic polarization arises from the resistance of the conducting ions
through the electrolyte, electrons through the electrodes and current collectors,
and interfacial contact resistances between the cell components. These resistances
are strongly influenced by microstructural properties, particularly tortuosity and
constrictivity, which describe the complexity and narrowing of the transport paths
for ions and electrons. Lower tortuosity values shorten the effective transport paths

27



1 Introduction

and thereby reduce the ohmic resistance. Furthermore, the intrinsic electronic and
ionic conductivities of the constituent materials also influence the magnitude of
ohmic losses within the system. At high current densities, cell performance is
primarily restricted by concentration overpotentials associated with limitations in
mass transport. Concentration or diffusion polarization arises when electrochem-
ical reactions are limited by the rate of reactant supply and/or product removal,
such that diffusion to and from the electrochemically active sites is slower than
that corresponding to the charging/discharging current. Under these conditions,
assuming sufficient reaction sites and minimal restrictions on charge transport,
the dominant losses arise from gas transport through the porous electrode struc-
ture. Reducing the mass transport resistance through optimized porous structure
and tortuosity values enhances the gas diffusion pathways and thereby mitigates
concentration losses.

1.4.2 Degradation of SOFC anodes'

»The degradation of Ni-based cermet anodes arises from several phenomena,
including poisoning by fuel impurities [75], coking [76], redox cycling [77-79],
and microstructural evolution [16]. In terms of microstructural degradation, the
coarsening of nickel particles is found to be the primary degradation mechanism
in the microstructure of SOFC anodes [80, 81]. Furthermore, polarization effects
also influence Ni morphology, as demonstrated by Jiao et al. [82], observing Ni
spreading along the YSZ surface near active TPBs in patterned Ni film anodes.
Several studies investigated the morphological changes observed in commonly
used anodes, with aging primarily caused by Ni coarsening, agglomeration, and
depletion [83—85]. In contrast to the relatively stable zirconia matrix in Ni-
YSZ systems, Ni-GDC anodes exhibit notable GDC phase evolution [83, 86].
Several experimental studies reported findings under electrochemically operated
conditions [83, 87, 88], whereas some were performed under purely thermal/open-
circuit voltage (OCV) conditions [86, 89]. In polarized conditions, Zekri et

I'The content of this section has been taken directly from Jeela et al. [74] with minor linguistic changes.

28
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al. [83] reported a significant GDC agglomeration after 20,000h, which reduced
the Ni-Ni and Ni-GDC contacts, decreasing the TPB density and increasing the
electronic resistance. Their work also reported the formation of a GDC coating
on Ni surfaces after about 15,000h, which suppresses Ni coarsening but hinders
mass transfer, further reducing TPB density and Ni percolation. Holzer et al. [86]
reported similar Ni surface coverage after only 2,286 hours under humidified
OCYV conditions. Recently, Liu et al. [89], also under humidified OCV conditions,
reported Ni coarsening associated with minor GDC growth, but found no evidence
of nano-GDC particles or nanoscale changes in the GDC phase. In addition,
operando studies highlighted Ni migration, spreading, and splitting at active TPB
sites in both Ni-YSZ and Ni-GDC systems under polarization [87, 88]. This work
employs reconstructed electrode microstructures from a cell aged purely under
thermal, humidified open-circuit conditions for model validation. Understanding
the relationship between these microstructural evolutions and the degradation
of electrochemical performance is essential for improving SOFC durability and
optimizing anode design.«

1.5 Modeling of SOFC anode degradation?

1.5.1 Microstructural evolutions

Ni-YSZ anodes »The coarsening of Ni in solid oxide cell (SOC) electrodes by
phase-field modeling is extensively studied [54, 91-101]. Most models assume
nickel self-diffusion, either in the volume or at the surface, driven by curvature
effects. The early work by Chen et al. [91] used FIB-SEM reconstructed 3D
microstructures with limited size and investigated the influence of wettability on
microstructural evolution, a topic that was further explored in the work by Li et
al. [54], Davis et al. [92], Jiao et al. [94], Lei et al. [97], and Sun et al. [100]. Ni

2The content of this section has been taken directly from Jeela et al. [74, 90] with minor linguistic
changes.
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coarsening in SOC electrodes is known to proceed significantly faster in a humid
atmosphere, though the underlying mechanisms are not yet fully understood. Lei
et al. [95, 97, 101] investigated Ni migration driven by Ni(OH), diffusion and
changes in Ni-YSZ wettability using a multiphysics model. They reported that
the accelerated coarsening under humid conditions cannot be explained by the
diffusion of Ni(OH), alone. Instead, the electrochemical formation of Ni(OH), at
high overpotentials may enhance Ni transport in fuel cell mode.

Phase-field models of SOC coarsening were implemented with different mass
transport mechanisms, ranging from predominant surface diffusion at Ni-pore
interfaces [91, 93] to the combination of interfacial diffusion across multiple phase
boundaries [92]. In the early models, the multiphase Cahn-Hilliard model [102]
and the combination of Allen-Cahn and Cahn-Hilliard formulations [103, 104]
were mostly employed. Lei et al. [105] advanced the Chen-Fan model [106]
toward tunable interfacial energies and consistent interfacial thicknesses, allowing
for a more accurate representation of wetting conditions in evolving microstruc-
tures. The phase-field model utilized in this work, developed by Choudhury
and Nestler [107] and extended by Hoffrogge et al. [108], provides several key
advantages. It allows the interfacial energies to be controlled independently for
each binary interface while maintaining uniform and finite interface thicknesses.
Furthermore, the model enables an accurate representation of interfacial diffusion,
facilitating the direct incorporation of experimentally measured surface diffusivi-
ties and wetting angles into the simulations. Hoffrogge et al. [98] employed this
model to investigate the coarsening in FIB-SEM reconstructed Ni-YSZ anodes
and the role of Ni wettability on YSZ. Simulated results were used as inputs to an
established transmission line model to predict performance degradation. Here, the
YSZ phase was treated as stationary, and Ni transport along the Ni-YSZ interfaces
was neglected due to a lack of experimental data. In their work, although the
results presented were not validated directly against aged FIB-SEM 3D recon-
structions of Ni-YSZ microstructures, the quantitative evolution of microstructural
properties was reported and stated to be consistent with experimental observations
and available literature.
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Ni-GDC anodes It is noteworthy to mention that the above-mentioned phase-
field studies were primarily focused on Ni-YSZ anodes, where microstructural
evolution is dominated by Ni coarsening, while the YSZ phase remains largely
stable. In contrast, phase-field investigations of Ni-GDC systems remain relatively
unexplored due to their complexity, as the evolution of both the Ni and GDC phases
results in a more complex microstructural evolution. Sun et al. [109] developed
an integrated mesoscale model to predict the morphological and performance
degradation of Ni-GDC over long-term operation. In their study, the phase-field
model was utilized to simulate compositional changes, considering the interactions
between Ni-GDC and wettability. In their work, synthetic microstructures were
used, and the model results were validated against experimental data from the
literature of Holzer et al. [86]. Previous work, while informative, relied on
indirect validation involving only three microstructural properties (mean particle
diameter of nickel, GDC, and TPBs) from literature data. Recently, Chang
et al. [110] developed a multi-scale simulation framework combining discrete
element modeling to generate initial Ni-GDC anode microstructures and a phase-
field model to simulate the evolution of the Ni-GDC anode microstructure. In
their work, validation of the generated microstructures was limited to a small
set of descriptors, primarily TPB density and tortuosities of GDC and pore,
and the simulation results were validated against experiments using primarily
TPB density values from the literature. Due to computational limitations, the
modeled electrode volume was restricted to 3.5x3.5x 1.1 um?, limiting the
representativeness of the anode microstructure. In contrast, the validation strategy
in this work incorporates both pristine and experimentally aged FIB-SEM 3D
microstructures, allowing direct validation of all key descriptors — particle sizes,
TPB densities, tortuosities, and specific surface areas — for a more comprehensive
and quantitative assessment of model predictability. Furthermore, the current
work also provides detailed insights into the sensitivity of surface and interfacial
energies, their role in morphological evolution, and the resulting impact on anode
performance with large-scale phase-field simulations.
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1.5.2 Mechanical degradation

It is well established that SOFC anode microstructures profoundly influence macro-
scopic properties, including mechanical integrity and electrochemical performance.
In particular, porosity has been shown to influence the elastic modulus and biaxial
strength significantly [111-113]. Despite extensive studies on electrochemical
behavior and microstructure evolution, direct and time-resolved investigations of
mechanical property degradation under steady-state, isothermal aging conditions
remain scarce. These studies are critical since the anode serves as a load-bearing
component in many SOFC designs, such as anode-supported and metal-supported
cells, where microstructural changes directly affect mechanical reliability [114].
Liu et al. [115] developed a deep learning-based homogenization framework that
links porous Ni-YSZ anode microstructures to effective macroscopic properties,
including elastic modulus, Poisson’s ratio, shear modulus, and thermal expansion,
and demonstrates their dependence on porosity and Ni content. However, their
work was limited to Ni-YSZ anodes, and the effects of aging, as well as the
influence of electrolyte volume fraction, were not investigated. More recently,
Elmoghazy et al. [116] performed strain-controlled numerical homogenization
to evaluate the evolution of effective elastic properties in Ni-GDC anodes during
aging, but their analysis was confined to a single initial microstructural config-
uration. Thus, a systematic investigation of how variations in initial Ni-GDC
microstructures, particularly phase volume fractions, affect effective mechanical
properties and their degradation during aging is still lacking. To the best of our
knowledge, this has not been comprehensively addressed in the literature. In
multi-scale and multi-physics SOFC modeling, accurate macroscopic mechanical
parameters are essential for stress analysis under thermal loading [117]. Since
these properties are determined by the microstructure of the electrode, establish-
ing quantitative correlations between microstructural features and macroscopic
mechanical responses, together with electrochemically relevant metrics such as
TPBs, DPBs, and tortuosities, is essential.«
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1.6

Research aim and objectives

The overall aim of this dissertation is to develop a comprehensive computational

framework for understanding, predicting, and optimizing the microstructural evo-

lution and aging behavior of Ni-GDC SOFC anodes under long-term operating
conditions. This work combines FIB-SEM reconstructed 3D microstructures,

phase-field simulations, and machine learning approaches to establish quantitative

correlations between microstructural features and key indicators of electrochemi-

cal performance and mechanical integrity. The main objectives of the thesis are as

follows:

Gain a comprehensive understanding of the microstructural processes oc-
curring in Ni-GDC SOFC anodes during operation, together with key de-
scriptors relevant to electrochemical performance and mechanical integrity,
and the phase-field method.

Develop a machine learning framework for identifying unknown physical
parameters under given SOFC operating conditions by integrating pris-
tine and aged FIB-SEM reconstructed 3D microstructures and phase-field
simulations.

Apply the phase-field model incorporating surface and interfacial diffusion
along the Ni/GDC interface to perform quantitative 3D simulations of Ni
and GDC coarsening in SOFC anodes, and validate the model’s predictive
capability under different initial conditions of the FIB-SEM reconstructed
3D microstructures.

Perform large-scale aging simulations of Ni-GDC SOFC anodes to predict
microstructural evolution and performance degradation over operational
times of up to 60,000 hours.

Extend the structure generator workflow to create realistic digital twins
of Ni-GDC anode microstructures and validate them against FIB-SEM
reconstructed 3D microstructures using a comprehensive set of quantitative
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descriptors, including structural, geometric, electrochemically relevant, and
mechanical properties.

* Investigate the mechanical behavior of Ni-GDC anodes, including elastic
moduli and stress distributions resulting from the thermal expansion mis-
match between Ni and GDC under steady-state isothermal aging conditions.

* Integrate synthetic microstructures with phase-field aging simulations to
optimize the microstructural design of Ni-GDC anodes and provide insights
into initial performance and durability, considering both electrochemical
performance and mechanical integrity-related metrics.

1.7 Structure of the thesis

This dissertation begins with an introduction to the fundamental principles of
fuel cells, with a particular focus on SOFCs, and then reviews state-of-the-art
modeling approaches for SOFCs at scales ranging from atomistic-scale models
of reaction kinetics to macroscopic system-level models, with a strong emphasis
on phase-field methods at the mesoscale for describing microstructural evolu-
tion. The role of the anode microstructure in determining the electrochemical
performance and durability of SOFCs is discussed, together with experimentally
observed degradation mechanisms and current modeling approaches. From this
introduction, the key research gaps are identified, and the research questions and
objectives of this dissertation are formulated. The remainder of this dissertation is
structured as follows. Chapter 2 details the methodological framework, compris-
ing the grand-potential multiphase-field model employed for aging simulations,
the extended structure generator workflow, the solid mechanics formulation for
computing the mechanical response of the anode, and the procedures for statisti-
cally quantifying RVEs of the FIB-SEM reconstructed 3D anode microstructures.
Chapter 3 introduces the Bayesian Active Learning framework, developed for
identifying unknown physical parameters under given SOFC operating conditions.
The framework is first presented, validated, and subsequently applied to FIB-SEM
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reconstructed 3D anode microstructures to obtain the input parameters required
for the multiphase-field model. Chapter 4 employs these determined parameters as
inputs for multiphase-field aging simulations. Simulation results are then validated
against experimental microstructures aged for 240h and 1,100h, respectively, us-
ing a comprehensive set of quantitative microstructural descriptors across distinct
initial conditions. Subsequently, large-scale aging simulations of up to 60,000h
are presented, and the influence of phenomena such as Ni and GDC wetting on
the microstructural evolution of the anode, and thereby on its performance, is
compared. Chapter 5 demonstrates the extended structure generator’s ability to
create a digital twin of the Ni-GDC SOFC anode. The generated structures are
validated both qualitatively and quantitatively against experimental microstruc-
tures using an extensive set of structural, geometric, and mechanical properties,
and the robustness of the generator in creating reliable synthetic microstructures is
also demonstrated. Chapter 6 builds upon the validated predictive capability of the
phase-field model and the structure generator. Fifteen synthetic Ni-GDC anode
microstructures with different volume fractions are generated to investigate the
influence of phase compositions on microstructural degradation and mechanical
integrity, with the objective of optimizing the microstructural configuration of the
SOFC anode for both initial performance and long-term durability. In addition to
electrochemical performance metrics, this analysis also considers mechanically
relevant properties as well as the stress distributions resulting from the thermal
expansion mismatch between Ni and GDC under steady-state isothermal aging
conditions. Finally, Chapter 7 summarizes the key findings of the dissertation and
provides an outlook on future research directions.
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2 Frameworks for microstructural
evolutions and quantification

2.1 Introduction to the phase-field method

The evolution of the microstructure is driven by the minimization of total free
energy, which may include chemical free energy, interfacial, elastic, magnetic,
and electrostatic energies, as well as externally applied fields such as electric
and magnetic fields. Due to the complexity and nonlinearity of these processes,
numerical methods are often required. Traditional approaches to modeling micro-
structure evolution treat the regions separating compositional or structural domains
as mathematically sharp interfaces and explicitly track their evolution; although
such an interface-tracking approach can be successful in 1D systems, it proves
impractical for complex 3D microstructures. The phase-field method represents
microstructures using continuous field variables describing composition and/or
structural domains. In contrast to sharp-interface models, in which properties
change discontinuously across interfaces, phase-field methods allow smooth transi-
tions, resulting in diffuse boundaries between phases. For this reason, phase-field
models are also referred to as “diffuse boundary” models, whereas the corre-
sponding moving boundary problems are referred to as “sharp-interface” theories.
Diffuse boundary models eliminate the need for explicit interface tracking, thus
simplifying numerical implementation, particularly for complex 3D systems. Due
to this advantage, phase-field methods are widely used in materials science and en-
gineering and are increasingly being applied in other fields such as earth sciences,
biology, and medicine [118, 119]. The origins of the diffuse interface approach
can be traced back to early work by van der Waals on gas condensation [120],
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Landau and Ginzburg on phase transitions [121], and Cahn and Hilliard on the
thermodynamics of heterogeneous systems [104]. These approaches introduce
phase-field variables (order parameters) to represent material states and simulate
phase transitions. A key distinction can be made between conserved (typically
associated with composition) and non-conserved variables, which describe struc-
tural features such as crystal orientation. The Cahn-Hilliard nonlinear diffusion
equation governs the evolution of conserved field variables [104, 122], while non-
conserved field variables follow the Allen-Cahn relaxation equation [123, 124] or
the time-dependent Ginzburg-Landau equation [125]. These two kinetic equations
constitute the basic physics underlying many commonly used phase-field models
in the literature.

2.1.1 Two-phase models
2.1.1.1 Energy functional

In the simplest case, a single scalar order parameter ¢ is utilized to distinguish
between two coexisting phases. The construction of a phase-field model typically
begins with the formulation of a free energy functional ¥ expressed in terms
of the order parameter over a system of volume V. In its most basic form, this
functional can be written as follows:

F = /Vf(¢)+ao|V¢|2dv. 2.1

Here, f(¢) denotes the energy density (Jm™3) defining the model’s potential
energy landscape, and the second term is a gradient energy scaled by a constant
factor a9 (Jm™"). The potential term defines stable bulk phases as energy minima,
while the gradient term enforces a finite interface width by penalizing sharp
transitions. Common choices for f(¢) include the double well potential f(¢)
#*(1 —¢)? and the obstacle potential f(¢) « ¢(1— ¢), both are formulated such
that ¢ = 0 and ¢ = 1 represent stable bulk states. Depending on how the evolution
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of the order parameter is postulated, phase-field models can be roughly divided
into two main classes discussed below.

2.1.1.2 Allen-Cahn model

Materials can undergo phase transitions without changing their composition, but
instead by altering their crystallographic structure. In such cases, a non-conserved
order parameter describes the structural evolution. Consequently, the Cahn-
Hilliard nonlinear diffusion equation, which governs the evolution of a conserved
field (introduced below), is not applicable. Instead, the dynamics follows an
Allen-Cahn type equation [103], also referred to as the time-dependent Ginzburg-
Landau equation. Here, the evolution of the order parameter is proportional to the
functional derivative of the free energy 7 :

€

9¢(x,1) oF af(¢) 2
=—-m— = - - 2 V . 22
5 m- p m\=3 p apV-¢ (2.2)
Here, m denotes the mobility parameter with the unit m*J~'s™!, while € > 0
determines the characteristic interface thickness. Positive mobility is required for
evolution to proceed locally toward minimizing free energy.

2.1.1.3 Cahn-Hilliard model

In phase-field models of Cahn-Hilliard type [104], the functional derivative of the
oF
5_¢ >
Jm™3. Gradients in the chemical potential drive a flux directed against it according

free energy is interpreted as the chemical potential, y = which has units of
to j = —MVyu, where M > 0 denotes the proportionality constant. Based on this
flux density, the order parameter is treated identically to a composition, assuming a
constant molar volume. As a result, it is conserved, resulting in the corresponding
continuity equation

9p(x,1) _

= —-V.j=V-(MVu)=MV?u. (2.3)
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2.1.2 Multiphase-field models

Multiphase-field models extend the phase-field approach by replacing a sin-
gle order parameter with a set of variables represented by an N-tuple ¢ =
{ba>95,...,¢n} to represent N different phases. First introduced by Stein-
bach et al. [126], this class of models imposes a constraint Z](;’:] ¢o =1 enabling
the order parameter ¢, to be interpreted as the local volume fraction of the «
phase. Accordingly, only N — 1 variables are independent in a system with N
phases. The total free energy functional, including the bulk contribution ( fyuix),
can then be expressed as follows:

F = ‘/V‘fpot"'fgrad"'fbulkd‘/, 2.4)

where f,or denotes the potential energy density and fyraq corresponds to the con-
tribution of the gradient energy. In the multiphase-field framework, the potential
energy is constructed by setting the phase variables ¢, and ¢g with those of ¢ and
1 — ¢ in the two-phase formulations. Using the double-obstacle and double-well
potentials discussed in Section 2.1.1.1, the initial expressions for the potential
energy can be written as follows:

N N
f;(i’“:%Z D Vepbatp ;é‘i““——z Z Yap 05k (2.5)

a=1B=a+l a=1B=a+l

Here, vy o denotes pairwise interfacial energy. However, these forms can introduce
non-physical (spurious) phases, necessitating a reformulation consistent with the
summation constraint on the phase fields. A detailed discussion of this topic can
be found in the work of Daubner et al. [127]. The formulated multi-obstacle
potential, in general, can be expressed as follows:

16 N N N N N
=m0 D Yapbadpt ), DL D Yapsbabpds. (26

a=1B=a+l a=1B=a+l §=L+1
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The triplet term, scaled by the higher-order term 5, suppresses the formation
of spurious phases at triple and higher-order junctions. To ensure 0 < ¢ <
1 V1< a<N,aGibbs simplex function can be numerically integrated into the
multi-obstacle potential, and is defined as

N —
g:{l Yhofa=1N¢s20VI<a<N 0

oo else.

Similarly, the gradient energy in multiphase-field models can be obtained by
extending the two-phase system ao|V¢|? to a system of multiple order parameters.
In accordance with the formulations in refs [126, 128], it can be expressed as
follows:
N N
fgrad = 62 Z YaB |¢av¢ﬁ - ¢Bv¢a|2

a=1B8>a

, 2.8)

while following the formulation in ref [129], the gradient energy may alternatively

be expressed as:
N N

fgrad =—€ Z Z Yap Véo- V¢,8 (2.9)

a=16>a

For a more detailed discussion of the differences and alternative formulations of
gradient energy, as well as its coupling with various potential energy terms, the
reader is referred to ref [127].

The bulk energy fouik is interpolated in terms of phase-inherent contributions f,

as: N
Soulk = Z ho(®) fa, (2.10)
a=1
where 1, (@) is an interpolation function satisfying the conditions
ho(da=1,¢p20=0)=1 .11
ha(de =0)=0. (2.12)
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For further details on interpolation constructions and their properties, the reader is
referred to ref [130].

The evolution equation for the N order parameters, following the notation of
Nestler et al. [128], can be expressed as

dda(x,1)  OF

T(¢) T _W_/l, (213)

where A denotes a Lagrange multiplier enforcing the phase-field sum constraint.
The time relaxation parameter 7(¢), representing the inverse of mobility, is com-
monly arithmetically interpolated from relaxation times of the binary interfaces

Z(l<,3 Tﬂ/ﬁ ¢a ¢.B

() = S0y ba b

(2.14)
The choice of interpolation scheme (e.g., arithmetic/harmonic) significantly af-
fects model behavior. In particular, studies from Enugala [131] have shown that
arithmetic interpolation can lead to interface pinning at multi-phase junctions in
practical simulations when the interface relaxation parameter 74z differs by orders
of magnitude.

An alternative formulation proposed by Steinbach and Pezzolla [129] expresses
the evolution equation as

(9¢a(xt) 1 (57: (57:) 215
Z "\ 56 " 50 e

This formulation avoids any interpolation of mobilities or relaxation parameters
by relying solely on pairwise mobilities m 4. It also implicitly ensures the phase-
field sum constraint, eliminating the need for a Lagrange multiplier when the
initial condition complies. Here, N denotes the number of locally active phases,
i.e., phases with non-zero values or gradients of ¢. In the case of two phases
(N = 2), both the above formulations reduce to the two-phase Allen-Cahn model
(eq 2.2).
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2.2 Coupled modeling of diffusion and phase transformation

2.2 Coupled modeling of diffusion and phase
transformation

Until now, the discussion has focused on phase-field formulations applicable
either to binary (two-phase) systems or to general multiphase configurations.
However, the simultaneous interplay of multiple mechanisms is involved in sev-
eral physical phenomena, notably the coupling between the diffusion of species
and the evolution of a non-conserved order parameter. To address such cases,
various phase-field models were formulated, integrating both effects within a
unified framework. These coupled effects are essential for accurately describing
processes such as solidification, in which phase transformations and the diffusion
of solutes occur concurrently, and sintering, in which grain growth and coarsening
occur simultaneously. A highly desirable characteristic in phase-field modeling
of multicomponent systems is the decoupling of interfacial energy and thickness.
Early formulations either assumed equal compositions of both phases across the
interface [132] or a constant partition coefficient [133]. In the model proposed
by Wheeler et al. [132], the interfacial region is treated as a mixture of both
phases with an equal composition. However, this approach results in a nonzero
contribution of the chemical free energy in the interfacial region, which scales
with the interfacial thickness. Consequently, the interfacial energy is intrinsically
coupled to the interfacial thickness. This imposes an upper limit on the permis-
sible interface thickness for a given material system and requires a simulation
resolution sufficiently fine to resolve the interfacial region. As a result, the compu-
tational efficiency of these types of models is limited, particularly for large-scale
simulations. To overcome these limitations, several alternative formulations have
been proposed.

Kim et al. [134] introduced the first approach to addressing such problems, based
on analogies between pure material and an alloy from sharp-interface laws. In
this approach, the chemical potential is identified as an intensive property that is
continuous across an interface, in contrast to composition, which exhibits a jump
discontinuity. The Kim-Kim-Suzuki model describes the interface region in a
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2 Frameworks for microstructural evolutions and quantification

binary two-phase alloy system as a mixture of two phases with different phase
compositions, but constrained to the same chemical potential
_ O0fa(ca) _ afﬁ (Cﬁ)

= = . 2.16
H 6ca aCB ( )

As a result, the chemical energy in the interfacial region does not contribute
to the interfacial energy, thereby decoupling the interfacial thickness from the
interfacial energy. This decoupling allows for a larger interface thickness and a
coarser simulation resolution. However, the Kim-Kim-Suzuki model introduces
additional variables of phase composition, leading to increased complexity in the
numerical solving of the equations. A nearly identical model was later proposed
by Eiken et al. [135], in which the Kim-Kim-Suzuki model was generalized to
multiphase and multicomponent systems. In this model as well, the governing
equations are derived from a free-energy functional that includes dependencies of
the order parameters ¢, as well as the phase-specific compositions c,.

Grand-potential model A phase-field model for alloy solidification using
a grand-potential functional has been developed, which retains the advantage
of decoupling interfacial energy with interface thickness whilst eliminating the
requirement for phase concentration variables. This grand-potential model was
independently derived by Plapp [136] and by Choudhury and Nestler [107], with
minor differences. Plapp proposed a two-phase model for the non-conserved order
parameter employing a double-well potential, whereas Choudhury et al. [107] pro-
posed a multiphase framework with an obstacle potential. In the grand-potential
framework, the governing equations are derived from a functional based on the
grand-potential density, rather than the Helmholtz free-energy density commonly
utilized in phase-field models. The primary dynamic variables of the grand-
potential functional (Q) are the phase-field ¢ and the chemical potential x, where
u is a conjugate of the composition ¢ and represents an intensive thermodynamic
quantity, analogous to temperature. The transition from concentration-based to
chemical potential-based representations is achieved through a Legendre trans-
formation of the free-energy density. In this framework, the thermodynamic bulk
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driving force is given by grand-potential densities ¢, rather than free-energy
densities f, and can be graphically obtained via a common-tangent construction.
Due to the grand-potential formulation, the chemical energy does not contribute to
the interfacial energy across the phases, which simplifies the parameterization and
allows the interfacial thickness to be decoupled from the interfacial energy. This
decoupling allows relatively larger interfacial thicknesses and improved computa-
tional efficiency. Furthermore, the composition evolution equation is substituted
by a chemical potential evolution equation, which simplifies the numerical treat-
ment. It is noteworthy that, in its simplest form (a two-phase, single-component
system with a well-potential), the grand potential model provides results similar
to the Kim-Kim-Suzuki model.

2.2.1 Interface and bulk diffusion

In all of the formulations of the grand-potential framework discussed above, mass
transport primarily occurs via bulk diffusion, and the composition evolution is
often formulated to exclusively consider bulk diffusivities. However, such consid-
erations overlook the physically significant contribution of atomic migration along
the local tangential directions of the interface, i.e., surface diffusion. To overcome
these limitations, Hoffrogge et al. [108] extended the existing grand-potential
multiphase-field model of Choudhury et al. [107] by explicitly incorporating an
interfacial flux term into the composition evolution equation. Their model not
only captures surface diffusion mechanisms in a physically consistent manner
but also remains generally applicable to a wide range of material systems. A
comprehensive overview of earlier phase-field modeling approaches of surface
diffusion, including fourth-order Cahn-Hilliard type models and coupled Allen-
Cahn/Cahn-Hilliard formulations (both fourth- and second-order), can be found
in the works of Hoffrogge et al. [108, 130]. In contrast to classical Cahn-Hilliard
based approaches, which rely on fourth-order equations and encounter difficulties
in limiting surface diffusion strictly to interfacial regions, their approach employs
a coupling of two second-order equations. Specifically, an Allen-Cahn type evolu-
tion equation for the phase-field, supplemented with an obstacle-type potential,
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2 Frameworks for microstructural evolutions and quantification

is coupled to a conservative diffusion equation that describes the evolution of
the chemical potential or composition. The proposed model effectively restricts
surface diffusion to the interface while ensuring numerical efficiency, and was
validated through thermal grooving simulations and demonstrated good agree-
ment with analytical sharp-interface solutions. The key extension was introduced
through a modified composition evolution equation, in which the total flux is
decomposed into a bulk contribution and an additional interfacial contribution of
species /, and is given as follows:

=-V-ji, (2.17)
Ji=jt+js. (2.18)

In accordance with the original formulations, the bulk flux density j lb was defined
by interpolating the phase-inherent flux densities (j*)

N
i) ha(e) il 2.19)
a=1

and the interface flux density was postulated as

N N.-1
: ___Z Z Z M ($)Vu;, (2.20)
a=1B=a+l j=
M ($) = MSF gap(9), 2.21)

and based on the superposition of all pairwise interfacial contributions through the
chemical mobilities at the interface M;;B (m®J~"'s~1), which enables independent
control over the transport rates of atoms along the phase boundary. To ensure that
additional interface flux density vanishes in the bulk, the dimensionless function
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2.2 Coupled modeling of diffusion and phase transformation

(gap), as a generalization of existing two-phase formulations, was formulated as

follows:
>0 ¢o>0Negp>0
gap(9) ' e 2.22)
=0 ¢o=0U¢g=0
A natural choice of dimensionless function (g4g) is
gap(P) = ¢o 05 (2.23)

with exponent n > 0, where n € R.

2.2.2 Governing laws

Sharp-interface relations A sharp-interface description of surface diffusion
in pure materials, as presented in [137], is based on the Gibbs-Thomson relation,
which relates the chemical potential to interface curvature «:

1= fleg+ Vinyk. (2.24)

Here, ueq denotes the equilibrium chemical potential for a planar interface, V;,,
is the molar volume, and y represents the interfacial energy. In accordance with
Mullins’s theory [137], surface diffusion results in tangential mass transport along
the interface, described by the flux

_Dsps
Js RT sH

(2.25)

Here, Dy (m?s~!) denotes the surface diffusivity, p; (molm~2) the number of
atoms per surface area is the proportionality factor for converting the volumetric
quantity into a surface-excess property, and RT represents the Einstein relation,
including the ideal gas constant R (~ 8.314 Jmol~! K~!) and the temperature T
(K). The operator V denotes the surface gradient operator. The resulting surface
—1g-1

flux has the units of molm and represents a surface excess flux, rather than
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a conventional flux. The surface divergence V- of the surface excess flux governs
the normal velocity v,, of the interface, leading to a displacement of the surface
profile that can be expressed as

VinDsps

o7 Viu. (2.26)

Vi =-VuVs-js=

Here, V2 represents the surface Laplace operator. By substituting eq (2.24), the

above equation can be stated in terms of curvature, leading to the following
equation

V31D sPsY

Vp = ——

RT
as the governing equation describing the change in the surface’s shape. Accord-

V2K = BV« (2.27)

ingly, the rate of surface evolution is controlled by the proportionality constant B
(m*s™1), which is stated as follows:

Vr%zDspsy
RT ’

B (2.28)

In contrast to surface diffusion, in which atomic transport proceeds tangentially to
the interface, thermally activated atomic jumps can generate a net flux normal to
the interface, either toward or away from it. These processes result in a correspond-
ing decrease or increase in the interfacial area. Such behavior arises when one
phase is energetically favored, as described by rate-reaction theory [138]. In this
framework, the normal velocity of the interface is proportional to a thermodynamic
driving force Af,

vy =mAf (2.29)

where m is the interfacial mobility with units m*J='s~!. The driving force,
expressed in Jm™3, represents an energy density or, equivalently, a pressure acting
normally to the interface.
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2.2 Coupled modeling of diffusion and phase transformation

A unified description considering both tangential surface diffusion and atomic
movement normal to the interface is presented by Cahn and Taylor [139]. Within
this framework, the normal velocity is given by

1

-1
Vo = —V2 (va - Z) K. (2.30)

B

Interestingly, the above equation introduces another length scale, giving two
limiting cases: interface motion limited by attachment kinetics (rate-reaction
theory) and motion governed purely by surface diffusion. The characteristic

lo = fﬁ (2.31)
my

depends on the material parameters of the interface. For length scales that are

length scale

significantly smaller than /., the attachment kinetics is the rate-limiting factor,
whereas for length scales that greatly exceed [., diffusion along the tangential
direction of the interface becomes the rate-limiting factor. An equivalent rep-
resentation, as shown by Riitz et al. [140], expresses eq (2.30) as two coupled
second-order equations:

B
Vo =—Viu, (2.32)
Y
Vn
M= feq +KY+—. (2.33)
m

Therefore, finite attachment kinetics leads to a relaxed form of the Gibbs-Thomson
relation through the introduction of an additional term proportional to the interface
velocity.

Sharp-interface limiting behavior of the grand-potential MPF model
The consistency of phase-field models with sharp-interface counterparts is com-
monly demonstrated through asymptotic analysis [141-143]. The asymptotic
approach is a mathematical technique, and the sharp-interface case can be ap-
proached as a limiting case. Asymptotic analysis systematically derives the
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limiting behavior as the interface thickness approaches zero, thereby linking
the diffuse-interface formulation to classical continuum descriptions with sharp
boundaries. As a result, asymptotic analysis serves to demonstrate the model’s
ability to recover important physical aspects as the interface thickness tends to-
ward zero. Beyond validation, asymptotic analysis provides a framework for
relating model parameters to the underlying material properties, thereby enabling
a quantitative interpretation of the simulation results. For the grand-potential MPF
model employed in current research, asymptotic analyses were performed for
cases involving pure bulk diffusion [107], surface diffusion [108], and combined
surface and bulk diffusion [130]. Studies from Hoffrogge et al. [108] demonstrate
that the resulting sharp-interface limit recovers a combined description of surface
diffusion and finite attachment kinetics. Accordingly, relations between physical
properties and model parameters were derived, thereby facilitating a quantitative
interpretation of the simulation results.

To deduce an expression for the surface diffusion rate constant B, an asymptotic
analysis is presented in the works of Hoffrogge et al. [108]. This approach gives
a set of equations, valid for small deviations from equilibrium, corresponding to
the sharp-interface formulations eqs (2.32) and (2.33), and describe the coupled
motion by surface diffusion and attachment kinetics. From this analysis, the
growth rate constant dominated by surface diffusion is obtained as

B= Mlg')’a,B
(Ca(ﬂeq) - Cﬁ(ﬂeq))z

(2.34)

establishing the relation between the physical and model-specific time scales. Here,
M is the chemical mobility, ¢ (ieq) and cB( Heq) are the equilibrium compositions
of phases « and g3, I, is a dimensionless prefactor representing a normal integral
associated with the dimensionless surface diffusion mobility function g.p, and
Yap denotes the interfacial energy parameter of the model. The characteristic
length scale associated with the attachment kinetics, according to eq (2.31), is

f B
_ (2.35)
mapYap

given by

le
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where m g is the interfacial mobility parameter of the model. To minimize the
effect of the attachment kinetics, interfacial mobilities in the model are selected
such that the attachment kinetics remain subdominant. This can be achieved by
ensuring the length scale on which the attachment kinetics operate is significantly
smaller than the interface width (I, < 7%e /4). Using eqs (2.34) and (2.35), this
length scale /. can be calculated.

2.3 Numerical implementation

All simulations are performed using codes based on a finite-difference discretiza-
tion method and an explicit Euler time-integration scheme. These simulations
are conducted using the in-house developed software package Phase-field Al-
gorithms for Computational Engineering in 3D (PACE3D) [144], developed at
the Institute for Digital Materials Science (IDM) of the Karlsruhe University
of Applied Sciences (HKA) and at the Institute for Applied Materials Science
- Microstructure Modeling and Simulation (IAM-MMS) of the Karlsruhe Insti-
tute of Technology (KIT). This framework enables multiphysics simulations and
allows for the investigation of microstructural evolution, incorporating phase
transformations, diffusion, thermal effects, solid mechanics, fluid mechanics,
and electromagnetic phenomena. The structure generator extension presented
in Section 2.5 has been integrated as an additional component into the structure
generator tool of the PACE3D framework and applied in conjunction with aging
simulations of SOFC anodes for microstructure optimization. Parallelization was
implemented in PACE3D via domain decomposition using the Message Passing
Interface (MPI) [145], with each subdomain assigned to an individual MPI pro-
cess, enabling massive parallelization and accelerating the computation. Given
the long operating times relevant to SOFCs, computational efficiency is of critical
importance. Therefore, the Grand-chem MPF solver has been optimized through
vectorized floating-point operations, leveraging modern CPU architectures to
speed up computing times [146]. Combined with extensive modeling features and
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a scalable parallel implementation, code vectorization within PACE3D allows for
large-scale simulations on high-performance computing systems.

2.4 Grand-potential multiphase-field model for
aging simulations’

»This study employs a simplified modeling approach that captures the essen-
tial physical mechanisms of coarsening in Ni-GDC anodes while maintaining
computational efficiency. The model is based on the following assumptions:

* Conservation of mass and volume: The mass and volume (phase fractions)
of Ni and GDC are assumed to remain constant during the coarsening
process. This assumption is justified by the negligible evaporation of Ni at
typical operating temperatures of solid oxide cells (500 °C-1000 °C) [96,
147].

* Isotropic interfacial properties: The interfacial energy and diffusion coeffi-
cients are treated as isotropic and constant. This simplification allows for
neglecting the effects of crystal orientation on the interfacial energies and
diffusion coefficients of Ni and GDC.

* Mass transport mechanisms: Surface and interfacial diffusion are considered
as the primary mass transport mechanisms, and contributions from bulk
diffusion are neglected for both Ni and GDC. This assumption is based on
the higher diffusion rates typically observed along surfaces and interfaces
compared to bulk diffusion in materials at the temperatures considered
here [148].

* Coarsening of both Ni and GDC as a degradation mechanism: Ni-GDC
anodes exhibit significant GDC phase evolution in addition to Ni coarsening.
Previous works reported pronounced GDC agglomeration after 20,000h

I'The content of this section has been taken directly from Jeela et al. [74] with minor linguistic changes.
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and GDC coating formation on Ni surfaces at around 15,000h [83]. Liu et
al. [89] observed Ni coarsening and little GDC growth, with no evidence
of nanoscale GDC features. In this study, the coarsening of Ni and GDC
is assumed to be the main degradation mechanism, and the GDC coating-
like formation is investigated by surface and interfacial energy sensitivity
analysis in Ni-GDC systems.

These assumptions enable a focus on the main physical processes driving mi-
crostructural evolution in Ni-GDC anodes while maintaining a tractable model.
Although these assumptions may introduce some limitations, they provide a rea-
sonable balance between model accuracy and computational feasibility for the
large-scale simulations of the coarsening behavior in SOFC anodes with larger
domain sizes. The current work, therefore, focuses only on investigating the
effects of the coarsening of Ni and GDC particles on the microstructural evolution
of the anode and, thereby, on the SOFC performance in long-term operation.

Building upon the MPF model based on the free-energy functional presented in
Section 2.1.2, the formulation is extended in this section using the grand-potential
functional approach. MPF model based on the grand-potential functional devel-
oped by Choudhury and Nestler [107] and subsequently extended to incorporate
surface self-diffusion effects [108] is employed in this work. This model enables
the simulation of the coarsening dynamics of Ni and GDC phases. The formu-
lation is essentially centered on the grand-potential functional, denoted as Q (J),
representing the energetic state of a system of volume V. This functional is ex-
pressed in terms of the order parameters ¢ = {qﬁa, g, 0 N} (dimensionless) for
N distinct phases and the volumetric chemical potentials u = {;11, M2y ooy i Nc—l}
(Jm™3) for N chemical components, as follows:

Q0.98.10) = [ s (9.98) -0 (6. V. 236)
Here, fint (P, V@) and (¢, u) represent the interfacial and bulk energy contri-

butions, respectively. To account for the interfacial energy and to stabilize the
interface profile with a finite thickness, the combined potential and gradient terms
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as given in ref [128] are incorporated. The potential term ensures the order pa-
rameters remain within a thin and defined diffuse interface thickness range and
captures the interfacial energy contribution. In this study, we adopted an obstacle
potential with the following formulation

2 SNl Yapbats, SEG
foor(P) = a<p (2.37)
Rt $egG,

where o tepresents the interfacial energy between phases « and 3. The parame-
ter € (m) determines the diffuse interface width, defined as & = en> /4. The Gibbs
simplex G is defined as:

N
g:{2¢a:1:{¢a20,Vae{1,...,N}}}. (2.38)
a=1

This ensures that the order parameters ¢, remain non-negative and their sum
equals unity. In addition, the gradient term incorporates interfacial energy into
the system and stabilizes the profile of diffuse interfaces with a finite thickness.
Following the formulation in ref [129], the gradient term is given as

N,N

furad (V) = =€ " YapVda- Vg, (2.39)
a,p=1

a<pf
where V¢, and V¢gz are the gradients of the order parameters. Hoffrogge et
al. [149] demonstrated that the combination of eqs (2.39) and (2.37) correctly
reflects Young’s law up to negligible deviations. The bulk grand-potential density
is expressed as an interpolation of the grand-potential densities of individual bulk
phases. It is given by

N
Y(p )= > U (Wha(9), (2.40)

a=1
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where the grand-potential density for phase « is described as,

N.—1

) = [ e () = ), wiel (). Va € {1 Ny (241)

i=1

The bulk free energy f< corresponds to phase @, which depends on the phase-

specific compositions c* = c]“,cg yet .,cj‘\', _i(-In this work, the interpolation
function A, is chosen to be 4 (@) = ¢, ensuring the constraint 22,]:1 ho(@) =1
is satisfied. A local quasi-equilibrium assumption is applied, ensuring that, at

every spatial location, the condition

_Afr(em) _afF(F) - afN (M)
Mo T ek T ey

l i

(2.42)

ismet foralli € {1,...,N.—1}.

According to ref [129], the evolution equation of each phase-field ¢, is specified

as
N
Hoote) L, (22 o2) 2.43)
ot N odp  Oda
B*a

In this context, N denotes the local number of phases, while m g (with units
of m*J~!s™1) represents the mobility of the interface between « and S phases.
The terms 6/(5¢,) and &6/(6¢p) refer to the variational derivatives with re-
spect to ¢, and ¢g respectively. Ni and GDC are modeled as pure solids
with nearly fixed compositions. Their free energies are introduced in the form
f¥(c%(p)) = Zf\fl—l i (cl?’), where each contribution is assumed to follow a

2
simple parabolic form £ (c{) = A; (cl" (i) —cffeq) , for i € {Ni,GDC}. The
prefactor A; characterizes the strength of immiscibility and is chosen to be suffi-
ciently large to ensure volume conservation within each phase. clf’eq denotes the

equilibrium concentration of species 7 in phase «.

The porous Ni-GDC system is described using three distinct order parameters
& ={dni, dGpe, dpore }> Tepresenting the metallic nickel phase, the GDC structure,
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and the voids. For the transport of each substance, a set of two dimensionless
composition variables, ¢ = {cNi, cgpc}, representing the mole fractions of nickel
and GDC, is employed. With N, = 3, the composition of the porous phase is
expressed as cpore = 1 —cNi — cgpe- For a clear distinction between the phase
symbols and the component notation, italicized symbols are used to represent the
phases throughout the text. The dimensionless composition fields, ¢; = 22721
(mole fractions), are conserved quantities within the system. Conservation laws

hacf

govern their evolution, ensuring mass balance consistency across the phases. The
equations account for the dynamic redistribution of the composition fields during
the coarsening process and are expressed as follows

dc; (x 1)

=-V-j;. 2.44
o Ji (2.44)

Here, j; represents the flux of species 7, measured in units of ms~'. The evolution
of the chemical potential can be expressed using Einstein’s notation as

5#1 x,t) [Zha( ) C(;.Ifﬂ)
(2.45)

In SOFC anodes, surface diffusion is assumed as the dominant mechanism for

ot cj (1) ot

a=1

-1
[acJ-(x,t)_ i oy Oha(B(x.1))

i

mass transfer within the typical operating temperature range. In contrast to Ni-
YSZ anodes, Ni-GDC anodes demonstrate coarsening behavior for both Ni and
GDC over time [83]. This model extends the analysis by incorporating both surface
diffusion and diffusion along the interface between nickel and GDC. The inclusion
of the additional diffusion pathways provides a more comprehensive representation
of the mass transfer processes within Ni-GDC anodes. Consequently, the flux
density of nickel is derived as follows:

. ® - .
Jni = —EVNM(M{\]V{PO ® OnidPore + MY P  dnidGpC) - (2.46)

The diffusion of nickel along the tangential direction of the free nickel surface
and the Ni-GDC interface is determined by the mobilities MY and MN/“PC
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with the units of m®J~'s~!. These mobilities are directly related to the surface
self-diffusivity Dﬁip ? and the interfacial self-diffusivity DﬁﬁGD € by an Einstein-
like relationship as described in (cf. [[108], eq (99) ff.]), which is expressed as
follows:

2
NiP Ni-P
v _ DA 00V (A1)
MYiPore = : (2.47)

2
pNIGDCs ( A cNg-GDC)
NiGDC Ni Ni,eq
MNil = RT . (2.48)

The atomistic thicknesses of the surface (d) and the interface (67) are approxi-

mately 0.1 nm. Nickel’s molar volume (V,,) is included in the formulation, along
with the ideal gas constant (R) and temperature (7). To simplify the model
and avoid arbitrary assumptions about interface thicknesses, the term excess in-

terface diffusivity is defined. These are expressed as DN.'2¢ = D{I"™6, and

Ni,ex
DYISPC = DNIOPCs), respectively, both measured in m*s™!. The model-specific
composition difference AcX: " and Acl-9PC are specified as Acyi 207 = ¢!
i,eq Ni,eq Ni,eq Ni,eq
Pore _ Ni-GDC — Ni _ ,.GDC _ : T
CNieq = 0.8 and AcNi,eq = CNieq™ CNieq = 0.8, respectively. Similarly, the flux

density of GDC and the corresponding mobilities are expressed as

, 32 ) .
Jope = —EVﬂGDc(MgSSP” GGDCPPore + M dGpedni) (2.49)

GDC GDC,
MGpe"™" = T (2:50)

2
DGDCPorea \% (ACGDC-Pore)
sVm

2
NiGDC Ni-GDC
NIGDC Dgpe 01Vm (ACGﬁc,eq)
MNIGPC = 7 . 2.51)

At the domain boundaries, zero-flux boundary conditions are enforced, treating

them as isolating (i.e., j; -n = 0Vi,x € dV ), where n denotes the normal to
the domain boundary, which means there is no net flux across the boundary. In
addition, a perpendicular contact condition for the order parameter is assumed
(V¢4 -n =0), which ensures the gradient of the order parameter is normal to the
boundary. In this work, a SIMD (Single Instruction, Multiple Data) vectorized
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solver is used, the implementation of which is described in detail in [[146], Section
4.2]. The interested reader is referred to refs [108] and [98] for model validation.
To establish a stable and physically consistent initial condition for our phase-
field simulations, we employ a preconditioning algorithm that generates a diffuse
interface profile. This step aims to generate a sinusoidal and sufficiently diffuse
interface at the boundaries between the phases. Following the approach described
in ref [150], this is achieved by omitting the curvature term in the evolution
equation and in the absence of any chemical driving force. Preconditioning
is performed over a sufficient number of iterations to ensure a stable profile
characterized by a constant interface width.«

2.5 Extension of structure generator workflow

2.5.1 Framework for sintering-like morphological
coalescence?

»In the work of Scholler et al. [151], synthetic microstructures were generated in
a four-step process as shown in the schematic workflow (original workflow) in
Figure 2.1: (i) dense packing of hard spheres using a discrete element method, en-
forcing prescribed particle size distributions for different material phases; (ii) iden-
tification of contact points via a neighbor graph connecting all spheres based on a
minimum spanning tree (MST); (iii) generation of individual particle geometries
using spherical harmonics with specified angular energy spectra, incorporating
the previously identified contact points; (iv) the resulting parameterized micro-
structure was then voxelized and converted into a diffuse-interface representation
using a multiphase-field method. Further details on the original framework can
be found in ref [151]. Validation of the virtual structure generator was performed
by comparison with experimentally reconstructed electrode microstructures in
previous work [151]. A comparison of key microstructural descriptors, such

2The content of this section has been taken directly from Jeela et al. [90] with minor linguistic changes.
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. Extended workflow
Original workflow (this work)

(v) Sintering-like
morphological
coalescence

Z

Figure 2.1: Schematic representation of the extended microstructure generation workflow, emphasiz-
ing the extended sintering-like morphological coalescence step and resulting enhancements
to synthetic SOFC Ni-GDC anode microstructures. The figure has been adjusted to the
format of this dissertation.
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as phase volume fractions, specific surface areas, and tortuosities, as well as a
qualitative visual comparison, showed that the reported deviations were limited to
a few percentage points. The generator relies on several input parameters, such
as particle size distributions and angular power spectra; their influence on the
resulting morphology is not known a priori. A multi-objective Bayesian optimiza-
tion was employed to systematically calibrate the generator by minimizing the
discrepancy between the morphological metrics of the generated and experimental
microstructures across multiple objectives.

Although the original structure generator workflow provides a reasonably close
representation of the experimental SOFC anode microstructures and agrees well
with several quantitative descriptors, the workflow lacks the ability to generate
microstructures more realistic to the experimental structures. In particular, key
quantitative metrics such as TPB density and mean particle diameter are not
validated against experimental structures. The current work extends the original
workflow to further improve synthetic SOFC anode microstructures in comparison
to experimental structures. One significant limitation of the original generator
is the missing particle coalescence, which results from the sintering stage in the
experimental fabrication process. To address this, a sintering-like morphological
coalescence step is integrated as an extension of the original workflow. The aim
of this extension is not to simulate the physical mechanisms governing sintering,
as this would require detailed governing equations, extensive parameterization,
and substantial computational resources, as well as time for large 3D domains.
Instead, the focus is on efficiently replicating sintering-like morphological fea-
tures, particularly the formation of sintering necks and particle coalescence, in a
computationally tractable manner suitable for synthetic microstructure generation.
Figure 2.1 shows a qualitative comparison between the synthetic microstructures
obtained using the original and extended Workflows.

The primary objective of the structure generator workflow extension in this work
is to generate synthetic SOFC anode microstructures that are visually and quan-
titatively representative of the experimental structures across a large set of mi-
crostructural descriptors. To achieve sintering-like morphological coalescence
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2.5 Extension of structure generator workflow

in the synthetic structures, a multiphase-field method is employed. The MPF
method is well established for simulating the evolution of complex microstruc-
tures across micro- and mesoscopic length scales. The model utilized in this study
is based on the multiphase-field formulation of Steinbach et al. [129] and Nestler
et al. [128] and incorporates a targeted modification of the Allen-Cahn equation
to simulate sintering-like coalescence while preserving phase volumes. Although
the classical Allen-Cahn equation [103] is not inherently volume-conserving, this
property can be enforced by means of an extra artificial bulk driving force for
volume preservation of specific phases [152]. In addition, an obstacle potential
is used together with a corrective term that suppresses the curvature minimiza-
tion dynamics intrinsic to the Allen-Cahn equation. This curvature minimization
behavior, resulting from the Laplace term A¢ in eq (2.58), leads to changes in
both phase shape and phase volume. Following the approach proposed by Sun et
al. [150], this dynamics can be partially or fully eliminated, enabling controlled
morphological coalescence.

In a system with N phases, the microstructure is represented by a set of order
parameters ¢ = {@1,¢2,...,Pdn}, whereby each order parameter or phase field
variable ¢, (x,t) represents the presence of phase a at position x and time ¢.
Values ¢, = 1 and ¢, = 0 correspond to the presence or absence of phase a.
Diffuse interfaces with finite thickness are employed in place of sharp phase
boundaries, where ¢, smoothly varies between 0 and 1. The phase field variable
¢ can therefore be interpreted as the local volume fraction of phase a. The total
free energy ¥ of a multi-phase heterogeneous material containing N solid phases
is represented as the volume integral of the free energy density f over domain V

F16. V9] = Fine[¢. VO] + Foux [ 4] :'[/fgrad(v¢)+fp0t(¢)+f(¢)+gv(¢)dv'

Sine(#, V) Joui(#)
(2.52)

Following the notation of Nestler et al. [128], the combined potential f,o and the
gradient term fyr,q together account for the interfacial energy and ensure a diffuse
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2 Frameworks for microstructural evolutions and quantification

interface with finite thickness. The term f(¢) represents the phase-inherent bulk
energy of the phases and acts as the driving force for phase transformation. An
additional positive contribution, g, (¢), enforces the volume preservation of the
phases. For more details, interested readers are referred to Nestler et al. [152].
The gradient [129] and potential terms are as follows:

furaad(V9) = =€ D" YapVda Yoy, (2.53)

a.p>a

16 1 .
— Z 7(1,6’¢a¢/3+_ Z 70/36¢d¢/3¢6a ifgeg,
en? €
fpot(¢) = a,B>a a,B>a,6>P
00 otherwise.

>

(2.54)

Here, v p represents the interfacial energy of the @ and 8 phases, and € controls
the diffuse interfacial width. The second term in eq (2.54) prevents the growth
of unwanted interfacial contributions at binary interfaces. The order parameter
¢ evolution follows an Allen-Cahn type equation, driving the system towards
minimal energy. The evolution equation reads as follows:

Oga(x.1) 1 i (Wimf 2
- Map +€d(¢da,Vda)
ot Ne £ 0ba (2.55)
- B\ba
_ 67_:ntf _ Gd(¢ﬁ,v¢ﬁ) — —¢ ¢BA("B) 5
6dp 4

where m g represents the mobility, N refers to the number of locally active phases,
and the variational derivative

SF _Of g . 9f
§pa  0da Voo’

(2.56)
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Meanwhile, A%P is given as:

0 0
AP = (— - —) Foulks (2.57)

where fouk denotes the phase-inherent bulk energy of the phases and an addi-
tional positive contribution that enforces volume preservation. As demonstrated
by Schoof et al. [153] in the multiphase-field context, the addition of an extra
isotropic gradient energy density term, €d(¢q, Vo), to the phase-field evolution
is specified as follows:

€i(pa. Vo) = —€Y (Aq&a— |V¢a|v-( Véa )) . (2.58)
Vool

This term enables the calibration of the curvature-driven interface evolution by a
surface energy-like parameter y¢,, which does not contribute to curvature mini-
mization. The parameter y¢, can be understood as a numerical factor for calibrating
the strength of the artificially constructed interface. The combined contribution
of the interfacial free energy density and this additional isotropic gradient term,
as discussed in refs [153, 154], provides a means of controlling the curvature
minimization dynamics determined by yog. In the present work, these formula-
tions are used as a numerical means of controlling curvature minimization. The
extended workflow’s ability to generate synthetic microstructures representative
of experimental SOFC anode microstructures is validated in this work using an
extensive set of quantitative descriptors.«
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2 Frameworks for microstructural evolutions and quantification

2.6 Solid mechanics framework for mechanical
response of anodes?

»The effective elastic properties during aging are determined by load simulations
of the aged microstructures within the PACE3D multiphysics framework [144]. A
quasi-static solid mechanics formulation is adopted for determining the locally
resolved stress and strain fields within the microstructure, assuming negligible
body forces and small deformations. Under these assumptions, the momentum
balance is given by

N
V.o=0, E:Z%a", (2.59)
a=1

cf. [155], where o refers to the interpolated Cauchy stress calculated from phase-
specific stresses 0%, and ¢, represents the order parameter of the @ phase. The
infinitesimal strain tensor is interpolated analogously as & = Zg:l ¢oe?. In
accordance with the jump condition approach [156—158], the local phase strain
&% is expressed as

N

£7 =g+ Z bsler®?, (2.60)

5=1,6%a

whereby {&] 9 indicates the strain jump over diffuse interfaces between phases
@ and ¢ defined by {£] %% = £ — £°. The phase-specific strain £ is additively
decomposed as £ = £ + £%- with £ denoting the elastic contribution and
&% @ the thermal contribution. In this regard, gt = agAGI is considered, wherein
@y is the isotropic thermal expansion coefficient of the phase @, A6 =6 - 67,
is the temperature difference relative to the reference temperature, and I is the
identity tensor of second order.

According to Hooke’s law, the corresponding phase-specific stresses in each phase
are given by o = C? [8"1"’] =C* [8" —89’”] , with C% indicating the phase-
specific stiffness tensor. Under the assumption of isotropic elasticity, the stiffness

3The content of this section has been taken directly from Jeela et al. [90] with minor linguistic changes.
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of phase a is given by C% = 3K?P| + 2G*P,, where K and G“ denote the
compression and shear moduli, respectively. The projection tensors are given by
P, = %I ®Iand P, =I5-P,, whereby IS refers to the fourth-order symmetric
identity.«

2.7 Microstructure quantification?

2.7.1 Electrochemical performance-related descriptors

»The microstructural features of the 3D Ni-GDC porous anode, including mean
particle diameters derived from continuous particle size distributions, phase vol-
ume fractions, specific surface areas, tortuosity, and TPB lengths, were accurately
characterized using established analytical techniques. Particle coarsening anal-
ysis employs continuous particle size distributions as described by Miinch and
Holzer [159]. The mean particle size (dsp), representing the midpoint of the cu-
mulative distribution, is a key metric in this analysis. Tortuosity (T, ) of a phase, a
dimensionless measure of transport pathway complexity, is calculated as the ratio
of the ideal current to the actual current in a given phase, offering a scale-invariant
representation of transport efficiency [160]. The mean tortuosity of a phase is

computed as
1

Ta =3 (Tax +Ta,y +Taz) (2.61)
to capture the phases’ overall transport properties. The TPB length, a crucial
parameter influencing electrochemical reactions, is determined using a skeletoniza-
tion algorithm [161]. Specific surface areas (A, ) for each phase are calculated by
integrating the magnitude of the phase order parameter gradient:

1
Ag=2 / V6ol V., (2.62)
Vv

4The content of this section has been taken directly from Jeela et al. [74, 90] with minor linguistic
changes.
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2 Frameworks for microstructural evolutions and quantification

with individual interface areas (A,/g) obtained through a system of linear equa-

tions
Ani = ANi/Pore + ANi/GDC » (2.63)
AGpc = Anisgpe + AGpcrpore » (2.64)
Apore = ANisPore + AGDC/Pore - (2.65)

GDC’s mixed ionic and electronic conductivity highlights the significance of
the GDC/Pore interface, which forms the double-phase boundary and plays a
pivotal role in electrochemical reactions. All methodologies mentioned above
were implemented in-house within the PACE3D Framework and validated through
established test cases [98]. All these properties are critical in determining the an-
ode’s structural and functional efficiency, as they directly impact electrochemical
performance, ion and gas transport, and overall cell performance.

2.7.2 Mechanical related descriptors

The effective elastic properties of the 3D SOFC anode microstructure are deter-
mined using numerical homogenization. In this regard, the effective stiffness
tensor C is determined using six independent strain-controlled macroscopic load
cases. For each load case 8 =1,...,6, a defined macroscopic strain vector &P is
applied, such that u = gg(x) € 6V holds true. For example, 8 = 1 corresponds

1

to the macroscopic strain &' = gype; ® e;. The solution to the resulting linear

elastic boundary value problem yields the local stress field o (x), from which
the volume-averaged macroscopic stress response can be determined as

<aﬁ>=l / oP(x)av. (2.66)
Vv
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The macroscopic stress-strain relation from the numerical homogenization scheme
is described as follows: (o) = C&P. The stiffness contribution for each load

case is determined by
T
5 (P
==, (2.67)
N O )
where C denotes the matrix representation of the stiffness tensor C in normed
Voigt notation and CP refers to the matrix representation of the Sth column of

C. Each load case results in a column of the effective stiffness tensor. For

' = gpe; ® e; with the Voigt representation &' =

example, a uniaxial strain &
[£0,0,0,0, O,O]T determines the first column of C, while shear load cases provide
the corresponding shear columns using the standard V2 Voigt normalization [162].
Since mechanical model used for extracting the effective stiffness is fully linear

elastic, the homogenized stiffness tensor is independent of the amplitude of &.

The effective stiffness tensor is constructed by superimposing the contributions
of all six independent load cases: g = 22,:] gﬁ . The methodology presented in
Bohlke and Briiggemann [163] is used to calculate and plot the elastic modulus
body. The directional elastic moduli (E, Eyy, and E ) can be directly extracted
from the elastic modulus body as detailed in ref [163]. Beyond the directional
moduli, an effective isotropic modulus is obtained by projecting the anisotropic
tensor onto its isotropic Voigt and Reuss bounds and combining these using the
Hill average [164]. The Voigt estimates of the bulk and shear moduli are then
evaluated accordingly

Cii+Cpn+C33+2(Cia+Ci3+Cx3)

KVoigt = 9 (2.68)

G = Ci1+Cn+Cxi3—(Ci2+ C1135+ C23) +3(Cy4 + Cs5 + Cep) 269
Whereas the Reuss bounds result from the compliance tensor according to

=811+ 822+ 833 +2(S12+ 813+ 523) (2.70)

K Reuss
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1 4 3
= —(S11+S02+8533-S12—S13—523) + = (Saa+Ss55+Se6) . (2.71)
GReuss 15 15

This gives the Hill average values Kyij = %(Kvoigt + KReuss)>» GHill = %(Gvoigt +
GRreuss), Whereas the effective isotropic modulus of elasticity is given by

9KuinGHil

_— 2.72)
3Kuin + Guin

Enin =
We emphasize that the Voigt-Reuss-Hill estimates give an isotropic projection
of the generally anisotropic effective stiffness tensor and should therefore solely
be used as scalar measures for comparing the overall stiffness evolution across
different aging states.«

2.8 Experimental Ni-GDC SOFC anode
microstructures

2.8.1 Fabrication of the cells

Electrolyte-supported symmetric cells containing Ni-GDC electrodes (1 cm?)
were fabricated at Forschungszentrum Jiillich GmbH (FZJ). The GDC powder
(Gdg.1Ce 901 .95) was processed into a screen-printable paste using a-terpineol
as a dispersing agent and ethylcellulose as a transporting medium. Similarly,
the NiO-GDC functional layer was produced by mixing equal weights of GDC
and NiO powders (50:50). Subsequently, a NiO contact layer was deposited by
screen printing and dried overnight at 80 °C. The final design of the electrolyte-
supported symmetrical cell consists of an 8 mol% YSZ electrolyte (thickness:
200 um, Kerafol GmbH, Eschenbach, Germany), two porous GDC interlayers
(5 um each), two Ni-GDC anode layers (8 um each), and two Ni current collector
layers (4 um each).

68



2.8 Experimental Ni-GDC SOFC anode microstructures

2.8.2 Cell operating conditions

The cells discussed in Section 2.8.1 were heated to 800 °C at a rate of 3 Kmin™!
under a nitrogen atmosphere and then gradually reduced using hydrogen/nitrogen
gas mixtures at the Karlsruhe Institute of Technology (KIT). Subsequently, the
gas composition was adjusted to a hydrogen flow rate of 0.5Lmin~! and an
oxygen flow rate of 0.125 Lmin™", thereby generating a Ho/H,O mixture with a
1:1 ratio using an upstream burner [165]. Afterwards, electrochemical impedance
spectroscopy (EIS) measurements were performed at 800 °C, 650 °C, and 600 °C.
Following the initial characterization, the furnace temperature was increased to
900 °C to perform aging tests. Cell performance was continuously monitored
via impedance measurements at open-circuit voltage to ensure electrochemical
symmetry between the electrodes. Three cells produced from the same batch
were investigated: Cell A (pristine) was subjected to reduction but not aged; Cell
B was aged for 240h at 900 °C; and Cell C was aged for 1100h under identical
conditions. Following the operation, all cells were cooled to room temperature
under a reducing atmosphere (H, /N, = 0.05 : 0.95).

2.8.3 3D microstructure reconstruction of pristine and
aged cells

The experimental 3D microstructures utilized in this work were reconstructed
by using Ni-GDC anode samples produced at FZJ as described in Section 2.8.1,
and subsequently aged at KIT as described in Section 2.8.2. Although the sam-
ples originate from the same production batch and were tested under the same
conditions, they differ from the samples presented in the work of Liu et al. [8§9].
Sample preparation consisted of infiltrating the pore space with a conductive
epoxy resin, followed by metallographic sectioning and micro-preparation using
a focused ion beam. Subsequently, a plasma-FIB system was applied to acquire
serial cross-sections, thereby generating a stack of SEM images. The grayscale
image stack underwent denoising with a Split-Bregman optimization approach
and was segmented using a watershed algorithm. To ensure effective Watershed
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seeding, threshold values were extracted from the grayscale histogram by applying
a tailored procedure, and markers near high-gradient areas and ridge-like features
were eliminated using a Meijering filter.

2.9 RVE of Ni-GDC anode®

»The size of a representative volume element (RVE) for Ni-GDC anodes is cru-
cial for performing phase-field simulations, especially for ML-based iterations
in Chapter 3. To analyze the RVE size, subdomains representing 1/4th, 1/9th,
and !/16th of the real domain volume were extracted and evaluated. Specifi-
cally, subdomain sizes of 14.0x 18.5x6.4 pm3 (1/ath of the real domain volume),
9.4x12.4x 6.4 um> (1/oth of the real domain volume), and 7.0 x 9.2 x 6.4 um?3
(1/16th of the real domain volume) were extracted from the real Ni-GDC anode
microstructure (28.2 X 37.0 x 6.4 um?). These subdomains were analyzed and
compared based on their microstructural properties to determine the optimal do-
main size for phase-field simulations. This analysis helps in determining the
optimal 3D Ni-GDC domain size to conduct numerous ML-driven phase-field
simulations on the initial microstructure in Chapter 3, exploring a wide range of
thermophysical parameters from the literature to identify the appropriate and miss-
ing physical parameters of the Ni-GDC anode under given operating conditions.
Although simulating significantly larger volumes could provide comprehensive
insights, the requirement for computing resources and simulation times increases
greatly. Therefore, the study focuses on finding a balance between computational
feasibility and the accuracy of microstructural representation. Figure 2.2 illustrates
the positions of the subdomains derived from the digital representation of the real
microstructure domain and their morphology.

5The content of this section has been taken directly from Jeela et al. [166] with minor linguistic
changes. The publication has shared first authorship between the author and G. Tosato. The author’s
contribution to this work includes conceptualisation of the study, contributions to methodology,
software development, visualization, validation, drafting the original manuscript, and review and
editing.
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Figure 2.2: Sub-regions extracted from a pristine FIB-SEM reconstructed 3D real microstructure.
Sub-regions representing 1/4th, 1/9th, and 1/16th of the total volume were extracted from
the Central region of the real microstructure. Given that the microstructure’s thickness in
the z-direction is only 6.4 um, it was kept consistent for all sub-regions, with only the x-
and y-dimensions being reduced accordingly. The figure has been adjusted to the format
of this dissertation.
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Table 2.1: Microstructural characteristic properties of pristine and subdomains of various volumes.

real 1/ath of 1/9th of 1/16th of
Parameter . . . .
domain  real domain  real domain  real domain
Ni vol.% 22.44 22.60 21.92 22.00
GDC vol.% 41.38 40.73 41.57 42.06
Pore vol.% 36.18 36.67 36.51 35.94
Ni/Pore Specific Area (um~") 0.37 0.37 0.36 0.34
GDC/Pore Specific Area (um~") 1.50 1.49 1.51 1.52
Ni/GDC Specific Area (um™!) 0.67 0.67 0.67 0.67
GDC Tortuosity (—) 2.57 2.56 2.51 2.46
Pore Tortuosity (—) 2.57 2.57 2.68 2.74
Total TPB density (um~2) 1.82 1.81 1.80 1.73
Nickel Mean Particle Diameter (um)  0.91 0.92 0.93 0.93
GDC Mean Particle Diameter (um) 0.59 0.58 0.58 0.58
Pore Mean Particle Diameter (um) 0.60 0.62 0.62 0.61
Total volume (pm3) 6666 1664 743 417
Voxel size (um) 0.05 0.05 0.05 0.05

Table 2.1 presents the microstructural characteristic properties of the real domain
and various subdomains (1/4th, 1/9th, and 1/16th of the real domain volume) for
the Ni-GDC anode. The table shows that the volume percentages of Ni, GDC,
and pore phases exhibit minimal variation across all subdomains, indicating that
the chosen subdomains adequately represent the bulk properties. Specific surface
areas for Ni/Pore and GDC/Pore show relatively higher deviations in the 1/16th
subdomain compared to the other subdomains. In contrast, the Ni/GDC interface
remains consistent across all subdomains. Tortuosity values vary with smaller
subdomains, with relatively high deviations suggesting that tortuosity is a more
localized property and transport paths are not uniformly homogeneous across the
structure. The total TPB density also shows a significant deviation from the real
domain in the 1/16th subdomain. However, the mean particle diameters for Ni,
GDC, and pores remain consistent across all subdomains, further validating the
representativeness of these smaller volumes.

Selecting the subdomain with 1/9th of the real domain volume emerges as an
optimal choice, balancing computational efficiency and accurately representing
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the real domain’s microstructural properties. This subdomain size retains the
essential characteristics of the real domain while significantly reducing computa-
tional demands compared to the larger 1/4th subdomain. Consequently, the 1/oth
subdomain size is ideal for performing efficient phase-field simulations without
compromising the fidelity of the microstructural representation. In contrast, the
1/16th subdomain, while further reducing computational load, may not be as suit-
able. The larger deviation in TPB density and the increasing tortuosity deviations
indicate that the smallest subdomain may not capture the complex microstructural
details as accurately as the larger subdomains. Therefore, the 1/16th subdomain
could potentially lead to less reliable simulation results, making it a less optimal
choice for accurate phase-field simulations.

To assess the effects of statistical fluctuations and verify the representativeness
of the selected subdomain, we performed a quantitative error analysis based on
variations in microstructural properties in nine non-overlapping subdomains, each
comprising 1/9 of the total volume. For each subdomain, the microstructural
properties are calculated, and their statistical variability is assessed in relation
to the values of the original domain. The results, summarized in Table 2.2 and
illustrated in Figure 2.3(a), show that the coefficient of variation (CV) for all
nine microstructural properties is in the range of 1 %-5 %, with a mean CV of
about 3 %, indicating low variability. Furthermore, based on the law of large
numbers and assuming statistical independence of the subdomains, the statistical
uncertainty of the properties of the total volume is only approximately \/m =1/3
of the observed scatter of the subdomains. Thus, the expected CV for the total
volume for all properties is less than 2 %. In comparison, the aged microstructure
exhibits property changes of up to 20 % compared to the pristine state, with a
mean deviation of about 11 %.

Although the pristine and aged microstructures were reconstructed from distinct
regions, both originate from relatively central areas of the anode, minimizing edge
effects and spatial heterogeneity. This is supported by a statistical analysis of
four non-overlapping 1/2 subdomains of the original microstructure, which shows
CV values between 0 and 2 % across all properties, indicating negligible spatial
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Figure 2.3: Comparison of normalized microstructural properties variations over different subdomain
sizes against the real domain. (a) Normalised property values and error bars for the
nine subdomains of size 1/9. (b) Normalised property values and error bars for the four
subdomains of size 1/2. Each bar represents the mean value across the subdomains, with
the error bars indicating the standard deviation. The values of the real domain are used as
a normalisation reference. The figure has been adjusted to the format of this dissertation.
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Table 2.2: Evaluation of statistical fluctuations in microstructural properties over 1/9th of real domains.

Standard Coefficient of

Parameter Mean Deviation  Variation (%)
Total TPB density (um~2) 179  0.074 4.13
Ni/Pore Specific Area (um~") 0.37 0.016 4.41
Ni/GDC Specific Area (um~!) 0.67 0.023 3.47
GDC/Pore Specific Area (um™') 1.50 0.028 1.87
GDC Tortuosity (—) 2.60 0.138 5.29
Pore Tortuosity (—) 2.61 0.133 5.08
Nickel Mean Particle Diameter (um)  0.91 0.0247 2.71
GDC Mean Particle Diameter (um) 0.59 0.008 1.38
Pore Mean Particle Diameter (um) 0.60 0.014 2.33

variations (see Table 2.3 and Figure 2.3(b)). Furthermore, the volume of the

Table 2.3: Evaluation of statistical fluctuations in microstructural properties over 1/2 of real domains.

Standard Coefficient of

Parameter Mean Deviation ~ Variation (%)
Total TPB density (um~2) 1.810  0.036 1.99
Ni/Pore Specific Area (um~!) 0.370  0.007 1.91
Ni/GDC Specific Area (um~) 0.673  0.004 0.64
GDC/Pore Specific Area (um™') 1.50 0.007 0.47
GDC Tortuosity (—) 2.583  0.019 0.74
Pore Tortuosity (—) 2.578  0.046 1.79
Nickel Mean Particle Diameter (um) 0913  0.004 0.47
GDC Mean Particle Diameter (um) 0.590  0.000 0.00
Pore Mean Particle Diameter (um) 0.605  0.005 0.83

original microstructure exceeds the threshold for the RVE of 10% particles, where
most properties converge to stable values, as concluded by Joos et al. [167].«
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3 Framework for physical
parameters estimation’

»Ensuring the sustainable operation of solid-oxide fuel cells (SOFCs) requires an
understanding of the components’ lifespan. Multiphase-field simulation studies
play a major role in understanding the underlying microstructural changes and the
resulting property alterations in SOFCs over time. The primary challenge in such
simulations lies in identifying a suitable model and defining its parametrization.
This Chapter presents an Active Learning framework combined with Bayesian
Optimization to identify optimal model parameters to simulate the aging of nickel-
gadolinium doped ceria (Ni-GDC) anodes. The investigations performed in this
work overcome the incompleteness and inconsistency of literature data and navi-
gate the complex, high-dimensional parameter space by leveraging experimental
microstructure data and the power of the AL framework. The successful parame-
ter search enables simulation studies of Ni-GDC anode aging and performance
during long-term SOFC operation. This approach improves the accuracy of phase-
field simulations and offers a versatile tool for broader applications in SOFC
development, predicting material behavior under various operational conditions.

Predicting the long-term degradation of anodes in a quantitative manner requires
reliable material parameters under realistic operating conditions, including inter-
face energies and diffusion coefficients. These parameters have a critical role in

I'The content of this chapter is based on Jeela et al. [166]. The publication has shared first authorship
between the author and G. Tosato. The author’s contribution to this work includes conceptualisation
of the study, contributions to methodology, software development, visualization, validation, drafting
the original manuscript, and review and editing. Sections that are taken directly from the publication,
with minor linguistic changes, have been marked.
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simulating the coarsening of the Ni-GDC anode. In Section 3.2, a comprehensive
review of the literature data for Ni and GDC interface energies and diffusion coef-
ficients is given, highlighting both the scarcity of data and the lack of reliability
and accuracy in the reported values, which are required for phase-field simulations.
In the work of Hoffrogge et al. [98], the model is parameterized to describe the
coarsening of nickel in Ni-YSZ SOFC anodes at a temperature of 750 °C. The
physical parameters were derived from thermal grooving experiments and density
functional theory (DFT) calculations [168, 169]. Experimentally determining
these physical parameters for Ni-GDC anodes at given operating conditions is
challenging due to the time-intensive nature of the processes, the significant
resources required, the complexity of the measurements, and the associated costs.

This chapter aims to enhance SOFC numerical investigations with Bayesian Active
Learning (BAL). Active Learning (AL) [170] is a systematic machine-learning
approach to explore vast parameter spaces while minimizing resource expenditures,
which, coupled with Bayesian Optimization (BO) [171], has emerged as a valuable
tool for materials design [172, 173].«

3.1 Bayesian Active Learning framework

Virtual research environment The current research was performed within
the framework of the Kadi4Mat infrastructure [174], which enables FAIR-
compliant scientific data and process management and modeling. A core element
of the Kadi ecosystem is the visual workflow provided via KadiStudio [175],
a standalone desktop application that allows users to design and execute scien-
tific workflows using interconnected function nodes. These workflows enable
structured data processing, visualization, and seamless communication with the
KadiWeb platform. The AL framework employed in this work is implemented in
KadiAl, Kadi4Mat’s interface for Machine Learning and Artificial Intelligence,
and is available as a set of workflow nodes. The integration of established libraries
such as TensorFlow-Keras [176] and scikit-learn [177] ensures compliance with
widely adopted standards along with robust performance.
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Bayesian Optimization Bayesian optimization (BO) refers to a sequential,
surrogate-based methodology to optimize expensive-to-evaluate black-box func-
tions, similar to those encountered, for example, in the modeling of microstructure
evolution in SOFC anodes. The optimization problem can generally be formulated
as follows
min f(x), X CR". (3.1
xeX

Here, f is a derivative-free, potentially non-convex, and noisy objective func-
tion with computationally intensive evaluations. In this work, f quantifies the
discrepancy between simulated and experimentally observed microstructural char-
acteristics of the Ni-GDC anode (see Section 3.4). To efficiently explore the search
space, BO constructs a probabilistic surrogate model, typically the Gaussian pro-
cess (GP), over f. This model gets updated iteratively based on the observed data
and guides the selection of new evaluation points. Founded on Bayes’ theorem, it
integrates the priori knowledge regarding the space of possible objective functions
with the likelihood associated with the observed data D to generate a posteriori
distribution

P(f1D) e P(DIf)P(f), (3.2)

this constitutes the updated estimate of f, considering the observed data D.
A common technique to address this problem entails treating it as a Gaussian
process regression model. A GP refers to an extended version of a multivariate
Gaussian distribution applicable to a stochastic process, which constructs a joint
Gaussian distribution across all finite samples of function values [178]. For a more
comprehensive discussion and additional details, the reader is referred to [166].

Scientific workflow implementation The AL framework is implemented
as a modular workflow consisting of specific nodes for each processing step (see
Figure 3.1). The workflow is structured into (c) preprocessing, (d) simulation
execution and cluster communication, (e) postprocessing, as well as two AL-
specific components: (b) the Bayesian optimization oracle and (f) the scorer.
The BO oracle serves as the central decision-making unit and progressively
suggests new parameter configurations to refine the model’s performance. It
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retrieves the information required for the search from KadiWeb (Umbrella Record),
including the optimization objective, the tunable parameters, and the defined
boundaries, and applies BO to efficiently explore the high-dimensional parameter
space and suggest the next parameter configuration. A GP regression model
is employed through the scikit-learn implementation using a Matérn-5/2 kernel
(smoothness parameter v = 2.5 and length scale ¢ = 1.0), providing a balance
between smoothness and model flexibility [178—180]. The acquisition function is
defined by the upper confidence bound (UCB):

UCB(x,B) = pu(x) + o (x), (3.3)

where y and o denote the predicted mean and the uncertainty of the GP, re-
spectively. The parameter 8 regulates the trade-off between exploration and
exploitation, with larger values promoting the exploration of unknown regions and
smaller values favoring the exploitation of high-performance regions. A key aspect
of the optimization framework is the evaluation of each simulation trial against
the defined objective. This is achieved through a scoring mechanism implemented
by the “scorer”, the second key component of the AL framework. The scorer, or
objective function, gives a quantitative measure of agreement between the trials’
results and the target values; this metric is computed at each iteration, thereby
guiding the oracle in navigating the parameter space. Iterative optimization pro-
ceeds until either a predefined maximum number of iterations is reached or a
specified convergence criterion is met. In this study, the objective function is for-
mulated as the deviation between the experimentally observed and the simulated
microstructural evolution of the SOFC anode. To facilitate implementation, this
deviation is estimated on the basis of a set of nine key parameters that characterize
the microstructure. The resulting score indicates the distance between the trials
and the target values, and the optimization is therefore posed as a minimization
problem. Lower scores indicate improved agreement and, consequently, more
accurate replication of the target experimental microstructure.
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Figure 3.1: Visualization of the KadiStudio workflow for automated parameter identification of Ni-GDC anode aging in SOFCs. The workflow
consists of: (a) user input nodes for configuring environment settings, working directories, and KadiWeb communication tokens;
(b) a Bayesian Optimization Oracle node; (c) preprocessing nodes that convert the Oracle outputs into input data for PACE3D
simulations; (d) nodes for job submission and monitoring on the computing cluster; (e) postprocessing nodes for analyzing the
simulation results; and (f) a Scorer node that evaluates each simulation output against the defined objective. All nodes continuously
update the corresponding records in Kadi4Mat, thereby ensuring synchronized data management across the entire workflow (based
on joint work presented in [166]).
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3 Framework for physical parameters estimation

3.2 Physical parameters and model
parameterization

»This Section explains the method for determining the physical parameters for
coarsening in the Ni-GDC anode. For the current work, the temperature 900 °C is
chosen, corresponding to the experimental conditions for Ni-GDC anode anneal-
ing. Determining the parameters in physical modeling simulations corresponding
to experimental conditions is pivotal to quantitatively reproducing the microstruc-
tural aging of the Ni-GDC anode as observed in experiments. Figure 3.2 demon-
strates the importance of identifying these parameters for predicting the long-term
performance of the anode under specific operating conditions. For the sake of
simplicity, the phase-field model parameters are expressed in a model-specific
unit system, with u;, ug and u, representing the model’s units for length, energy,
and time, respectively. The length unit u; is defined based on the resolution of the
initial microstructure (Ax) in the numerical grid of discretization Ax = Ay = Az.
The energy and time units are related through the Nickel surface energy ynipore,
Nickel surface diffusivity DII:ﬁP o and temperature T (refer to eq (2.47)). Table 3.1
presents the model’s parameterization.

3.2.1 Nickel diffusion coefficients

The mechanisms of volume self-diffusion are well-established, and the correspond-
ing Arrhenius parameters are known with high precision. In contrast, surface
diffusion is less extensively studied and exhibits a considerable degree of measure-
ment uncertainty, often varying by one to two orders of magnitude. This variability
is evident in the literature, where reported values for surface and grain bound-
ary self-diffusion are highly inconsistent [148, 181-183]. Anisotropy, annealing
atmosphere, and material purity significantly influence measured diffusivities.
The annealing atmosphere has a particularly pronounced effect on surface dif-
fusion, as the mobility of surface atoms is highly sensitive to the adsorption
of gas molecules and impurities. For nickel, the partial pressure of oxygen in

82



3.2 Physical parameters and model parameterization

Pristine Ni-GDC Anode Experimental Aging Aged Ni-GDC Anode

Controlling Parameters:
* Temperature
¢ Pressure
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® Gas compositions ...

Controlling Parameters:

Establishing model parameters
corresponding to physical properties
under experimental conditions

- - | Pore | Numerical Aging (Simulations) g

Figure 3.2: Microstructural evolution in Ni-GDC anodes. Experimental conditions (temperature,
environment) drive microstructure changes, while precise parameter settings in physical
modeling simulations aim to reproduce these outcomes accurately. This precision is
crucial for quantitatively simulating microstructural aging. Note: Size variations between
pristine and aged samples reflect different FIB-SEM volume segments, not aging effects.
The figure has been adjusted to the format of this dissertation.

the annealing environment notably impacts surface diffusion rates. The current
literature on nickel surface and grain boundary diffusion lacks the necessary
precision for reliable phase-field simulations. Haremski et al. [169] recently
performed thermal grooving experiments on nickel bicrystals to determine the
surface diffusion coefficient with high accuracy. These studies, conducted at a
temperature of 750 °C, report values that align with those found by Blakely et
al. [148] when extrapolating the Arrhenius lines for the {100} and {111} surfaces
to lower temperatures. Based on this correlation, the excess surface diffusion
coefficient (D) for pure and impure nickel at 900 °C was evaluated using the
Arrhenius equation fitted to Blakely et al.’s experimental data [148], resulting in a
range of 1.74x 102! m3s71-2.1x 1072 m3s~!. Hoffrogge et al. [98] assumed,
following the results of Haremski et al. [169], that diffusion along the slow {100}
surface orientation is rate-limiting and estimated an excess surface diffusion coef-
ficient from an average of four data points near {100} as 3.75x 107> m>s~! at
750 °C. Given the considerable variation in reported surface diffusion values in the
literature, excess surface diffusion coefficient with a range of 4.0 x 1072> m?s~'—
4.0x 1072 m3s~! is considered. The diffusion values range considered in the
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3 Framework for physical parameters estimation

current work accounts for inherent uncertainties and encompasses both faster and
slower diffusion rates along different surface orientations. This approach ensures
a comprehensive evaluation of diffusion behavior across various conditions. Due
to the scarcity of literature data, the excess diffusion coefficient of nickel along
the nickel/GDC interface (Dﬁgif €Y is assumed to range from 4.0 X 1072 m3s~ 1=
4.0x 107" m3s~!. This range is consistent with the general theory that surface
diffusion is the fastest, followed by interface diffusion, and bulk diffusion is the

slowest.

3.2.2 Nickel surface energy

The literature reports experimentally determined mean surface energies of nickel
ranging from 1.6 Jm~2-2.5 Jm~2, varying with method, temperature, and atmo-
spheric conditions, providing an initial indication of their magnitude [181, 184—
188]. Complementary to these experimental findings, atomistic simulations can
determine the anisotropy of surface energy, typically calculated at 7 = OK. It is ob-
served that surface energy decreases with increasing temperature, with a difference
of approximately 10 % between values at 7 = 0K and the melting temperature.
These simulations have provided weighted mean surface energy values for nickel
0f 2.04Jm~2 [189] and 2.54 Jm~2 [190], respectively. However, the experimental
conditions differ significantly from those within an SOFC anode. Furthermore, the
influence of humidity on these parameters has not been extensively studied. It is
known that oxygen adsorption can reduce surface energy, and impurities adsorbed
on the surface can similarly affect surface energy.

Haremski et al. [168] conducted thermal grooving experiments on Ni polycrystals
and Ni-YSZ anode microstructures under SOFC anode operating conditions at
750 °C in both dry and humid forming gas using atomic force microscopy. The
carrier gas used was forming gas (95 % N,/5% Hj), and a maximum humid
atmosphere (29 vol.% H,O and 71 vol.% forming gas) was chosen, without an-
nealing in an oxidizing environment. The measured oxygen partial pressure was
Po, = 1 x107% atm in dry forming gas and Po, = 1 x 10~!° atm in humid forming
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3.2 Physical parameters and model parameterization

gas. They concluded that these values are still low and not forming an oxidizing
atmosphere, thus avoiding the adsorption of oxygen on the surface, which could
reduce the surface energy.

In the current study, the SOFC operating conditions are at a temperature of 900 °C
with a gas composition of 50 % H,/50 % H,O, and the material system is Ni-GDC.
Under these conditions, the oxygen partial pressure could potentially impact
the surface energy values. It was shown in the study by Fujimatsu et al. [191]
that the oxygen partial pressure in SOFCs can vary significantly depending on
current density, flow rate, and operating temperature and can range up to Po, =
1 x 10~ atm. Also, investigations on the effects of oxygen partial pressure on
surface energies indicate that the surface energy decreases with increasing oxygen
partial pressure [192, 193]. As a result, rather than employing a fixed surface
energy value, this study considers the surface energy of nickel as a variable,
spanning a range from 1.5 Jm™2-2.5Jm™2, to account for possible variations.

3.2.3 GDC diffusion coefficients and surface energy

Experimental studies of grain-boundary grooving on polished surfaces of Ceria
(Ce0,) annealed in an argon atmosphere were conducted over a temperature range
of 1473 K-1773 K. From Arrhenius plots of the surface diffusion coefficient, the
value at 900 °C was estimated to be 7.2 x 107'¥ m?s~!, and the corresponding ex-
cess surface diffusion coefficient was 2.4 x 1072’ m?s~! [194]. Another study ex-
amined polycrystalline CeO, by developing thermal grain boundary grooves at dif-
ferent temperatures 1473 K-1663 K in air, using atomic force microscopy (AFM).
The surface diffusion coefficient of CeO, was calculated from Arrhenius plots at
900 °C, yielding values ranging from 1 x 107" m?s=1-1x 1072 m?s~! [195]. As
a result, GDC excess surface diffusion coefficient (Dgggf; o) for the AL Bayesian
framework is given in the range of 2.4 x 107> m3s™! to 2.4 x 107 m3s~!.
Given the lack of experimental data, the excess diffusion coefficient of GDC
at the nickel/GDC interface (D¥SPC ) is assumed to fall within the range of

GDC,ex
24%x1077 m3s ' t02.4x 10733 m3s~ 1.
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From the literature, it was found that the surface energies of CeO, from simula-
tion studies are reported for the {100}, {110}, and {111} surfaces with values
of (1.44Jm™2, 1.06Jm~2 and 0.71Jm~2), (1.4Jm™2, 1.0Jm~2 and 0.7 Jm2),
and (1.41Jm™2, 1.04Tm~2 and 0.69 Jm~2), respectively [196-198]. The GDC
surface energy for the {100}, {110}, and {111} surfaces was given as 1.46Jm~2,
0.90Jm~2 and 0.74Jm™2, respectively [196]. Experimental studies using the
multiphase equilibration technique estimated the surface energy of CeO, in an
argon atmosphere at 900 °C by extrapolation to be 1.80 Jm~2 [194]. Considering
all the above findings, the GDC surface energy for the AL Bayesian framework is
assigned in the range of 0.7 Jm=2-2.0Jm~2.

3.2.4 Nickel/GDC interfacial energy

To the best of our knowledge, no literature data are available for the interface ener-
gies for the Ni/GDC or Ni/CeO, systems. However, a study using the multiphase
equilibration technique to determine the interface energy of the CeO,/Cu system
in an argon atmosphere at temperatures ranging from 1473 K-1773 K reports
interface energy of 2.88 Jm~2 at 900 °C, based on linear temperature extrapola-
tion [194]. Additionally, various experimental and computational methods have
determined the interfacial energy values for the Ni/YSZ interface. Using Transmis-
sion Electron Microscopy (TEM) and Winterbottom analysis, a study measured the
interfacial energy for Ni/YSZ(111) in the range of 1.8 Jm~2-2.1 Jm~2, depending
on the specific configuration of the interface, for Ni/YSZ(001) as around 2.5 Jm ™2
at 1350 °C in an Ar+H, (99 %) atmosphere with a Po, = 1 x 1072 atm [199, 200].
By considering these similar systems and to account for different scenarios of
wetting to dewetting, a range of 1.0 Jm~2-3.0 Jm~2 as Ni/GDC interfacial energy
is considered appropriate for this study.
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3.2.5 Interface mobilities and parabolic free energy

A comprehensive investigation of surface diffusion-driven thermal grooving was
conducted by Hoffrogge et al. [108] to validate the model employed in the present
work against established theories. Their results showed good agreement with
analytical solutions of sharp interfaces, confirming model accuracy. In addition,
the surface diffusion-controlled kinetics can be correctly quantified using the
growth rate constant (B) of the model obtained from the asymptotic analysis. The
value of B is evaluated in the present study according to (cf. [[108], eq (99) {f.]).
In order to minimize the effects of attachment kinetics, the interface mobilities
(m o) are chosen in this work such that attachment kinetics remain subdominant.
It is ensured by the characteristic length scale associated with the attachment
kinetics, defined as (/. = \/m) being much smaller than the diffuse
interface width, i.e., (I, < n2€/4) [108].

The minima of the parabolic free energy c;* eq Are specifically chosen values
of 0.1 and 0.9, with an emphasis on maintaining adequately distinct values to
enable differentiation, for instance, between Ni-rich and Ni-poor phases. The
parabolic free energy function’s chosen prefactor A; ensures consistent volume
preservation. To establish the model’s energy and time scales, we consider the
maximum values of nickel’s surface diffusion and surface energy. Subsequently,
all other model parameters and their respective ranges are aligned with this scaling
system. Parameters such as interface mobilities, stable time steps, and simulation
time are selected by our AL Bayesian Oracle for each simulation trial. This
optimization ensures efficient resource utilization while maintaining a consistent
physical time across all simulations.

3.3 Validation of framework

The initial AL framework validation study demonstrates the reliability and effec-
tiveness of our method. For the validation run, we conduct a single-parameter
optimization, focusing on the interfacial energy between nickel and GDC yyiGpc,
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Table 3.1: Phase-field parameters used in simulations of Ni-GDC anode (¢; = 50nm, ug = 6.25 X 107133, 1, = 1.45%x10725s).

Parameter (symbol) Value (model units) Value (physical units)

1011073 ul/ () (1731072 ... 1.73x 10731) 28
Ni-nickel/GDC interf. chem. mobility (MY5PC) (10731078 ul/ (ugu;) (17310731 ... 1.73 x 10736) =2
GDC-surf. chem. mobility (MGDEF™) Q111076211 x 107 ul/ (ugu;)  (3.65x10°%...3.65x10737) 22
GDC-nickel/GDC interf. chem. mobility (MHSPC)  (2.11x 1078 .. 2. 11 x 107" ul/(upu;)  (3.65x10730...3.65x 1074) ';‘—6

Ni-surf. chem. mobility (MII\IV{PWE )

Interfacial energy Ni/Pore (Ynipore) 1.0...0.6 ug /ul2 2.5...1.5 #
Interfacial energy Ni/GDC (yniGpc) 1.2...04 ug /u} 3.0...1.02%
Interfacial energy GDC/Pore (YGpcrore) 0.8...0.28 ME/M,2 2.0.. .0.7#

Interface mobility Ni/Pore (myipore)
Interface mobility Ni/GDC (myiGpc)

Interface mobility GDC/Pore (maGpcrore)

(107101073 uf / (uguy)
(1071 1073w}/ (ugur)
(10711073 )/ (upuy)

(6.92x10715...6.92x 10-17)m
(6.92x10715...6.92x 10717)m
(6.92x10715...6.92x 10717) ™

Interface width parameter (€) 2.0y 100 nm
Voxel-size (Ax =Ay=Az) 1.0 g 50 nm
Thermodynamic prefactor Nickel (An;) Sug /ul3 2.5%108 #
Thermodynamic prefactor GDC (Agpc) S0ug/ “13 2.5%10° #
Equil.-comp. Ni-Ni (cyj ) 0.9 90 mol%
Equil.-comp. Ni-GDC (Cgfei ) 0.1 10 mol%
Equil.-comp. Ni-Pore (CII\JI(i),r:q) 0.1 10 mol%
Equil.-comp. GDC-Ni (Cgf)C,eq) 0.1 10 mol%
Equil.-comp. GDC-GDC (¢&pE ) 0.9 90 mol%
Equil.-comp. GDC-Pore (c£7¢, ) 0.1 10 mol%

GDC,eq
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3.3 Validation of framework

while keeping the other parameters fixed. A 2D reference structure was gen-
erated by initially creating a Voronoi structure consisting of nickel, GDC, and
pore phases, and then by applying phase coarsening through phase-field simu-
lations. Interface energy between nickel and GDC (yyigpc) of 0.577 (in model
scale units) was used in the model parameters. All parameters are expressed in
model scale, as the focus of this validation was on testing the framework against
provided model parameters rather than directly correlating with aged experimental
microstructures or physical properties. The AL framework was then employed to
tune the parameter yy;gpc within a physically meaningful range (0.4—1.2). The
Oracle initiates the Bayesian search by performing three iterations of random
search, providing initial seeds to construct the probabilistic model of the objective
function. Each parameter value selected by the Oracle for yyigpc is automati-
cally passed to the phase-field simulations, executed with the in-house developed
framework PACE3D [145]. Upon completion, simulation results are evaluated and
scored, providing valuable information for strategic navigation of the search space.
Throughout our study, the score represents a quantitative measure of deviation
from the target microstructure. In PACE3D, the microstructure is stored in a
2D/3D grid, with each voxel assigned to one of the phases ¢yi, dcpc, and Ppyye.
For the validation phase of the study, we chose a voxel-wise frame-difference
score, calculated as follows:

NX.VZ
score = |3 (p) — greterence ()| i € {Ni, GDC, Pore}, (3.4)
p=1

where p represents each voxel of the grid, and Ny, the total number of vox-
els. These computations are enclosed within a PACE3D post-processing tool
called framedifference, which facilitates streamlined assessment of microstructure
deviations.

Minimizing the deviation is a successful validation step, which leads to the
identification of the correct model parameters. Our AL framework converged at
iteration 6 (see Figure 3.3), yielding results that closely aligned with the target
parameters and successfully validated the 1D problem. The best value found for
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the parameter yy;cpc was 0.57715, with a target value of 0.57700 and an accepted
threshold of 0.02.

(a) —e— Bayesian Oracle (®) TIteration 0 Iteration 3

= = Target value 2
0.20
8 0.154 1
5
St
S 0.101
= 0
B 0.05-
g
£ 0.00- -1
&£ 0.
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01 2 3 45 6 7 8 2

Iteration Iteration 4 Iteration 6

Figure 3.3: AL framework validation for a 1D, single-objective optimization problem. Tuned parame-
ter: ynigpc- The figure shows (a) an overview of the search and (b) a visualization of the
error at four different iteration steps. The error is measured as a voxel-by-voxel difference
between the resulting and target microstructure (framedifference). The first 3 data points
are randomly sampled to produce a sufficient baseline for the BO Oracle search. The
figure has been adjusted to the format of this dissertation.

To address the complexity of the SOFC’s microstructural evolution, we moved to
a more advanced multidimensional validation phase, optimizing six parameters
simultaneously. The chosen parameters (discussed in detail in Section 3.2), to-
gether with their ranges of validity, and the best results obtained after 25 iterations
of our framework, can be seen in Table 3.2. For this second validation phase,
the scoring mechanism remained unchanged, i.e., as in eq (3.4), for each itera-
tion of the method, we measured the deviation of the resulting microstructures
from the reference. A shorter simulation time was considered to save computa-
tional resources and time, as the purpose here was still pure validation, giving
no meaningful scientific results. Consequently, while the results obtained by the
framework for some parameters may not appear optimal at first, there are a few
factors to take into consideration. The terms in the model that are related to the
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Table 3.2: Overview of the values chosen by the Bayesian Oracle at iteration 22, which gave the best
result. The oracle explored the parameter space within predefined constraints, alongside
the specified ranges of validity. For the interface energy parameters (YniGpc, YGDCPore)s
values were sampled as floats with 0.01 increment. For the diffusion coefficients related
parameters ( MI]\\J/{P ore MI’\Y{GDC, Mgggp ore, Mg]i)GCDC), where only changes in the order of
magnitude have significant impact on the outcome, the oracle selected integer values for the
exponent, effectively adjusting the parameters by powers of ten. The comprehensive error,
used as a score for the oracle, was computed with framedifference according to eq (3.4)
and gave a result of 0.0097.

Model parameters  Given range Reference value  Predicted value
YNiGDC 0.45-1.49 1.20 1.19

YGDCPore 0.29-0.57 0.4 0.32

Mﬁi"‘%’e 0.1-1.0 0.6 0.54

myiebe 3.52x107°-3.52x107%  107? 107>

MEDEFere 3.52x1079-3.52x107*  3.52x107° 3.52x1077
MYiebe 3.52x10711-3.52x 107 3.52x 1077 3.52x107

interface energy and nickel’s surface diffusion coefficient (first three in Table 3.2),
have a greater influence on the microstructure at smaller time frames, while the
other terms in the model related to diffusion coefficients (last three in Table 3.2),
only cause notable changes in the microstructure over an extended simulation
period, due to their low magnitude of values. It is therefore logical for the firsts to
approximately reach the reference value, while for the lasts, a closer alignment
with the reference value is expected in longer simulation times. It is important to
note that the diffusion values were restricted to variations by orders of magnitude,
leading to the reference and predicted values aligning precisely with the same
coefficient values. Furthermore, as the dimensionality of the problem increases,
the volume of the search space expands exponentially, and so does the number of
evaluations needed to ensure thorough exploration. Figure 3.4 shows an overview
of the search.
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Figure 3.4: Framework validation for a 6-dimensional, single-objective optimization problem. The
figure shows the overview of the search (a) and a visualization of the error at four different
iteration steps (b). The error is measured as a voxel-by-voxel difference between the
resulting and target microstructure (framedifference). The best result is found at iteration
22, with a framedifference error of 0.0097. The figure has been adjusted to the format of
this dissertation.

3.4 Framework on 3D FIB-SEM reconstructed
Ni-GDC anode microstructures

The developed AL framework was exploited to optimize a wide set of parameters
for phase-field simulations of coarsening in the Ni-GDC anode under specific
operating conditions. A proof of concept, demonstrating our method’s potential for
efficient parameter optimization in both single- and multi-dimensional problems,
is detailed in Section 3.3. Following validation, the framework was applied to
3D FIB-SEM reconstructed Ni-GDC anode microstructures. In this Section,
we present the results of both single- and multi-objective formulations of the
considered optimization problem. The FIB-SEM reconstructed experimental
microstructures of the Ni-GDC anode, both in pristine condition and after 240
hours of aging under the given operating conditions, are now used as a reference
in the AL framework. At this stage, the goal is to identify an optimal set of
input parameters that most accurately replicate the target microstructure properties
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Table 3.3: Microstructural characteristic properties of pristine and 240h aged Ni-GDC anodes.

Parameter Symbol Pristine  240h aged
Ni vol.% Vni 22.44 22.43
GDC vol.% Vepe 41.38 39.84
Pore vol.% Vpore 36.18 37.74
Ni/Pore Specific Area (um™!) AnNi/pore 0.37 0.33
GDC/Pore Specific Area (pm’l) AGDC/Pore 1.50 1.38
Ni/GDC Specific Area (um™") ANi/GDC 0.67 0.61
GDC Tortuosity (—) TGDC 2.57 3.07
Pore Tortuosity (—) TPore 2.57 2.40
Total TPB density (um~2) ITpB 1.82 1.55
Nickel Mean Particle Diameter (um)  dy; 091 1.04
GDC Mean Particle Diameter (um) depce 0.59 0.62
Pore Mean Particle Diameter (um) dpore 0.60 0.68
Total volume (um?) v 6666 4800
Voxel size (um) Ax=Ay=Az 0.05 0.05

observed in the FIB-SEM experimental data. The key microstructural properties
of these experimental microstructures are shown in Table 3.3. These parameters
collectively define the anode’s structural and functional efficiency, significantly
influencing its electrochemical activity, as well as ion and gas transport, and
ultimately impacting the overall cell performance.

3.4.1 Single objective optimization

Building on the successful validation of our approach, we apply the AL framework
to address the core scientific objective of this study: identifying an optimal
parameterization for a Ni-GDC anode coarsening model under given operating
conditions. Using the Kadi4Mat Research Data Management (RDM) environment,
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which integrates our entire data workflow, a seamless transition from the validation
phase to the subsequent stages was straightforward.

As explained in Section 2.9, subdomains of real microstructures were employed,
since repeatedly simulating the entire microstructure within the framework is
computationally prohibitive. A subdomain with 9.4 x 12.4x 6.4 um® of volume
was selected as the initial structure for the multiphase-field simulations. Given
the inherently destructive nature of FIB-SEM techniques, the pristine and aged
experimental microstructures originate from different regions within the Ni-GDC
anode rather than from a consistent, singular location. This variability limits direct
comparisons of aging between simulated and experimental structural morpholo-
gies. As a result, we focus our benchmark on the total density of the TPB, an
important microstructural parameter that reflects the phenomena of the aging pro-
cess. This approach provides a more reliable benchmark for comparing the aging
of simulated and experimental microstructures, circumventing the limitations of
localized structural variations.

As design variables for our AL Bayesian study, we considered the parameters
YNIGDCs YGDCPore» MSRET, MYISPC, MNICPC | resulting in a 5D search space.
For each of these parameters, we defined a range of plausible values based on
available literature data and physical constraints (see Table 3.1). Although the val-
ues for nickel’s surface energy and surface diffusion coefficient show considerable
variation across different sources, they remain well-documented in the literature
and are better established than those for GDC. For this study, we used fixed values
of 2.26 Jm~? for the surface energy [168] and 5.48 x 10722 m3s~! for the surface
diffusion coefficient, towards lower end of the value range and approximately
one-third of minimum value from Blakely et al. [148] under the given operating
temperature of 900 °C. Using these fixed values across all simulations reduces
the dimensionality of the search space, ensures a consistent scaling system of the
model, and simplifies the calculation of other parameters.

The framework structure established during the validation stage (see Section 3.3),
along with the KadiStudio workflow automating the whole process (see Fig-
ure 3.1), remains fundamentally unchanged, aside from a few adjustments. Due to
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the significant increase in computational resources required by the simulations,
we have included in our data stream a component that handles the automated
communication with an HPC cluster. Each simulation was run on the idm-hpc03
high-performance computing cluster, which consists of eight computing nodes,
each equipped with 64 cores. This cluster is part of the network infrastructure
of the Institute for Digital Materials Science (IDM), and all computational tasks
were managed using the SLURM workload manager. For this study, five nodes of
the cluster were employed to perform the computations. At each iteration of the
framework, the Bayesian Oracle provides its prediction of the most informative
data point in the form of a complete parameter configuration. The oracle’s output
is subsequently input into a job file designed to initiate PACE3D simulations
with the specified values. The job is then submitted to a computing cluster using
SLURM and constantly monitored until completion, at which point the results are
retrieved for post-processing and scoring. The framework was furthermore modi-
fied to incorporate a new scoring metric based on the total triple-phase boundary
(TPB) density, a primary parameter characterizing the resulting microstructure.
This new metric quantifies the deviation of the simulated TPB density from the
experimentally measured value of the target microstructure. In other words, the
objective of the Bayesian Oracle at this phase is to mimic the total TPB den-
sity of the target microstructure, assessing whether this replication suffices for
a comprehensive comparison of the entire microstructure. Figure 3.5(a) shows
an overview of the 5D optimization search, finding the target value of 1.55 at
iteration 11, and definitively converging at iteration 14. The model successfully
minimized the deviation for the single objective parameter, demonstrating its
capability in a focused optimization scenario. However, analyzing Figure 3.5(b),
we can conclude that a perfect match of a single considered property or descriptive
parameter is insufficient to fully capture the morphology of the entire Ni-GDC
anode microstructure, as significant deviations are observed when evaluating other
critical descriptive parameters. To address this limitation, it is essential to adopt a
more comprehensive approach, ensuring that all key characteristics are effectively
considered and represented in the optimization process.
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Figure 3.5: (a) Search overview of a 5D, single objective optimization, with total TPB density used as
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scoring value. Target value for total TPB density found at iteration 11. (b) A comparison is
presented between the target values for the nine considered microstructure properties and
those obtained from the Oracle-guided simulation at iteration 11. The plot demonstrates
that the parameter considered for scoring closely matches the target, while others mostly
deviate from their respective target values. The figure has been adjusted to the format of
this dissertation.
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3.4.2 Multi-objective optimization: weighted sum
scalarization approach

As demonstrated in the previous Section, it is crucial to consider multiple aspects
of the microstructure of Ni-GDC anodes to achieve a comprehensive represen-
tation that can effectively guide the optimization process. Ideally, we aim to
closely replicate the nine most critical microstructure properties of the reference
microstructure: GDC Tortuosity, Pore Tortuosity, Ni/GDC Specific Area, Ni/Pore
Specific Area, GDC/Pore Specific Area, Total TPB density, Nickel Mean Particle
Diameter, GDC Mean Particle Diameter, Pore Mean Particle Diameter (for more
details, refer to Section 2.7 and Table 3.3).

Multi-objective optimization techniques facilitate the simultaneous optimization
of multiple criteria by considering different objective functions. The goal for these
problems is to find a set of solutions that represent the best trade-offs among the
objectives. This set of solutions is known as the Pareto optimal set or Pareto front
when referring to the image of the Pareto Set in the objective space (refs [201] and
[202]). Each solution in this set is non-dominated, meaning that it is not possible
to improve one objective without worsening at least one other. Building on this
concept, for the final improved configuration of our AL framework, we define an
objective function for each of the mentioned key properties, thereby integrating all
of them into the optimization process. As we are working with subdomains of the
entire microstructure, in our view, aiming for equal precision in replicating all the
properties is not an effective approach. Therefore, as a score metric, we employ a
weighted sum scalarization approach (see e.g., refs [203] and [204]), a method
widely used to convert a multi-objective problem into a single-objective. This is
achieved by forming an aggregate objective function using a linear combination
of all objective functions, i.e., solving a problem of the form:

min F(x) = w1 fi(x) + w2 2(x) + -+ wa fu(x), (3.5)

where f; are the different objective functions, and w; the respectively assigned
weights, typically normalized according to 0 < w; < 1, > w; = 1, which leaves the
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parameter space with n— 1 degrees of freedom. Adjusting the weights results in
different trade-offs between the objectives, thereby emphasizing certain properties
over others and leading to different optimal solutions. The strength of the weighted
sum scalarization method lies in its flexibility and conceptual transparency, which
allow seamless incorporation of user or domain preferences. We exploited this
property to reflect tortuosity’s high sensitivity to local microstructural variations
(as outlined in Section 2.9). Specifically, tortuosity parameters were assigned
lower weights (half those of the other seven parameters). The primary purpose
of the AL Bayesian framework is to efficiently explore the physical parameter
space. This approach is particularly valuable for incorporating parameters with
incomplete or inconsistent literature data, as well as those influenced by varying
operating conditions (refer to Section 3.2 for the details). Hence, we extend the
set of design variables in order to provide the Oracle with greater flexibility in
exploring a now 7D parameter space. In addition to the five key input parameters
discussed in the previous Section 3.4.1, this comprehensive approach involves tun-
ing the model parameters related to nickel’s surface diffusion coefficient Mf\}ffp ore
and surface energy ynipore- The specifically selected ranges of validity are outlined
in Table 3.1. These include three interfacial energies and four excess interface
diffusivities. The interfacial energies ranges are as follows: yyigpc from 3.0J m~2
to 1.0Jm™2, yGpcpore from 2.0Jm™2 to 0.7Jm™2, and yyjpore from 2.5Jm™2
to 1.5Jm=2. The excess interface diffusivities are considered within the fol-
lowing ranges: Dgggi‘;’e from2.4x 107X m3s™ ! t02.4x 1072 m3s71, Dgig;ggx
from 2.4x 107 m3s™! t0 2.4x 1073 m3s7 !, Dﬁﬁiﬁc from 4.0x 10722 m3s~!
t0 4.0x 1077 m3s~!, and Dﬁ’fgx’e from 4.0x 1072 m3s! t0 4.0x 1072 m3s~ 1.
The chosen upper bounds of these parameter ranges are used to establish the
model’s time and energy scales across all simulation runs. Given that nickel’s
surface diffusion coefficient can vary by up to two orders of magnitude, it is
crucial to adjust the related model parameters accordingly, such as stable time
step, interface mobilities, and total simulation time. This ensures efficient usage
of computational resources while maintaining a consistent representation of the
physical aging of microstructures. To achieve this, the above-mentioned model
parameters are fine-tuned for each simulation run based on the specific surface
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diffusion values for nickel selected by the Bayesian Oracle (for more details, refer
to Section 3.2).

The increased dimensionality of the parameter space offers the potential for better
exploration but at the price of higher computational and time demands. An explicit
time integration method is used in our phase-field model, resulting in limitations
on the permissible stable time step. As a result, when simulating the same
physical aging time with higher values of nickel’s surface diffusion coefficients,
the stable time step is further limited. This results in a longer simulation time
and a longer utilization of computing resources. Therefore, higher values of the
surface diffusion coefficients of nickel substantially increase the computational
resource requirements. As the Bayesian Oracle now navigates a more complex and
challenging landscape, it is expected to require additional initial information and
an overall greater number of iterations to reach optimal solutions. This translates
into a preset higher number of initial random points (seven), and results in an
extended timeframe to achieve satisfactory accuracy. Figure 3.6 provides an
overview of the framework executed with the aforementioned setting. The entire
execution of 43 iterations using the Bayesian AL framework took approximately
7 days and 18 hours on the idm-hpc03 high-performance computing cluster
employing 315 cores.

Since in multi-objective optimization the goal is typically to find a set of solutions
rather than a single optimum data point, we consider the five best results with an
overall 7 %—8 % error, obtained at iterations 19, 27, 31, 37, and 38. Table 3.4 de-
tails the values suggested by the Oracle for each one of these iterations, along with
the associated errors for each microstructure parameter. The five iterations yield a
total score between 0.07 and 0.08, requiring a closer analysis of the physical pa-
rameters associated with each result. The excess surface diffusivity of nickel was
consistently found to be 4.0 x 10722 m?s~! across all five iterations with the best
31

scores. The value estimated from the Bayesian AL framework, 4.0 x 1072 m3s 1,

357! calculated for the

is approximately four times lower than the 1.74x 1072! m
{100} surface at 900 °C using the Arrhenius relation from the experimental data

of Blakely et al. [148]. Nevertheless, considering experimental measurement
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Figure 3.6: (a) Optimization convergence over time: The blue line shows the cumulative minimum
error at each iteration, reflecting continual improvement in solution quality and evidence
of plateauing around iteration 27. The grey line displays the RMSE for each iteration,
providing insight into the overall search dynamics. (b) Agreement with target microstruc-
tural properties: Comparison of nine key descriptors — highlighting the Oracle-guided
simulation at iteration 27, which delivered the best fit at 7 % total error. The two tortuosity
metrics (left) were assigned a lower weight during scalarization, while the remaining
seven parameters (right) received higher weights to guide the optimization. The figure has

been adjusted to the format of this dissertation.
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uncertainties ranging from one to two orders of magnitude, the estimated value is
reasonable and aligns well with Hoffrogge et al.’s [98] assumption that diffusion
along the slow {100} surface orientation is the rate-limiting factor. Furthermore,
several factors need to be considered to account for the observed discrepancy: vari-
ations in experimental conditions and material purity, assumptions of isotropy and
homogeneity, coarsening as the primary degradation mechanism in the model, and
the inherent limitations of the Bayesian multi-objective optimization framework
using the scalarization approach. Nickel diffusion coefficients reported by Blakely
were measured on pure nickel surfaces under high vacuum conditions (~ 10™> mm
Hg), whereas the present study involves a Ni-GDC composite anode operating in
an atmosphere of 50 % H,/50 % H,O. Blakely et al. [148] reported that impurities
tend to adsorb preferentially on specific crystallographic planes, particularly the
{100} planes, thereby obstructing diffusion pathways and significantly reducing
surface diffusion rates. As a result, surface diffusion is highly sensitive to the
annealing atmosphere, as adsorbed species can significantly affect atomic mobility.
The operating conditions of SOFCs can influence Ni diffusivity at the surface due
to oxygen partial pressure, impurities, adsorption of gas species, and interface
interactions with GDC. Jiao et al. [205] reported that the wettability of Ni on YSZ
improves during SOFC operation. This behavior is attributed to the adsorption
of oxygen species on the Ni surface. Considering the above factors, it can be
expected that the surface diffusion coefficient for Ni in the SOFC Ni-GDC system
to be lower than the value reported by Blakely et al. [148]. Scalarization reduces
multiple objectives to a single scalar objective, potentially oversimplifying the
problem and failing to capture the full range of trade-offs between competing
objectives. This simplification can lead to suboptimal solutions or an incomplete
representation of variability in the diffusivity estimates.

The excess surface diffusivity of GDC was found to be in the range of 1 X
1072 m3s™! to 1 x 1072’ m3s~! across all five iterations. Notably, the values
from iteration 37 and iteration 38, 2.16 x 1072’ m3s~! and 4.96 x 1072’ m3s~!,
closely match the literature value for the surface diffusion coefficient at 900 °C,
estimated as 2.4 x 10727 m3s~! [194]. The excess interface diffusivity of nickel
along the Ni-GDC interface was 3 to 5 orders of magnitude lower than that of the
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excess surface diffusivity. Although no direct literature is available for validation,
this aligns with the general understanding that interface or grain boundary diffu-
sion is typically lower than surface diffusion. A similar trend is observed in the
excess interface diffusivity of GDC along the Ni-GDC interface.

While the absolute values of surface and interfacial energies appear to vary across
the five best iterations, their ratios — a key factor in driving the system towards
thermodynamic equilibrium — show a clear consistency. The values for the surface
energy of nickel at iterations 19 and 37, obtained as 2.50 Jm™~2, appear to disagree
with values commonly reported in the literature [168, 181, 184—189]. Similarly,
a value of 1.50 Jm~2 from iteration 27 is significantly lower than most literature
findings. However, the surface energies of 1.85Jm~2 and 2.10Jm~2, obtained
in iterations 31 and 38, are more in line with the reported data. For GDC, sur-
face energies of 1.28Im™2, 1.43Jm™2, and 1.53 Jm~2 in iterations 37, 38, and
19 respectively, are consistent with experimental studies using the multiphase
equilibration technique, which estimate the surface energy of CeO; in an argon
atmosphere at 900 °C to be approximately 1.80 Jm~2 [194].

Considering all physical parameters and their comparison with the available litera-
ture, the values derived from iteration 38 proved to be consistent and representative
values for aging simulations of the Ni-GDC anode at the given operating condi-
tions. Figure 3.7 shows the evolution of the initial 3D microstructure and its 2D
cross-sectional view through distinct iterations of the AL framework. Iteration
6 produces a microstructure with an overall 16.6 % error in microstructural pa-
rameters compared to experimental results, while iteration 38 reduces this error
to 7.8 %. The morphological differences between the aged microstructures from
these two iterations are also evident in Figure 3.7. The optimized input physical
parameter values obtained from our AL Bayesian framework in iteration 38 yield
interfacial energies for YniGpc, YGpcrore» and Yipore as 2.43Jm™2, 1.43Jm™2
and 2.10 Jm~2, respectively. These values align well with the available literature
on the surface energies of nickel and ceria, as discussed in Section 3.2. The
excess surface and interface diffusivities of nickel and GDC are DYiFor¢, pNiGDC

Ni,ex > ~ Ni,ex ’

GDCPore NiGDC —22 3 -1 —27 3 1
DGDC’cx , and DGDC,ex’ with values of 4.0x 107 m’s™", 4.0x 107" m’s™",
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4.96x 1072’ m3s™! and 1.14 x 1073 m3s~!, respectively, under the operating
conditions of Ni-GDC at a temperature of 900 °C with a gas composition of
50 % H»/50 % H,O.

(b) (a) Pristine

©
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aging > aging
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Figure 3.7: The figure shows the evolution of the 3D microstructure and its 2D cross-section at
distinct iterations of the AL framework. (a) Initial 3D microstructure for simulation and a
2D cross-sectional view of it, (b) 240h evolved 3D microstructure and 2D cross-section
obtained from the AL framework at iteration 6 with a poor overall error percentage of
16.6, and (c) 240h evolved 3D microstructure and 2D cross-section obtained from the AL
framework at iteration 38 with a best overall error percentage of 7.8. The figure has been
adjusted to the format of this dissertation.

3.5 Interim conclusion

To accurately simulate the aging of Ni-GDC anodes and predict their long-term
behavior under operational conditions, precise parameterization of the phase-
field model is essential. However, this task is made challenging by incomplete
or inconsistent literature data, especially regarding key parameters like surface
diffusivities and interface energies. In this Chapter, we have presented an AL
framework combined with Bayesian optimization, designed to efficiently explore
the high-dimensional parameter space and identify the optimal model parameters
for simulating the aging of Ni-GDC anodes.
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Table 3.4: Overview of the 5 iterations with the best score. The top part of the table shows the values suggested by the Bayesian Oracle for each

of the 7 input parameters that we asked to tune (for ranges of validity, refer to Table 3.1). The bottom part of the table shows the
error obtained for each of the 9 considered microstructure properties in relation to the reference microstructure and the overall score.

Physical parameters iter 19 iter 27 iter 31 iter 37 iter 38
ynigpe Jm™2) 2.98 1.70 1.78 2.68 2.43
YGpcpore Fm™2) 1.53 0.70 0.70 1.28 1.43

YniPore FM™2) 2.50 1.50 1.85 2.50 2.10
DEEEFore (m?s™) 2.16x107°  1.72x10726  2.07x107%  2.16x107%"  4.96x 107
DEERS m’s™h L14x107%  1.72x1073 1.14x107%  1.14x107%  1.14x10™%
DGR (m?s™h) 4.0x1077  1.15x107  540x107%  1.91x107%  4.0x107
Dfere (m’s™h) 4.0x1072  40x1072  40x1072  4.0x1072  4.0x107*
GDC Tortuosity err 3.2e-3 2.8e-3 2.9e-3 2.4e-3 2.7e-3

Pore Tortuosity err 9.8e-4 7.5¢e-4 8.7e-4 5.4e-4 9.6e-4
Ni/GDC Specific Area err 7.9e-5 1.4e-4 6.0e-6 2.1e-5 4.2e-5
Ni/Pore Specific Area err 7.5e-4 2.9e-4 7.4e-4 1.0e-3 9.6e-4
GDC/Pore Specific Area err 3.3e-5 2.9e-4 1.6e-4 8.1e-4 2.3e-4

Total TPB Density err 5.2e-4 7.3e-5 2.6e-4 1.2e-4 1.8e-4

Ni Mean Particle Diameter err 6.0e-4 5.4e-4 6.8e-4 6.2e-4 8.0e-4

GDC Mean Particle Diameter err  1.5e-7 4.4e-5 3.8e-5 1.3e-4 7.8e-5

Pore Mean Particle Diameter err  2.5e-5 3.3e-4 1.6e-4 3.9e-4 1.8e-4

final score 0.078 0.073 0.076 0.078 0.078

uonewns? sijowered [eorsAyd 10y yiomowel ¢



3.5 Interim conclusion

While single-objective optimization can simplify the design process and might be
sufficiently effective in enhancing a particular material property, in the context of
Ni-GDC SOFC anodes, it does not adequately capture the full range of physical
characteristics of the microstructure of interest. This approach can lead to signif-
icant deviations in other critical, descriptive parameters that are not considered,
resulting in possibly suboptimal material performance. Given these limitations,
we transitioned to a multi-objective optimization approach to better address the
complexity of our problem. This shift allows for the simultaneous consideration
of multiple critical microstructure properties, ensuring overall improved solutions.
By employing a scalarization approach, precisely a weighted sum method, we can
aggregate different objective functions into a single objective, thereby balancing
competing criteria and achieving a more comprehensive representation of the
desired microstructure. In the context of SOFCs, we identified a promising set of
solutions with an overall error on the order of 1072 (specifically, between 0.07 and
0.08), indicating a good balance between competing objectives. Moreover, within
this set, we identified results that align with the limited literature data available,
further validating our approach.

In conclusion, the AL Bayesian framework has demonstrated strong performance,
providing good practice for intelligent data selection and model optimization.
Beyond its success in finding physical parameters for Ni-GDC anode microstruc-
ture under given operating conditions, our framework’s generic implementation
ensures its applicability across various other applications. This approach proves
particularly valuable in scenarios where missing parameters need to be inferred or
manual trial-and-error tuning is challenging, extending its utility well beyond the
specific context of this study. Although this work focuses on the Ni-GDC anode
system, the framework can be readily transferable to other SOFC material systems,
such as the widely used Ni-YSZ anodes. For this, FIB-SEM-reconstructed experi-
mental microstructures of Ni-YSZ in both pristine and aged states, together with
appropriate adaptation of material-specific parameter ranges, such as interface
energies and diffusion coefficients, are required for optimization.«
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4 MPF aging simulations of the
Ni-GDC anode: experimental
validation and effects of
interfacial energy’

»The long-term durability of SOFCs requires a comprehensive understanding of
electrode degradation mechanisms. Performance degradation of Ni-GDC elec-
trodes, however, is not yet thoroughly understood, limiting their effective design
and advancement. MPF simulation studies provide an effective method to under-
stand the underlying microstructural changes and the resulting electrochemical
property alterations in SOFCs over time. In this Chapter, quantitative simulations
of nickel and GDC coarsening in SOFC anodes employing an MPF model utilizing
FIB-SEM reconstructed experimental 3D microstructures and reliable thermo-
physical parameters, derived in Chapter 3 through a Bayesian active learning
framework, are presented. The model is initialized with experimentally recon-
structed pristine and pre-aged Ni-GDC microstructures and validated against
aged experimental microstructures after 240 and 1100 operating hours. Key mi-
crostructural properties, mean particle size, TPB density, tortuosity, and specific
surface areas, are evaluated to assess degradation. Furthermore, large-scale aging
simulations of up to 60,000 aging hours are being investigated, as well as the
influence of interfacial energies on long-term degradation by considering distinct

I'The content of this chapter has been taken directly from Jeela et al. [74] with minor linguistic changes.
Additional content concerning large-scale aging simulations over the operational lifetime of the solid
oxide fuel cell is considered. The figures have been adjusted to the format of this dissertation.
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thermodynamic equilibrium contact angle scenarios at the triple junction and the
formation of layers around particles in Ni-GDC systems.

4.1 Model parameters

Accurately simulating the aging process in Ni-GDC anodes and reliably predicting
their long-term behavior under operating conditions requires accurate parame-
terization of the phase-field model. However, the scarcity and inconsistency
of literature data render this task considerably more challenging, especially for
critical parameters such as surface diffusivities and interfacial energies for the Ni-
GDC system. Although data for similar systems, such as Ni-YSZ, can be obtained
from the literature, these details are not available for Ni-GDC, which presents
a significant challenge. To address these limitations, an active learning (AL)
framework with integrated Bayesian optimization was implemented as shown in
Chapter 3. This approach was specifically designed to efficiently navigate the
high-dimensional parameter space and enable the identification of optimal model
parameters for simulating the aging behavior of Ni-GDC anodes. With the help
of this framework, a promising set of parameter values that not only optimize
the model but also match the existing literature’s data was identified. From the
parameter optimization of the AL-Bayesian framework, interfacial energy values
of YNiGDC» YGDCPore» a0 Yipore as 2.43Tm ™2, 1.43Tm™2 and 2.10 Jm™~2, respec-
tively, were obtained. These values are consistent with literature-reported surface
energies. For nickel, surface energies are reported in the range of 1.6Jm™2—
2.5Jm™2 [181, 185, 187, 206]. Similarly, the surface energies of GDC for the
{100}, {110}, and {111} orientations are 1.46Jm~2,0.90Jm~2 and 0.74 Jm~2 re-
spectively, as reported in ref [196]. Experimental studies employing the multiphase
equilibration technique estimated the surface energy of CeO; in an argon atmo-
sphere at 900 °C to be approximately 1.80 Jm~?2 through extrapolation [194]. Ad-
ditionally, the optimized excess surface and interface diffusivities for the Ni-GDC
system were determined as follows: Dﬁ’f&’e’ Dﬁﬁfc, Dgggi’;’e, and Dg’%;gecx,
with values of 4.0x 1072 m3s™!, 4.0x 1072 m3s~!, 4.96 x 1072’ m?s~! and
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1.14x 1073 m3s™!, respectively, from AL Bayesian framework. These values
correspond to operating conditions for Ni-GDC anodes at a temperature of 900 °C
with a gas composition of 50 % H,/50 % H,O in the SOFC mode.

For simplification of the analysis, the parameters of the phase-field model are
represented in a model-specific system of units, where u;,ug, and u, denote
the characteristic units of length, energy, and time, respectively. The length
unit u; is determined by the resolution of the original microstructure (Ax). The
units of energy and time are linked by the surface energy of the nickel, yyipore,
the surface diffusivity of the nickel, Dﬁ’lpé’; ¢, and the operating temperature, 7'
(refer to eq (2.47)). A detailed parameterization of the model can be found in
Table 4.1. The interfacial mobilities, m g, are selected to remain sufficiently low
to ensure that the system operates in the surface diffusion-controlled regime (cf.
[[108], eq (99) ff]), thus preventing these mobilities from becoming the dominant
rate-limiting factors. Equilibrium compositions ¢ eq which correspond to the
minima of the parabolic free energy function, are assigned distinct values of 0.1
and 0.9, allowing a clear distinction between the phases, such as Ni-rich and
Ni-poor regions. The pre-factor A; in the parabolic free energy formulation, which
characterizes the strength of immiscibility, is chosen to ensure consistent volume

conservation throughout the simulation.

For the investigation of the influence of different scenarios of contact angles, the
following selection strategy is considered. Since both the Ni and GDC phases
evolve over time in these systems, scenarios in which Ni transitions from dewet-
ting to wetting and a similar transition for GDC are investigated independently.
Sufficient differences in contact angles are chosen between the simulation cases
to ensure that any trends observed in the results draw reliable conclusions about
variations in contact angle. While smaller contact angles, such as 60° or 75°, may
not be achievable experimentally without particular additives or preparation, this
study provides valuable insight into whether improved wetting characteristics
could contribute to mitigating anode-side degradation. It should be noted that
experimental findings of Ni-GDC in the literature reported on the formation of a
GDC layer around the nickel [83, 86], and the present investigation may provide
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Table 4.1: The phase-field model parameters employed in the coarsening simulations of the Ni-
GDC anode. These parameters are derived from the physical properties of the material
system and represented in a model-specific system of units. The model units are stated as
u; =50nm, ug =5.25x 107 ), u, = 1.72s. Physical parameter values for both surface
and interfacial diffusion coefficients and energies at a temperature of 900 °C with a gas
composition of 50 % H»/50 % H,O were adopted from earlier Chapter 3 and converted into
the corresponding model parameters.

Parameter (symbol)

Value
(model units)

Value
(physical units)

Ni-surf. chem. mobility ( MII\IViiPore )

Ni-nickel/GDC interf. chem. mobility (MJPC)

GDC-surf. chem. mobility (MSEP)
GDC-nickel/GDC interf. chem. mobility (M,
Interfacial energy Ni-Pore (ynipore)
Interfacial energy Ni-GDC (ywniGpc)
Interfacial energy GDC-Pore (yGpcrore)
Interface mobility Ni-Pore (muyipore)
Interface mobility Ni-GDC (myigpc)
Interface mobility GDC-Pore (mgpcpore)
Interface width parameter (€)

Voxel-size (Ax =Ay =Az)
Thermodynamic prefactor Nickel (A;)
Thermodynamic prefactor GDC (Agpc)

NiGDC
GDC

)

0.1 ulﬁ/(uEu,)

1.0x 1076 uf/(uEu,)
4.37x 1078 ub/ (ugu,)
1.0x 10712 ulﬁ/(uEut)

1.0 ME/MIZ

1.16...0.47 ug /u?
0.68...1.87 up /u?

0.1 u?/(uEut)
0.1 u?/(uEut)
0.1 u?/(uEu,)
2.0 ug

1.0y

5 ulg/ul3

50 uE/u?

1.73x 1073122
1.73x 1073022
7.55% 10736 20
1.73x 107222

2.1
m
2.43...0.98-%
m
1.43...3.92-%
m

6.92x 10717
6.92x 10717
-17 m*
6.92x 107172
100 nm
50 nm
2.1x 108 %
m
2.1x10° %
m

additional insight into such dynamics. Nevertheless, it is important to note that

exploring the practical feasibility of improving the wetting properties of nickel or

GDC in Ni-GDC systems is beyond the scope of this work.
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4.2 Microstructural evolution of 3D Ni-GDC
anode: comparative analysis of simulation
and experimental results

In this Section, we present an analysis of microstructural evolution in Ni-GDC an-
odes using multiphase-field coarsening simulations and experimental results. Our
approach couples 3D FIB-SEM reconstructions of experimental microstructures
with phase-field modeling to predict and gain insights into the aging process of
Ni-GDC anodes under high temperatures of 900 °C in a reducing atmosphere of
50 % H,/50 % H, O, without including electrochemical charge-transfer processes.
Here, we employ two experimental microstructures as inputs for the phase-field
simulations: a pristine Ni-GDC anode microstructure and an anode after 240
hours of experimental aging. Thereafter, we perform the phase-field simulations
on two distinct initial microstructures: 1100 hours on the pristine microstructure
(corresponding to the first validation scenario) and 860 hours on the pre-aged
microstructure (extending the predictions to two distinctive initial microstructures).
With this approach, we compare the simulation results with those of experimen-
tally aged microstructures after 240 and 1100 hours. By employing pristine and
pre-aged reference microstructures, the predictability of the model under different
initial conditions is evaluated, as well as the influence of local microstructural
inhomogeneities on the aging behaviour. This multi-faceted approach enables the
robust validation of our phase-field results and provides a deeper understanding of
the complex microstructural evolution in Ni-GDC anodes, which is essential for
predicting and optimizing the long-term performance of SOFCs.

Three experimental cells at different stages of aging were subjected to FIB-SEM
3D reconstructions: pristine, after 240 hours of operation, and after 1100 hours of
operation (see Figure 4.1). In all three reconstructed cells, a similar composition
is observed (see Table 4.2). The differences in phase volume fractions among
the pristine and aged experimental microstructures in Table 4.2 most probably
result from slight inhomogeneities across the anode samples from the same batch.
Holzer et al. [86] observed standard deviations of about 2 % in the average volume
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Table 4.2: Structural properties of pristine, 240h aged, and 1100h aged FIB-SEM 3D reconstructed
experimental microstructures of the Ni-GDC anode.

Pristine  240h aged  1100h aged

Parameter Symbol Exp. Exp. Exp.
Ni vol.% Vi 22.44 22.43 21.87
GDC vol.% Vepe 41.38 39.84 40.81
Pore vol.% Vpore 36.18 37.73 37.32
Total volume (um?) V 6666 4800 5104
Voxel size (um) Ax=Ay=Az 0.05 0.05 0.05

fractions of all three phases in four nominally identical samples and attributed
these discrepancies to sample production variations and possible preparation
effects. Similar variations could thus be observed in the samples utilized for the
aging experiments in this work. Liu et al. [§9] also reported from experimental
observations that pristine and aged cells showed fairly similar overall compositions,
further indicating that these observed variations are due to minor sample-to-
sample differences. These reconstructions enabled the quantification of key
microstructural characteristics of the Ni-GDC anode, as shown in Table 4.3, and
provided insight into microstructural evolution over time. The density of the TPB
lines, representing electrochemically active sites, decreased from an initial value
of 1.82um™2 in the pristine anode to 1.55 um~2 after 240 hours of operation, a
reduction of 14.8 %. This decrease continued during prolonged aging, with the
TPB density decreasing further to 1.41 um~2 after 1100 hours, corresponding
to an overall reduction of 22.5 % compared to the initial state. Similarly, the
density of the DPB area — another key parameter representing electrochemically
active sites in Ni-GDC anodes — also showed a decrease in value. The DPB
density decreased from an initial value of 1.50 um~! to 1.38 um~" after 240 hours,
corresponding to an 8 % reduction, and further decreased to 1.31 um™' after 1100
hours, corresponding to an overall reduction of 12.7 %.

Experimental studies showed that higher DPB density increases the electrochemi-
cal activity in Ni-GDC anodes. Nakamura et al. [207] reported an extension of
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Pristine 240h aged 1100h aged
Experimental Experimental Experimental

Figure 4.1: FIB-SEM 3D reconstructed pristine Ni-GDC anode microstructure alongside experimen-
tally aged samples from the same batch after 240 and 1100 hours.

the active reaction zone beyond the TPB to the GDC/gas interface in ceria-based
anodes, with an increased GDC surface area improving performance. Consistent
with this, Chueh et al. [22], utilizing well-defined ceria metal structures, demon-
strated that H, oxidation at equilibrium occurs predominantly via electrocatalysis
at the oxide/gas interface, with limited contribution from conventional TPBs.
These results highlight the crucial role of DPBs (GDC/pore interfaces) in lowering
the activation overpotentials for hydrogen oxidation. These observed reductions
in both TPB and DPB density over aging suggest a deterioration in the overall
electrochemical performance of the Ni-GDC. Although the pristine and aged
microstructures were reconstructed from different domains, both microstructures
correspond to the central regions of the anode, thereby minimizing edge effects and
spatial heterogeneity. Statistical analysis of four non-overlapping /2 subdomains
of the original microstructure in Section 2.9 revealed coefficients of variation (CV)
between 0 %—2 % for all properties, suggesting negligible spatial variations. In
addition, the original microstructure volume exceeds the representative volume
element (RVE) threshold of 10° particles, above which most properties converge
to stable values as reported by Joos [167].
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Table 4.3: Microstructural characteristic properties of pristine and aged Ni-GDC anodes: comparative
analysis of experimental aging with simulations

Pristine 240h Sim. 240h 1100h Sim. 1100h Sim. 1100h

Parameter Exp. Input: pristine Exp. Input: pristine Input: pre-aged Exp.
Ni/Pore SSA (um~") 0.37 0.31 0.33 0.29 0.29 0.31
GDC/Pore SSA (um™')  1.50 1.44 1.38 1.39 1.32 1.31
Ni/GDC SSA (um™!) 0.67 0.62 0.61 0.61 0.56 0.60
GDC tortuosity (—) 2.57 2.50 3.09 242 2.68 3.08
Pore tortuosity (—) 257 255 236 2.59 237 2.38
Total TPB density (um~2) 1.82 1.52 1.55 1.40 1.31 1.41
Nickel mean dia. (um) 0.91 0.955 1.04 0.966 1.08 1.111
GDC mean dia. (um) 0.59 0.60 0.62 0.62 0.64 0.663
Pore mean dia. (um) 0.60 0.63 0.68 0.66 0.71 0.723

4.2.1 Phase-field simulations of 1100h aging: employing
a pristine Ni-GDC anode as input

As described in the previous subsection, a pristine FIB-SEM reconstructed ex-
perimental microstructure of the Ni-GDC anode was employed as the initial
reference for phase-field simulations. Aging simulations were performed for up
to 1100h, and the microstructural properties at 240h and 1100h were compared to
experimentally aged counterparts (see Table 4.3). A comprehensive understand-
ing of Ni-GDC anode degradation requires the analysis of several interrelated
microstructural properties. To ensure accurate validation of experimental and sim-
ulated microstructural evolutions, replication of key features of the microstructure
is essential. Therefore, we considered nine critical parameters: specific interface
areas (Ni/Pore, GDC/Pore, and Ni/GDC), tortuosity of GDC and pore phases,
TPB density, and mean particle diameters of Ni, GDC, and Pores.

Comparison of experimental and simulated results after 240h of aging
The evolution of specific surface areas in the simulations aligns well with experi-
mental data, with deviations of 6 % for Ni/Pore and 2 % for Ni/GDC interfaces.
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The GDC/Pore interface, which presents DPBs essential for electrochemical reac-
tions, shows a 4 % deviation. The tortuosity values show larger discrepancies, with
deviations of 19 % for GDC and 8 % for pores. These differences might be due to
their more localized property nature (high sensitivity against local microstructural
changes) and not uniformly homogeneous transport paths across the structure.
The tortuosity values for the Ni phase are not specified in Table 4.3 as the phase
is non-percolating. As a result of isolated and poorly connected Ni particles, the
nickel phase remains too disconnected to determine a finite tortuosity value. In
the literature, such instances are often stated as undefined or infinite tortuosity.
The total TPB density, a key parameter for electrochemical activity, differs by
about 2 %, demonstrating close agreement between the phase-field simulation and
experimental aging results. Experimentally, the morphological evolution of Ni
and GDC during aging is observed [83, 86, 89], indicated also by the increase in
the mean particle diameter. The deviations in the mean particle size are 8 % for
Ni, 3 % for GDC, and 7 % for pores. Thus, except for the tortuosity of GDC, all
the microstructural characteristics predicted by the phase-field simulations remain
within 8 % deviation from the experimental values over the aging, demonstrating
the predictive capability of our phase-field model on the microstructural evolution
of Ni-GDC anodes. To further illustrate the microstructural evolution, the 3D
morphological microstructure evolution and a 2D cross-section of it are shown
over the aging times of 0, 240, and 1100h in Figure 4.2.

Comparison of experimental and simulated results after 1100h of
aging The deviations in the microstructural properties of simulations and ex-
periments observed after 1100h of aging are consistent with those observed after
240h. Interestingly, a notable discrepancy is observed in the evolution of the
mean nickel particle diameter. In simulations, the mean nickel diameter remains
nearly unaltered, increasing slightly from 0.955 pm at 240h to 0.966 um at 1100h.
On the contrary, the experimental results show a clear increase from 1.04 um to
1.11 ym in the same period (see Table 4.3). Multiple factors might contribute
to this discrepancy. Nickel particles are coarser than GDC particles (0.91 um
compared to 0.59 pm in the pristine state), and the non-percolating nickel phase

115



4 MPF aging simulations of the Ni-GDC anode: experimental validation and effects of interfacial
energy

(a) Pristine 240h aged 1100h aged
Experimental Simulations Simulations

Numerical simulations using
Multiphase-field method

il o

Figure 4.2: Phase-field simulation of the (a) 3D microstructure and (b) 2D cross sections at different
aging times of Oh, 240h, and 1100h using the pristine microstructure as initial input.

accounts for only 22.4 % of the total domain volume, compared to 41.4 % for
GDC and 36.2 % for pores. This limited connectivity may hinder coarsening
mechanisms, as isolated Ni particles present fewer possibilities for coarsening
through particle interactions. Furthermore, slight inhomogeneities in the nickel
particle distribution across the cell may amplify the deviations between the sim-
ulated and experimental microstructures, given the lower volume fractions of
nickel. Additionally, the 3D reconstruction and segmentation methods, as well as
the diffusivity and energy parameters derived from the Bayesian multi-objective
optimization approach, may also introduce some possible associated errors.
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4.2.2 Phase-field simulations of 860h aging: employing
a pre-aged (240h) Ni-GDC anode as input

To further investigate the predictive capability of our phase-field model for simu-
lating the microstructural evolution of Ni-GDC anodes and to examine the influ-
ence of local microstructural inhomogeneities on the aging behavior, phase-field
simulations are performed using a pre-aged (240h) experimental FIB-SEM recon-
structed 3D Ni-GDC anode microstructure as the initial condition. Simulations
are performed for an aging duration of 860h on a pre-aged (240h) Ni-GDC anode,
effectively resulting in a 1100h aged microstructure. The resulting microstructural
properties are then compared to the experimentally aged microstructure of 1100h
(see Table 4.3). As shown in Table 4.3, all microstructural properties show similari-
ties in their evolution behavior between simulations and experiments. In particular,
the mean nickel particle diameter increased from 1.04 pm to 1.08 um in simula-
tions, compared to an increase from 1.04 um to 1.11 ym in experiments. This
corresponds to a deviation of about 3 %, a significant improvement in accuracy
compared to simulations with a pristine microstructure as an initial condition. In
conclusion, these results demonstrate that the initial morphological configuration
of the Ni particles — and the associated inhomogeneities in the cell — play a role
in attaining agreement between experimental and simulated results, in addition
to the model’s predictive capability. Further quantitative analyses show that the
GDC/Pore-specific surface area deviates just about 1 %, while the total density of
the TPBs deviates by 7 %. Except for GDC tortuosity deviating about 13 %, all
other microstructural property deviations remain below 7 %, which shows a fur-
ther better agreement with experimental data compared to phase-field simulations
initiated with the pristine microstructure. The 3D morphological evolution and a
corresponding 2D cross-section of the microstructure over the aging periods of
240h, 670h, and 1100h are shown in Figure 4.3.

All simulated microstructural parameters indicate qualitative agreement and good
quantitative accuracy with the experimental results, except for the GDC tortuosity.
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Figure 4.3: Phase-field simulation of the (a) 3D microstructure and (b) 2D cross sections at different

118

aging times of 240h, 670h, and 1100h using the pre-aged (240h) microstructure as initial
input.

* Evolution of degradation kinetics: In experiments, local GDC diffusion

values resulting from spatial Po, gradients may deviate from the global
value. Furthermore, this work considers and assumes a uniform Ni/GDC
wettability over the entire domain due to a lack of experimental findings or
data. However, inclusion of a spatially dependent wettability could provide
an improved representation of the local GDC redistribution. Additionally,
as tortuosity is highly sensitive to local variations in particle connectivity or
isolation, as opposed to the volume properties (which are less affected by
such local events), minor particle isolation or changes in percolation can
alter values significantly.

Holzer et al. [86] and Sciazko et al. [208] reported that in the early stages,
coarsening dominates, while in the later stages, an interplay between Ni
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coarsening and GDC layer formation leads to more complex microstructural
evolution. In the current work, a static Ni/GDC wettability is assumed
from the initial stage, while the wettability in experiments may evolve
dynamically with the local conditions, microstructure redistribution, and
over longer aging times.

* Statistical representativeness of the simulated sample volume: Variations in
tortuosity may partly result from sample-to-sample differences or segmen-
tation inaccuracies. However, the FIB-SEM reconstructions in this study
were systematically performed at central anode regions where microstruc-
tural homogeneity is highest, thereby minimizing spatial heterogeneity.
In Section 2.9, statistical analysis of four non-overlapping half-volume
subdomains showed coefficients of variation of only 0 %—2 % for key char-
acteristics, confirming very low variability. As microstructural changes of
this magnitude are within the methodological standard deviation reported
by Holzer et al. [86], domain representativeness is unlikely to contribute
significantly to the observed discrepancies between GDC tortuosity trends
in simulations and experiments.

* Accuracy of the model parameters: The present work employs Ni-GDC
parameters derived through an Active Learning framework with Bayesian
optimization utilizing experimental microstructures operated at high tem-
peratures of 900 °C in a reducing atmosphere of 50 % H,/50 % H,O under
OCYV conditions (see Chapter 3). While this approach provided an optimized
parameter set consistent with the available literature, further refinement
through multi-objective approaches (e.g., evolutionary algorithms) could
improve the accuracy of the parameters. Simulations demonstrate a slower
GDC coarsening rate than experiments, as reflected in the slower evolution
of the mean particle diameter, suggesting a lower GDC diffusion coefficient
used in the model.

The observed discrepancy between simulations and experimental results could be
attributed to several factors, as outlined above.«
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4.3 Large-scale aging simulations

This Section presents findings from a multiphase-field simulation analyzing mi-
crostructural coarsening over a period of 60,000 hours under operating conditions
of 900°C with a gas composition of 50 % H,/50 % H,O. SOFCs are required
to operate for more than 40,000h (approximately 4.6 years) to be considered
commercially viable, with a potential lifetime extending up to 80,000h [209].
However, conducting experimental aging tests over such a long duration, particu-
larly to capture microstructural evolutions and extract FIB-SEM reconstructions
at several time intervals for quantitative analysis, is extremely resource-intensive
and time-consuming. In this work, phase-field simulations, validated against
experimental FIB-SEM reconstructed 3D microstructure of SOFC anodes up to
1,100 hours, are further extended to predict microstructural evolution over several
thousand hours. Employing an optimized, vectorized solver capable of perform-
ing large-scale computations, simulations are conducted for aging durations of
60,000h to analyze time-dependent microstructural and property changes. These
simulations employ a FIB-SEM reconstructed pristine 3D microstructure as the
initial condition. Large-scale simulations are performed on the BwUniCluster
high-performance computing system using 1,656 cores over approximately 10
days, resulting in an aging period corresponding to 60,000h for the Ni-GDC
anode microstructure. The resulting morphological evolutions of the Ni-GDC
anode microstructure at 30,000h and 60,000h are shown in Figure 4.4. To compre-
hensively evaluate anode aging, this analysis focuses on the temporal evolution
of key microstructural and electrochemically relevant properties, including the
mean particle diameters of Ni, GDC, and pores, as well as TPBs, DPBs, and
phase tortuosities. These microstructural properties were evaluated at intervals
of 500h to quantify and describe the evolution. The objective here is to evaluate
the degradation of these key parameters over the operational lifetime of the SOFC
anode.

Evolution of microstructure and particle size Figure 4.5 shows the evo-
lution of the 3D microstructure along with the corresponding 2D cross-sections
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Pristine 30,000h aged 60,000h aged
Experimental Simulations Simulations

Numerical simulations using >
Multiphase-field method

Figure 4.4: Phase-field simulation of the (a) 3D Ni-GDC SOFC anode microstructure and (b) 2D
cross sections at different aging times of Oh, 30,000h, and 60,000h using the pristine
microstructure as initial input.

of the nickel phase at aging times of Oh, 30,000h, and 60,000h. Due to the rela-
tively low volume fraction of nickel (around 22 %) and the presence of largely
isolated, non-percolating Ni particles in this specific configuration, only limited
morphological changes can be observed over the simulated duration. The con-
tinuous particle size distributions of the nickel phase at selected aging times (Oh,
500h, 30,000h, and 60,000h) are shown in Figure 4.6(a). The cumulative distri-
butions exhibit a nearly symmetrical sigmoidal shape with minimal variations
over time. The mean particle diameter was determined by initially deriving parti-
cle size distributions from the cumulative distributions and then fitting them to
a log-normal distribution. All three phases were consistently well represented
by a log-normal distribution throughout the aging process, as the coefficient of
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Figure 4.5: Phase-field simulation of the (a) Ni phase 3D morphology and (b) 2D cross sections at
different aging times of Oh, 30,000h, and 60,000h using the pristine microstructure as
initial input.

determination (R-squared) values were in the range of 0.94-0.99 in all cases. As
shown in Figure 4.6(b), the nickel phase shows a relatively rapid initial increase
of 4.1 % within the first 1,000h (0.91 pm—0.947 um), followed by a pronounced
plateau during which the mean diameter increases further by only 1.5 % over the
remaining 59,000h, reaching a value of 0.961 um at 60,000h. The coefficient of
variation (CV), which quantifies the relative (size-normalized) spread of each
distribution, decreases for the nickel phase from 0.396 to 0.390 over 60,000h,
corresponding to a negligible change of 1.4 %. These values are consistent with
nickel’s coarsening being effectively hindered after the initial hours, so that its
distribution shape, as well as its mean size, becomes stable relatively quickly
and subsequently changes marginally. These results indicate that microstructural
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Figure 4.6: (a) Continuous particle size distributions of the nickel phase at selected aging times up to
60,000h; (b) Evolution of the mean nickel particle diameter over the same duration.

configurations with a lower nickel volume fraction, characterized by predomi-
nantly isolated particles, exhibit comparatively higher morphological stability of
the nickel phase, even over extended operating periods of up to 60,000 hours.

Figure 4.7 shows the evolution of the 3D microstructure along with the corre-
sponding 2D cross-sections of the GDC phase at aging times of Oh, 30,000h, and
60,000h. Despite the comparatively high volume fraction of GDC (approximately
41 %) and lower initial mean particle diameter of about 0.6 um compared to the
nickel phase (0.91 pm), the morphological evolution in the GDC phase proceeds
slowly due to its much lower diffusivity values (by about four to five orders of
magnitude). Nevertheless, significant changes in morphology can be observed
over the simulation period of 60,000h, as illustrated by the 2D cross-sections at
30,000h and 60,000h (see Figure 4.7(b)).

The continuous particle size distributions of the GDC phase at selected aging
time periods (Oh, 500h, 30,000h, and 60,000h) are shown in Figure 4.8(a). Over
time, these distributions shift toward larger particle sizes, indicating continuous
coarsening. The coefficient of variation decreases from 0.301 to 0.281, corre-
sponding to a moderate narrowed range of about 6.6 %. In contrast to the nickel
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Figure 4.7: Phase-field simulation of the (a) GDC phase 3D morphology and (b) 2D cross sections
at different aging times of Oh, 30,000h, and 60,000h using the pristine microstructure as
initial input.

phase, the GDC phase exhibits sustained, unsaturated growth throughout the entire
aging period. The mean particle diameter increases by 26.4 % from 0.605 ym to
0.765 um (see Figure 4.8(b)). During the first 30,000 hours, the diameter increases
to about 0.72 um, followed by a slower but sustained growth to 0.765 um over the
next 30,000 hours. These results show that the GDC phase, unlike conventional
Ni-YSZ anodes, in which the ceramic phase is often considered stable, undergoes
significant evolution over the course of long-term operation. Although nickel
coarsening becomes negligible in this specific configuration after the first thousand
hours, it is expected that the continued evolution of the GDC phase influences the
microstructural properties and may affect the TPB and DPB densities over longer
operating times.
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Figure 4.8: (a) Continuous particle size distributions of the GDC phase at selected aging times up to
60,000h; (b) Evolution of the GDC particle diameter over the same duration.

Figure 4.9 displays the evolution of porosity resulting from the combined morpho-
logical changes in the nickel and GDC phases within the Ni-GDC microstructure,
along with the corresponding 2D cross-sections at aging times of Oh, 30,000h, and
60,000h. Over the simulation period of 60,000h, significant changes in the pore
structure can be observed, as indicated from the coarsening and redistribution of
the pores in the 2D cross-sections at 30,000h and 60,000h (see Figure 4.9(b)).

The continuous PSD of the pore phase at selected aging time points of Oh, 500h,
30,000h, and 60,000h is shown in Figure 4.10(a). Similar to the GDC phase, the
distributions shift progressively toward larger pore sizes, indicating continuous
coarsening. However, the rate of this shift decreases at later aging stages. The
coefficient of variation decreases from 0.416 to 0.303, which corresponds to a
considerable relative reduction of about 27 % and indicates a significant narrowing
of the pore size distribution. During the entire duration of the simulation, the
pore phase exhibits continuous growth in mean pore size, which increases by
48.6 % from 0.592 pm to 0.880 um (see Figure 4.10(b)). This increase in pore size
over longer operating times could contribute to improved gas transport within the
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Figure 4.9: Phase-field simulation of the (a) Pore phase 3D morphology and (b) 2D cross sections
at different aging times of Oh, 30,000h, and 60,000h using the pristine microstructure as
initial input.

Ni-GDC microstructure and potentially enhance the effective supply of reactants
to the electrochemical reaction sites.

TPBs and DPBs evolution Figure 4.11 shows the spatial distribution of
the TPBs within the 3D microstructure of the Ni-GDC anode in its initial state
and after 60,000h of aging. The TPB distributions clearly indicate a significant
decrease in density over longer periods of operation. The evolution of the total TPB
density over an aging period of 60,000h is shown in Figure 4.12(a). Consistent
with the initial rapid coarsening of the nickel phase, the TPB density shows
a sharp decline in the early stages of aging, followed by a slower decrease as
aging progresses. In the later stages, the continued coarsening of the GDC phase
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Figure 4.10: (a) Continuous PSD of the Pore phase at selected aging times up to 60,000h; (b) Evolution
of the mean Pore diameter over the same duration.
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Figure 4.11: Distribution of TPBs within the 3D Ni-GDC anode microstructure at the pristine state

and after 60,000h of aging, obtained from MPF simulations, with color-coded TPB
segments.
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contributes to a further, gradual decrease in TPB density. Overall, the evolution of
TPB density shows an inverse correlation with the increase in the mean particle
diameters of both the Ni and GDC phases. After 60,000 operating hours, the TPB
density decreases by about 40 % relative to its initial value, indicating a significant
loss of electrochemical reaction sites and a corresponding degradation in cell
performance. Notably, around 36 % of this decline occurs within the first 30,000h,
while another 4 % decline is observed in the following 30,000h. This trend aligns
with the temporal evolution of the GDC particle size, which shows higher growth
rates during the first 30,000h, followed by slower coarsening over the subsequent
30,000h. The overall microstructural evolution is determined by the combined
effects of nickel and GDC coarsening, coupled with interfacial phenomena such
as dewetting at Ni/GDC interfaces, which further contribute to the complexity of

TPB density degradation.
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Figure 4.12: Evolution of (a) TPB density and (b) DPB density in Ni-GDC SOFC anode microstructure
over an aging period of 60,000h, estimated using MPF simulations.

The evolution of the DPB density over an aging period of 60,000h is shown in
Figure 4.12(b). In the Ni-GDC SOFC anode, DPBs provide additional electro-
chemical reaction sites due to the mixed ionic and electronic conductivity of GDC.
Over the 60,000h aging duration, the DPB density exhibits a monotonic decline
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with a total reduction of about 27 %. As with the TPB evolution, this decline
in DPB density is expected to contribute to a degradation in cell performance.
The reduction in DPB density could be primarily attributable to the coarsening
of the GDC phase, which leads to a decrease in the total GDC surface area and a
corresponding reduction in the interfacial areas between the GDC and the pores.

Tortuosities evolution The temporal evolution of phase tortuosity, used to
quantify the effective transport pathways for electrons, ions, and gas, is shown in
Figure 4.13. In Ni-GDC anodes, the GDC phase also exhibits electronic conductiv-
ity that is one to two orders of magnitude higher than its ionic conductivity, thereby
reducing the likelihood of electron transport being the limiting step in the electro-
chemical reactions [210]. Consequently, the tortuosity of the nickel is less critical
in Ni-GDC systems with non-percolating nickel, such as in this configuration; the
effective electronic conductivity is largely determined by the GDC phase. The
evolution of GDC mean tortuosity over 60,000h (See Figure 4.13(a)) shows only
a slight decline, suggesting that both the ionic and electronic transport pathways
remain largely stable. Although some local coalescence of the GDC particles
occurs, the high volume fraction, the smaller initial mean particle size, and the
low diffusivity of GDC seem to favor the formation of smoother, more continuous
networks, thereby maintaining long-range connectivity over time. In contrast, the
pore tortuosity (See Figure 4.13(b)) exhibits a discontinuous, non-monotonic, and
weakly correlated behavior with the evolution of pore size. These findings reflect
the complex microstructural evolution of both nickel and GDC coarsening, as well
as interfacial dynamics, making direct correlations with morphological evolution
and pore tortuosity less straightforward. Overall, pore tortuosity remains relatively
unchanged over 60,000 hours, indicating that the gas transport pathways remain
largely stable throughout the aging period.
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Figure 4.13: Evolution of the mean tortuosities of (a) GDC and (b) Pore in the microstructure of the
Ni-GDC SOFC anode over an aging period of 60,000h, estimated using MPF simulations.

4.4 Sensitivity analyses of physical parameters
- influence of interfacial energies on anode
stability

»Investigations into the sensitivity of parameters such as the surface and interfacial
energies of the system on long-term stabilities and durabilities of Ni-GDC SOFC
anode microstructure are carried out. Three different thermodynamic equilibrium
scenarios are incorporated into the simulation studies through sets of surface and
interfacial energy values. The contact angles at the triple point are indirectly
controlled via the interfacial energies vy ,g in the current model. The wettability
between Ni and YSZ is directly related to the aggregation and coarsening behavior
of the Ni particles and affects the long-term stability of SOFCs [82, 94, 98].
While phase-field studies exist on the influence of the contact angle between Ni
and YSZ on microstructural evolution and thereby properties [91, 92, 94, 98],
systematic phase-field studies of microstructural evolution for the Ni-GDC system,
where two phases simultaneously evolve, are lacking. To investigate these effects,
two additional phase-field simulations with the changes in the surface energies
of GDC and the interfacial energy of Ni-GDC are carried out, with changes
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to surface and interfacial energy parameters obtained from an ML Bayesian
active learning framework. In the literature, both coarsening of Nickel and GDC,
as well as a smoothing layer of GDC around nickel phenomena, are observed
for Ni-GDC systems [83, 86, 89]. However, the mechanisms responsible for
such phenomena are not yet fully understood. Analysis of these morphological
evolutions provides additional insight into the underlying mechanisms and the
impact on microstructural properties.

Ni wettability on YSZ is known to significantly influence the stability of the
TPB active sites and phase contiguity in Ni-YSZ fuel electrode cell anode mate-
rials [92, 98]. The durability of conventional Ni-YSZ composite electrodes can,
therefore, be improved by controlling the Ni wettability on the YSZ surface. Jiao
et al. [82, 94, 205] systematically investigated the effects of polarization on the
morphological evolution of Ni in both SOFC and Solid Oxide Electrolysis Cell
(SOEC) modes using a patterned Ni film electrode. From their results, it was found
that the wettability of Ni on YSZ significantly improves during SOFC operation.
This behavior was attributed to the adsorption of oxygen species on the Ni surface,
influencing both the surface energy of Ni and the adhesion work at the Ni-YSZ
interface. The activity of oxygen adsorbed on the Ni surface was correlated with
the equivalent partial pressure of H,O and equated to an atomic percentage (at. %).
With H,O partial pressure in the range of 0.8 atm to 0.994 atm, and just before
Ni oxidation occurs, the Ni contact angle is predicted to decrease sharply from
about 110° to below 30°. These experimental results, together with previous
studies on Ni-YSZ systems, provide a basis for investigating the influence of the
wetting behavior of Ni on the microstructural evolution of Ni-GDC. Since both Ni
and GDC undergo morphological changes during operation, understanding their
wetting interactions is essential to the optimization of Ni-GDC anodes and the
improvement of their long-term performance.

Here, a contact angle 6, < 90° indicates a wetting behavior, while 6, > 90°
indicates dewetting. The relationships at the triple junction in equilibrium can be
expressed as follows:

YNiGDC *+ YNiPore €08 (Oni) +YGDCPore €08(8Gpc) = 0, 4.1)
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YGDCPore Sin(eGDC) = YNiPore Sin(GNi)~ (42)

Here, ynipore» YoDCPore» and ynigpce denote surface energies of Ni and GDC with
the pore phase and the interfacial energy between Ni and GDC, respectively. 6y;
and Ogpc represent the contact angles of the nickel and GDC phases, respectively.
Surface and interfacial energies obtained from Bayesian active learning studies
are YniGpC» YNiPore a0d YGDCPore aS: 2.43 Jm=2,2.10Jm~2 and 1.43Jm~2 respec-
tively (see Chapter 3), and the computed equilibrium contact angles for Ni, GDC,
and the pore phase in this configuration are 8y; —6Gpc —Opore as 144°—121°-95°
respectively. We selected the other two contact angle configurations based on
two main criteria. Firstly, the variation in the angles studied needs to be suffi-
ciently large to ensure that observed trends in the simulations could be attributed
to changes in the relevant contact angle configurations. Secondly, both scenar-
ios of Ni and GDC wetting in the Ni-GDC system needed to be covered. A
lower bound of 60° is selected for nickel contact angle 8y;, consistent with re-
ported experimental values in Ni-YSZ systems under polarization [82]. The
other two configurations of contact angles are as follows: Oy; —8cpc — Opore as
60° —152° - 148° and 144° —60° — 156°. The presented simulation studies provide
meaningful insights into the potential for mitigating anode degradation through
optimized contact angles. Investigations into the practical feasibility of such
contact angle configurations within the Ni-GDC system, however, are beyond the
scope of the current work. Based on eqs (4.1) and (4.2), the calculated equivalent
contact angles of Ni, GDC, and Pore based on the given surface and interfacial
energies in the Ni-GDC system are summarized in Table 4.4. A sum of all three
phase angles of 360° was ensured in the calculations.

4.4.1 Effect of interfacial energies on morphological
evolutions: 2D analysis

The complexity of the 3D Ni-GDC anode microstructure and its evolution presents

a difficulty in gaining a clear understanding of the role of interfacial energies and
associated morphological evolutions. Therefore, for a mechanistic understanding
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Table 4.4: Equilibrium contact angles at triple junctions corresponding to three different sets of
specified interfacial energies. The values in the first rTow yniGpcs Ynirore a0d YGDCPore
(2.43Jm™2,2.10Jm~2 and 1.43 Jm™2) correspond to the results of previous Chapter 3,
whereas second- and third-row values represent the assumed and modified surface energy
of GDC and interfacial energy of Ni/GDC to obtain a target contact angle of 60° for both
Ni and GDC.

YNiGDC ~ VYNiPore  YGDCPore  ONi OGpC  Opore

(m™) (m™) dm? ©) ) ©)

243 2.1 1.43 144 121 95
243 2.1 3.92 60 152 148
0.98 2.1 1.43 144 60 156

of the influence of interfacial energies, an analysis is conducted using a simplified
2D two-particle system consisting of Ni and GDC particles. Phase-field simula-
tions are performed using three triple junction equilibrium contact angle scenarios
(as presented in Table 4.4), representing distinct surface and interfacial energy
conditions. Encompassing dewetting to wetting interactions of both nickel and
GDC, these scenarios provide a detailed understanding of interfacial energies
governing the morphological evolution of Ni and GDC.

The initial system consists of two equal-sized, adjacent rectangular nickel and
GDC particles in contact at a common interface and aligned at right angles. To
ensure general applicability, all quantities are expressed in an arbitrary unit system.
The energy unit is defined as ug = Ag J, where Ag is a dimensionless prefactor and
J denotes joules. Similarly, units of length and time are defined as u; = 4; m and
u; = Ay s, respectively, where the dimensionless prefactors A; and A, correspond
to their SI equivalents. The simulation domain consists of a grid with a width
of Ny =200 cells and a height of N, =200 cells. Zero flux boundary conditions
are applied at the domain boundaries, which are treated as insulating. The spatial
discretization is set to Ax = Ay = 1 u;. Both nickel and GDC components are
assumed to have the same diffusivity along their surfaces and at their mutual
interfaces. This assumption of assigning equal diffusivity values to the nickel and
GDC components allows for faster convergence to the thermodynamic equilibrium
state. Here, the primary objective is to study the final morphological configuration
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of the system at equilibrium. Consequently, equal chemical surface and interface
mobilities of MIQ?P”’E = MIQ?GDC = MggCCP”’e = MgBG(:DC =0.1 ul6/(uE uy) are as-
signed, whereby equal rates of mass transport via surface diffusion of nickel and
GDC and interface diffusion between nickel and GDC are ensured. The interfacial
energy values corresponding to the three contact angle configurations considered
in the model are given as follows: (YniGpc, YniPores YGpcpore) = (1.15, 1.0, 0.68),
(1.15, 1.0, 1.87), and (0.47, 1.0, 0.68). These values define the relative energet-
ics that drive morphological evolution in each scenario. Simulations are performed
for a sufficiently long time to ensure that only negligible changes are observed in
later phases, corresponding to an equilibrated system.

Figure 4.14(a) shows the initial configuration of Ni and GDC, two solid particles
in contact with each other. Figure 4.14(b-d) depict morphological evolution at
equilibrium under different interfacial energy conditions, simulated by the phase-
field model. In Figure 4.14(b), the contact angles for nickel, GDC, and the pore
phase are 144°, 121°, and 95°, respectively. Due to a higher interfacial energy,
the system evolves by minimizing the Ni/GDC interface, thereby evolving in a
thermodynamically consistent manner to reduce the total energy of the system.
Consequently, this configuration represents a dewetting scenario, where Ni and
GDC display limited chemical affinity for each other. As shown in Figure 4.14(c),
the contact angles are 60°, 152°, and 148° for nickel, GDC, and the pore phases,
respectively. Here, the system primarily reduces the surface area of GDC, as this
is energetically unfavorable. This results in a wetting configuration in which Ni
tends to spread around the GDC particle. In Figure 4.14(d), the contact angles for
nickel, GDC, and the pore phase are 144°, 60°, and 156°, respectively, indicating
that the system minimizes the surface of nickel due to its relatively high surface
energy. This results in a wetting configuration of GDC around the Ni particle.
Simulated contact angles are in good agreement with the values of the interfacial
energy and the corresponding contact angle calculations given in Table 4.4. Thus,
the phase-field simulations accurately incorporate the prescribed interfacial energy
and effectively capture the morphological evolution driven by the minimization of
the interfacial energy.
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Figure 4.14: Morphological evolution of (a) the initial two adjoining nickel and GDC particles
contacting a common interface at right angles. (b—d) Morphological evolution at equilib-
rium by the phase-field simulations using the same kinetic coefficients and paths, but
with different sets of thermodynamic equilibrium contact angles Oy; — OGpc — Opore as
144° - 121° - 95°, 60° — 152° — 148°, and 144° — 60° — 156° respectively.

4.4.2 Effects of interfacial energies on morphological
evolutions: 3D analysis of FIB-SEM reconstructed
experimental Ni-GDC SOFC anode microstructures

Phase-field aging simulations are conducted on the FIB-SEM reconstructed pris-
tine 3D Ni-GDC anode microstructure, incorporating three different contact angle
scenarios. These simulations aim to analyze the influence of different contact
angle configurations on the degradation of microstructural properties. The charac-
teristic microstructural properties of these simulations for aging times of Oh, 200h,
and 2000h are presented in Table 4.5. It can be seen that the contact angle relations
significantly affect the kinetics of particle growth, structural tortuosity, and interfa-
cial properties. Furthermore, contact angles also influence the density of the total
TPBs. Microstructural changes are directly related to the electrochemical perfor-
mance and gas transport mechanisms, and thus to the long-term stability of SOFC
anodes. A detailed analysis of the correlations between contact angles and mi-
crostructural properties allows for a targeted optimization of operating conditions
and interface energies, whereby both the durability and the efficiency of SOFCs
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Table 4.5: Microstructural characteristic properties over the aging of three simulations with distinct
configurations of contact angles.

ONi—OG6pc—Opore  t  TGDC TPore dni dGpc dpore  lTPB  ANi/Pore AGDC/Pore ANi/GDC

) (0 (=) (=) (um) (um) (um) (um~2) @m™H (@mH  (@EmhH
144-121-95 0 257 2.57 091 059 060 1.82 037 150 0.67
144-121-95 200 2.52 257 096 0.60 0.63 153 031 145 0.62
144-121-95 2000 2.39 2.60 0.97 0.62 0.68 136 028 137 0.60
60-152—-148 0 257 2.57 091 059 0.60 1.82 037 150 0.67
60—152-148 200 2.52 2.89 0.72 0.60 075 1.67 034 112 0.94
60-152-148 2000 237 3.39 0.67 0.62 0.86 143 029  1.00 0.98
144-60—156 0  2.57 2.57 091 059 0.60 1.82 037 150 0.67
144-60—156 200 2.52 2.68 0.87 0.60 0.68 153 030 133 0.75
144-60—156 2000 2.36 2.83 0.86 0.61 074 133 026 124 078

can be effectively improved. The morphological evolution of the 3D Ni-GDC
anode microstructure and its phases from the initial microstructures after an aging
time of 2000h for the three scenarios of contact angle are shown in Figure 4.15.
For clarity and ease of reference, we categorize the three configurations as follows:
high contact angle configuration: Oy; —0Gpc — Opore = 144° —121° —95°; low Ni
contact angle configuration: 6y; —8cpc — Opore = 60° — 152° — 148°; low GDC
contact angle configuration: Oy; —9gpc — Opore = 144° —60° — 156°.

Figure 4.16(a) shows the evolution of the nickel mean particle diameter for three
different contact angle configurations. Among these, the high contact angle
configuration exhibits an increase in mean diameter of about 6 % over an aging
period of 2000h. In contrast, the low Ni contact angle configuration results
in a significant decrease of the mean diameter by 27 %. Lastly, the low GDC
contact angle configuration also shows a decrease in mean diameter, though more
moderate at about 6 %. A similar decline in nickel mean particle diameter is also
reported in phase-field studies by Davis et al. [92] at lower contact angles of nickel.
Despite these quantitative differences, all three configurations display a similar
qualitative trend of an initial period of accelerated growth or decline in mean

136



4.4 Sensitivity analyses of physical parameters - influence of interfacial energies on anode stability

(a)

(b)

MPF simulations
After 2000h aging &

—~
o
=

Oni — 0ape — Opore (°

T

Pristi
Eg(l;g?i?nental Nickel GDC Pore

144 - 121 -95

60 - 152 - 148

>

144 - 60 - 156

4 I

Figure 4.15: Morphological evolution of the (a) initial pristine 3D Ni-GDC anode microstructure and

constituent phases over 2000h of aging, simulated for (b-d) three distinct contact angle
configurations using the MPF method.
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particle diameter for nickel, consistent with previous phase-field studies on Ni-
YSZ systems [98]. From these results, it can be seen that interfacial energies and,
respectively, contact angle conditions strongly control the coarsening behavior.
Low contact angle configurations, indicative of improved wetting, promote a
coating-like microstructure (as illustrated in Figure 4.15(c) for nickel), which
contrasts with the morphology observed at high contact angle configurations.
The significant reduction in mean nickel diameter for the low Ni contact angle
configuration is a result of the increased Ni/GDC interfacial area due to the
nickel coating around the GDC particles. Such evolution is evident from the
increase in Ni/GDC interface area density from 0.672um™'-0.978 um~! (see
Table 4.5), thereby resulting in lower total energy of the system. Furthermore,
this wetting behavior contributes to a further reduction in the GDC surface area
density, associated with a higher energy, from 1.5 um~'-1.002 um~!, along with
a coarsening mechanism of the GDC particles to minimize surface area. In the
utilized morphology of the 3D Ni-GDC anode for the contact angle sensitivity
studies, where volume fractions of nickel are 22.44 % and the nickel particles
are non-percolated, the coating of nickel around GDC particles at nickel/GDC
interfaces predominated over the coarsening of nickel particle interactions. This
results in a pronounced decrease in the mean particle diameter of nickel from the
initial configuration over aging for smaller contact angles. The complex interplay
between the mechanisms of Ni wettability enhancement at Ni-GDC interfaces and
the coarsening of Ni particles ultimately determines the morphological evolution of
nickel as observed in this configuration. The low GDC contact angle configuration
exhibits a moderate decrease in the mean Ni particle diameter, while including a
Ni contact angle of 144°. Here, the low GDC contact angle (60°) promotes the
formation of a continuous GDC layer around Ni, suppressing Ni coarsening. Also
in this configuration, the Ni/GDC interfacial energy (0.98 J m~2) is lower than the
surface energies of Ni (2.1 Jm~2) and GDC (1.43 Jm~2), which favors an increase
of the Ni/GDC interfacial area leading to a reduction of the total energy of the
system. Thus, the observed moderate decrease in the mean Ni particle diameter is
not solely due to the Ni contact angle, but rather to the coupled evolution of the
Ni and GDC phases, with wetting by GDC strongly influencing Ni stability and
particle growth. Holzer et al. [86] reported similar observations of enhanced GDC
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wetting in humid environments covering Ni grains, suppressed growth over the
long run, and even negative growth.

As shown in Figure 4.16(b), the evolution of the mean particle diameter (ds5g) of
GDC exhibits distinct growth patterns across the three contact angle configurations.
As expected, the high contact angle configuration resulted in more pronounced
GDC particle growth than configurations with low contact angles of Ni and
GDC. Among the low contact angle configurations, the low GDC contact angle
configuration suppressed GDC particle growth more. This can be attributed to the
higher volume fraction of GDC (41.38 %) compared to nickel (22.44 %) and the
smaller mean diameter of GDC particles (0.59 pm against 0.91 um in nickel) in
the initial microstructure. The morphological evolution of nickel can be observed
rather quickly compared to GDC owing to the significantly higher diffusivities of
nickel compared to GDC (about five orders of magnitude). As reported by Zekri
et al. [83], the formation of a GDC coating around nickel can be observed only
after longer operating hours.

To analyze the distribution of the total three-phase boundary sites, the evolu-
tion of TPB density over the 2000h aging period is presented in Figure 4.16(c).
Across all contact angle configurations, TPB density undergoes substantial degra-
dation, decreasing from an initial value of approximately 1.82 um~2 to a range
of 1.33um™2-1.43 um~2, corresponding to an overall reduction of 21 %—27 %.
This decline indicates a significant loss of electrochemically active sites, directly
affecting cell performance. Among the tested configurations, the low Ni contact
angle configuration exhibits the most favorable TPB retention, with the smallest
overall reduction over the 2000h aging period. The observed results can be at-
tributed to the stronger suppression of nickel coarsening and the rapid formation
of a nickel layer around GDC particles due to its higher diffusivity. This layer
inhibits GDC evolution, thereby preserving interfacial pores more effectively
than in other configurations [205], ultimately leading to higher TPB densities.
Conversely, the high contact angle configuration initially exhibits a similar TPB
degradation rate to the configuration with a low GDC contact angle. However,
at longer aging times, the reduction in TPB density is less severe than in the low
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Figure 4.16: Microstructural properties evolution over the aging period of 2000h for three distinct
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GDC contact angle configuration. This trend aligns with previous findings by
Davis et al. [92], which suggest that high-contact-angle systems, characterized
by lower wettability, promote the formation of closed-loop TPBs, stabilizing the
TPB density over time. The most pronounced TPB degradation is observed in the
low GDC contact angle configuration, which experiences a sharp decline within
the first 250h, followed by a more gradual reduction. Theoretical considerations
by Jiao et al. [205] indicate that systems with initially high TPB density, such
as Ni-YSZ composites, undergo rapid TPB degradation at early stages due to
the elimination of interfacial pores via coalescence. Similarly, in the Ni-GDC
system, the wetting behavior of GDC at Ni/GDC interfaces gradually reduces
interfacial pores over longer aging times owing to the slower diffusion coefficients
of GDC, thereby decreasing TPB density. While GDC layer formation might
suppress nickel coarsening, it is unlikely to prevent early-stage degradation due to
comparatively lower diffusivity values of GDC. However, at extended operating
times, this coating effect could mitigate further coarsening of nickel and stabilize
the TPB densities.

These findings underscore the critical role of interfacial energies in shaping in-
dividual phase morphologies and the stability of three-phase junctions, which
are essential for electrochemical activity and performance. Notably, a low Ni
contact angle configuration contributes to enhanced microstructural stability by
preserving TPB density over long-term operation of 2000h. Nevertheless, the
overall variation in TPB degradation across the tested configurations remains
relatively small — ranging from approximately 2 %—6 % at 2000h — compared to
the initial degradation of 21 %—27 %. The competing mechanisms of Ni and GDC
coarsening, coupled with wetting and dewetting conditions at Ni/GDC interfaces,
add complexity to morphological evolution. Further quantitative investigations
into large-scale simulations of dewetting and wetting behavior, Ni and GDC
coating-like formation around particles, and their impact on microstructural prop-
erties are necessary to improve composite SOC electrodes for enhanced durability
and performance.
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Figure 4.16(d) shows the evolution of the DPB density over the 2000h aging
period to estimate the distribution of total double-phase boundaries. In Ni-GDC
systems, DPBs provide additional electrochemical reaction sites owing to the
mixed ionic and electronic conductivities of GDC. Over the aging period, the DPB
density shows a monotonic decline across all contact angle configurations, decreas-
ing from an initial value of about 1.5um™! to a range of 1.0pum~'-1.37 um~!,
corresponding to an overall reduction of 9 %-33 %. Among the configurations
investigated, the high contact angle configuration exhibits the highest stability
of the DPB distribution, with the least overall reduction in GDC/Pore interface
density over the aging period. Here, the coarsening mechanism of the GDC
particles mainly contributes to the reduction in the total GDC surface area. In
contrast, the low Ni contact angle configuration experiences the most significant
degradation, attributed to the formation of a Ni layer around the GDC particles.
This layer effectively reduces the exposed GDC surface area, leading to a more
pronounced decrease in DPB density. The low GDC contact angle configuration
shows a moderate decrease in DPBs among the three configurations.

Figure 4.16(e) shows the evolution of GDC tortuosity across contact angle config-
urations. The tortuosity of the GDC phase is a key factor influencing oxygen ion
and electron transport within the anode, as higher tortuosity values indicate more
restricted conduction pathways. Elevated tortuosity values are also associated with
an increased likelihood of phase discontinuities due to the formation of islands,
thus rendering these values a potential stability indicator for anode operation. Over
the aging period, GDC tortuosity changes remain relatively minor, with values
decreasing across all configurations from approximately 2.57 to 2.36. This modest
decline suggests that ion and electron transport pathways remain largely stable
over aging. However, for the low GDC contact angle configuration, the initial tor-
tuosity value decreases relatively more, suggesting GDC wettability can improve
electron and ion conduction over long-term operation. In Ni-YSZ systems, phase-
field simulations by Hoffrogge et al. [98] reported improved nickel tortuosity
values at lower contact angles of nickel. Pore tortuosity is a critical parameter for
gas transport within the anode microstructure, with larger values indicating more
convoluted diffusion pathways and potentially limiting the availability of reactants
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at electrochemically active sites. The evolution of pore tortuosity, averaged over
three orthogonal directions for 2000h of aging, is shown in Figure 4.16(f). Among
the tested configurations, the high contact angle configuration exhibits the most
stable behavior, with negligible changes in pore tortuosity during aging. This
observation is consistent with phase-field studies by Chen et al. [91], indicating
that prolonged coarsening in Ni-YSZ systems can have a positive effect on gas
transport in the pore phase. Given the moderate coarsening in the microstructures
studied, the observed trend in tortuosity is consistent with these previous findings.
Conversely, the low Ni contact angle configuration shows a pronounced increase
in pore tortuosity, elevating from 2.57 to 3.39 — a 32 % increase. This deterioration
can be attributed to the formation of a continuous nickel layer obstructing and
altering the pore phase pathways. Similarly, the low GDC contact angle config-
uration exhibits a moderate increase in tortuosity. Overall, high contact angles
appear to mitigate pore constriction and suppress tortuosity value growth, thereby
enhancing reactant diffusivity.

The high contact angle configuration exhibits the most severe degradation, char-
acterized by significant nickel and GDC coarsening and substantial loss of TPB
sites, while DPB density remains relatively stable. In contrast, the low Ni contact
angle configuration inhibits nickel coarsening and allows moderate GDC growth,
resulting in lower TPB density degradation at the expense of higher DPB den-
sity degradation. The low GDC contact angle configuration stabilizes the GDC
particle size but exhibits pronounced TPBs degradation and moderate loss of
DPBs, with the low diffusion coefficients of GDC playing a dominant role in
degradation over longer operating hours. Each configuration is characterized by
tradeoffs between TPBs, DPBs, and tortuosity, complicating the determination
of optimal contact angle conditions. The microstructural properties obtained
from phase-field simulations, such as tortuosity, TPB, and DPB densities, can be
integrated into transmission line models (TLM) for Ni-GDC anodes to predict the
temporal evolution of polarization resistance and determine the optimal contact
angle configuration.
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energy

4.5 Predictive capability and limitations

The current model is primarily applicable to Ni-GDC or Ni-YSZ anodes subjected
to high-temperature, open-circuit thermal aging conditions, where the microstruc-
tural evolutions are dominated by coarsening mechanisms. In the current work,
model validity is demonstrated by employing reconstructed electrode microstruc-
tures from a cell aged under purely thermal, humidified OCV conditions in a
symmetrical configuration. The model explicitly incorporates interfacial energies
and diffusion coefficients along surfaces and interfaces and thus accounts for mass
transport along grain boundaries, surfaces, and interfaces. Anisotropic interfa-
cial energies and diffusion coefficients can certainly be included in the current
model, but their inclusion is limited by the high computational cost associated
with large-scale simulations of larger domains. In thick anodes, po, gradients can
lead to non-uniform wettability along the thickness, as reported in the literature for
Ni-YSZ systems [211]. Such effects could also be relevant for Ni-GDC systems.
The present work assumes uniform wettability across the entire domain due to
the lack of experimental findings or data on wetting angle distribution in Ni-GDC
anodes. However, the model can incorporate spatially dependent wettability upon
the availability of such results or data, allowing for a more comprehensive un-
derstanding of Ni-GDC redistribution and degradation. While the model can
easily be extended to include additional contributions from volume diffusion,
additional degradation mechanisms such as evaporation-condensation processes
and GDC migration under polarization are not yet included in the model. All
these additional contributions require experimentally measured input parameters
under operating conditions and precise calibration. Further research is needed to
uncover the mechanisms that drive these morphological changes.

4.6 Interim conclusion

In this Chapter, the coarsening behavior of Ni and GDC in FIB-SEM reconstructed
3D Ni-GDC SOFC anodes was simulated using a multiphase-field model under
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4.6 Interim conclusion

operating conditions of Ni-GDC at a temperature of 900 °C with a gas composition
of 50 % H,/50 % H,0O. Both surface diffusion of nickel and GDC components,
as well as their interfacial diffusion along the Ni/GDC interface, were included
in the model. By using both pristine and pre-aged microstructures, the model’s
predictive capability under various initial conditions was evaluated. Validation
results included the evolution of mean particle size, TPB density, tortuosity, and
specific surface areas. Validation with both pristine and pre-aged microstruc-
tures showed good agreement with experimental results for all microstructural
properties, except for GDC tortuosity, with pre-aged microstructures showing fur-
ther improved accuracy. Several factors potentially contributing to discrepancies
between simulation and experimental results, particularly GDC tortuosity, are
discussed. The influence of surface and interfacial energies on the degradation
of Ni-GDC anodes, considering three thermodynamic equilibrium scenarios de-
fined by a set of interfacial energies, highlighted wettability as a key factor in the
microstructural degradation pathways in Ni-GDC anodes. Initial 2D simulations
demonstrated the role of interfacial energies in governing the morphological evo-
Iution of Ni and GDC. Subsequent 3D phase-field simulations on pristine Ni-GDC
microstructures over 2000h of aging revealed that the wettability of Ni and GDC
significantly influences the balance between TPB and DPB evolutions. A low
Ni contact angle primarily mitigates Ni coarsening, whereas a low GDC contact
angle influences Ni long-term stability. Each investigated configuration revealed
trade-offs between key microstructural properties such as TPBs, DPBs, and tortu-
osity, complicating the identification of an optimal contact angle condition. With
the predictive capability of our phase-field model for Ni-GDC anode degradation
validated, the following Chapters will focus on integrating phase-field simulations
and synthetic microstructures with tailored volume fractions and particle sizes of
Ni and GDC. This combined approach intends to optimize the microstructural
design for improved performance and durability of Ni-GDC anodes.«
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5 Digital twin of Ni-GDC anode
microstructure!

»The electrochemical performance of Ni-GDC SOFC anodes strongly depends on
microstructural properties such as TPB and DPB densities, defining the available
sites for electrochemical reactions, as well as the tortuosity of the Ni, GDC, and
pore phases, controlling the electron, ion, and gas transport through the porous net-
work. The initial phase volume fractions and particle sizes of the microstructure
strongly influence these properties, enabling microstructure optimization through
tailored electrode compositions and particle sizes to enhance performance. In
experimental optimization studies, however, the number of microstructures being
investigated is inherently limited, as the fabrication of Ni-GDC samples, 3D micro-
structure characterization using advanced imaging techniques such as Focused Ion
Beam-Scanning Electron Microscopy (FIB-SEM), and the large-scale aging stud-
ies to assess degradation are time-consuming, resource-intensive, and costly. As
an alternative, numerical modeling approaches have been widely used to overcome
these limitations, as they enable the rapid generation and systematic evaluation
of a large number of microstructures [212-214]. Despite advances in modeling
synthetic microstructures, accurately reproducing the complex microstructures of
SOFC anodes, formed by the sintering of multi-component particles, remains a
challenge. Sintering-induced particle overlap was implemented by simply enlarg-
ing the particle sizes [215]. A similar dilatation-based method was also employed
by Zheng et al. [216] to reproduce sintering effects. Furthermore, key geometric

I'The content of this chapter has been taken directly from Jeela et al. [90] with minor linguistic changes.
The figures have been adjusted to the format of this dissertation.
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5 Digital twin of Ni-GDC anode microstructure

and statistical descriptors, such as phase volume fractions and particle size distri-
butions, are not always controllable in modeling approaches. Since the systematic
optimization of the microstructure is based on these descriptors, the possibility of
controlling these is crucial during the creation of structures in generator models.
In this Chapter, we employ the extended structure generator workflow (see Sec-
tion 2.5) to create a realistic digital twin of Ni-GDC anode microstructure. The
extended workflow introduces a computationally efficient, sintering-like morpho-
logical coalescence step based on a modified Allen-Cahn formulation with volume
preservation [152] and a correction term controlling curvature minimization [153]
to replicate the sintering process in experimentally fabricated anodes without ex-
plicitly simulating physical mechanisms. The generated digital twin is rigorously
validated against FIB-SEM reconstructed 3D Ni-GDC anode microstructures by
incorporating seventeen quantitative structural, geometrical, electrochemical, and
mechanically relevant descriptors.

5.1 Synthetic microstructure generation

The performance of the extended structure generator, introduced in Section 2.5,
in replicating the experimental microstructural features of the SOFC anode was
evaluated by generating a synthetic SOFC anode microstructure using particle
size distributions and phase volume fractions derived from a 3D FIB-SEM re-
constructed experimental microstructure (detailed in Section 2.9) as input for the
generator. The generated structure was subsequently validated against the experi-
mental reference through a combination of visual assessment and comprehensive
quantitative metrics. Since the multi-stage structure generator workflow depends
on several input parameters, such as phase volume fractions, particle size distribu-
tions, angular power spectra, and dilation factors, whose effects on the resulting
morphology are not known a priori, a multi-objective Bayesian optimization (BO)
approach is used for systematic calibration. A total of 200 trials were performed
to minimize the global deviation from an experimental reference microstructure,
with emphasis on key metrics such as phase volume fractions, tortuosities, and
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5.1 Synthetic microstructure generation

specific surface densities of the Ni, GDC, and pore phases. The resulting database
was analyzed to refine the parameter search space and identify suitable fixed input
parameters.

Following the BO calibration, a limited number of manual tuning iterations were
performed to adjust the simulation time and tuning parameters for curvature mini-
mization that control the sintering-like morphological evolution, aiming to achieve
TPB densities closer to the experimental values as well as to achieve particle coa-
lescence in an efficient manner. The model parameters were determined through
an iterative manual tuning procedure, in which the curvature control parameter and
the interfacial energy configurations were adjusted to achieve closer agreement
between simulated and experimental microstructural descriptors (e.g., TPB den-
sity, DPB density, and surface area densities). This was achieved by controlling
the curvature-driven evolution to obtain realistic morphologies within a limited
number of iterations, followed by a minor refinement of the interfacial energies
to enhance the agreement with the target values. Without this sintering-like mor-
phological step, the generated structures exhibit much higher TPB densities than
the experimental reference structure, as the generated structures consist of iso-
lated, nearly spherical particles resembling green body configurations. All other
generator parameters were defined based on a combination of BO calibration and
manual fine-tuning to ensure consistency across all generated structures, without
necessitating repeated experimental validation for each structure. The optimiza-
tion and validation approach thus establishes a robust set of parameters to be
employed consistently across the generation of all synthetic microstructures. The
Bayesian optimization was performed on a reduced but statistically representative
domain (see Section 2.9), keeping the experimental voxel resolution, to reduce
computational effort. For a more detailed description of the original structure
generator, parameter sensitivities, and BO framework, the reader is referred to
Scholler et al. [151]. The optimized input parameters given to the structure genera-
tor for creating a synthetic microstructure are summarized in Table 5.1. The mean
particle diameter and standard deviation listed in Table 5.1 define the lognormal
particle size distribution employed as input for the synthetic structure generation
procedure to generate particle size distributions from a given distribution.
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5 Digital twin of Ni-GDC anode microstructure

Table 5.1: Input parameters given to the structure generator for creating a synthetic microstructure.

Ph Volume Mean particle Standard Angular spectrum Dilation
8¢ fraction (%)  diameter (um)  deviation (um)  amplitude (W nm~') iterations

Ni 17.59 0.886 0.352 10718 1

GDC 29.21 0.494 0.070 10723 1

The extended workflow incorporates a sintering-like morphological coalescence
step based on a modified Allen-Cahn phase-field equation that preserves the vol-
ume [152], as well as a correction term controlling curvature minimization [153],
as described in Section 2.5. All parameters are expressed in a consistent arbitrary
unit system. To accelerate morphological evolution, equal interfacial mobili-
ties were assigned across all phase pairs, with my;ip,e = MyiGDC = MGDCPore =
1 u;‘ /(ug us). The interfacial energies were set to (YniGpC> VNiPore» YGDCPore) =
(1.43, 1.2, 2.43), while the curvature control parameter is chosen as y¢, =Qug/ ul2
A higher-order term y o35 = 5S0ug/ ”12 is included to suppress the formation of spu-
rious phase formation. The simulations were performed using an interfacial width
parameter € as 2.0 u;, number of time steps as 100, and a total simulation time
of 2.5 u,. It is emphasized that this morphological evolution does not represent
a physical sintering process. Instead, the phase-field simulations are employed
as a numerical tool to generate sintering-like morphologies through particle coa-
lescence rapidly. Accordingly, the simulation time represents a pseudo-time, and
the parameters for mobility and surface energy are treated as numerical controls
governing the rate and extent of morphological evolution.

The representativeness of the synthetic microstructure was evaluated by systemati-
cally comparing a comprehensive set of geometric, statistical, and microstructural
descriptors, relevant to both electrochemical performance and mechanical be-
havior, with an experimental reference structure (see Table 5.2). The employed
experimental 3D microstructure was reconstructed from Ni-GDC SOFC anode
samples produced at Forschungszentrum Jiilich and FIB-SEM tomography at KIT,
as described in Section 2.8. The statistical representativeness of the experimental
domain and its subvolumes was demonstrated in Section 2.9.
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5.2 Experimental validation

Table 5.2: Comparison of microstructural and mechanical properties: Digital Twin vs. Experimental.

Property Unit Phase  Experimental  Synthetic ~ Relative error (%)
i 21.92 21. 2.
Volume fraction (%) Ni ) 33 69
GDC 41.57 41.25 -0.77
Ni 0.91 0.91 0
Mean diameter (um) GDC 0.57 0.57 0
Pore 0.57 0.55 -3.51
Ni 1.03 1.00 -2.91
Surface area density  (um~!)  GDC 2.19 1.90 -13.24
Pore 1.87 2.00 6.95
Ni inf inf -
Mean tortuosity (-) GDC 2.51 2.21 -11.95
Pore 2.68 3.02 12.69
TPB density (um~2) - 1.80 1.95 8.33
DPB density (um~") - 1.51 1.45 -3.97
E\x 59.16 62.78 6.11
Elastic moduli (GPa) Eyy 38.47 3945 1.68
E.. 63.94 62.52 -2.22
Eyin 60.40 61.38 1.62

5.2 Experimental validation

The 3D experimental and synthetic microstructures are shown in Figure 5.1. A
visual inspection reveals a high degree of morphological resemblance at both
the electrode and phase levels, including particle shapes, phase connectivity, and
spatial distribution. A quantitative assessment, as shown in Table 5.2, validates
this agreement across an extensive set of 17 quantitative metrics. Most relative
errors remain below 5 %, with larger discrepancies of 11 %—13 % observed for
GDC surface area density and the tortuosities. The generator precisely replicates
the phase volume fractions and particle sizes of Ni, GDC, and pores, while
showing high agreement in the specific surface areas for Ni and pore phases; the
GDC surface area shows a higher underestimation of around 13 %. TPB and
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5 Digital twin of Ni-GDC anode microstructure

DPB densities, important descriptors for electrochemical activity, are reproduced
with errors of about 8 % and 4 %, respectively. The inclusion of a sintering-like
coalescence step proves essential in achieving TPB values closer to those observed
in experiments. The tortuosity values show larger deviations of about 12 % for
GDC and pore phases. These values are highly sensitive to local microstructural
changes. The tortuosity of nickel is not reported, as the Ni phase is not percolating
in both experimental and synthetic structures. The directional and effective elastic
moduli are also well captured and largely agree with the experimental values.

Experimental microstructures

S )! ‘4‘7 E

Synthetic microstructures

Figure 5.1: Comparison of the FIB-SEM reconstructed 3D SOFC anode microstructure and the
individual phase morphologies with a digital twin created by a structure generator.

In order to quantify the overall accuracy of the synthetic microstructure, a global
error metric is calculated, defined as the mean absolute percentage error (MAPE)
in all metrics considered, which yields a value of 4.92 %, calculated from 16
parameters. One parameter with an infinite reference value is excluded, as the
percentage error is undefined in this case. This single scalar metric demonstrates
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5.2 Experimental validation

the generator’s ability to accurately reproduce across a wide range of geomet-
ric, transport-related, and mechanical properties. The strong agreement in both
morphology and quantitative descriptors confirms the synthetic structure as a
digital twin of the real SOFC anode and enables subsequent sensitivity analyses,
correlations between microstructure and properties, to guide optimization of the
electrodes in the following Chapter. The current work employs the continuous
particle size distribution method of Miinch and Holzer [159], which is particu-
larly useful for porous networks as it avoids artificial segmentation into discrete
particles. The method determines the fraction of the phase volume that can be
occupied by overlapping spheres of a certain diameter and, in principle, results
in a complementary cumulative distribution that decreases monotonically from
unity to zero. For the validation of the generated synthetic microstructure, the
continuous particle size distributions of the nickel, GDC, and pore phases are
compared with those obtained from 3D FIB-SEM reconstruction (see Figure 5.2).
The close agreement across all phases, as shown in Figure 5.2, further supports
the validation of the generated structure in comparison to the experimental mi-
crostructure. Furthermore, a statistical analysis of 10 independently generated

(a) —— Synthetic (b) —— Synthetic (C) —— Synthetic
Experimental Experimental Experimental
— —
2091 2 0.9 2094 N\
A~ a9 2 \
2 0.6 2 0.6 2 0.6
9] 15 2
: g g
£ 031 \ £ 031 £ 031
g g g
© 0.0, : \ Cood > | Ugo{ o Ne.o
0.0 0.8 1.6 0.0 0.5 1.0 1.5 00 05 1.0 15
Ni diameter (tm) GDC diameter (um) Pore diameter (1 m)

Figure 5.2: Comparison of continuous particle size distributions for the synthetic microstructure and
the FIB-SEM reconstruction for (a) nickel phase, (b) GDC phase, and (c) pore phase.

microstructures under identical conditions (as in the validation case) is performed,

and the resulting variability in key microstructural properties is summarized in
Table 5.3.
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Table 5.3: Evaluation of statistical variations in microstructural properties across 10 synthetic structures (S1 to S10 samples) generated
independently under identical conditions from the structure generator.

Standard Coefficient of

Property S1 S2 S3 S4 S5 S6 S7 S8 S9 S10  Mean deviation Variation (%)
TPB density (um~2) 190 192 188 18 196 186 186 187 195 1.89 1.89 0.03528 1.86
DPB density (um™') 146 146 148 144 143 147 146 147 145 145 146 0.01418 0.97
Ni SA density (um™!) 095 096 095 096 099 095 096 095 098 097 096 0.01327 1.38
GDC SA density (um™') 1.90 1.89 190 1.87 189 1.89 190 1.89 189 1.89 1.89 0.00831 0.44
Pore SA density (um~!)  1.98 198 2.01 197 195 199 198 1.99 200 1.99 198 0.01562 0.79
GDC Mean tortuosity (-=) 2.19 220 2.17 226 226 222 218 219 218 221 221 0.03040 1.38
Pore Mean tortuosity (=) 293 3.13 286 3.01 3.12 297 3.13 298 310 299 3.02 0.08908 2.95
Ni Mean diameter (um) 093 094 094 0.88 091 093 095 090 093 094 092 0.02062 223
GDC Mean diameter (um) 0.57 0.57 058 059 058 058 058 058 0.58 0.57 0.58 0.00600 1.04
Pore Mean diameter (um) 0.56 0.56 0.55 0.55 056 0.55 0.56 0.56 056 056 056 0.00458 0.82
E, (GPa) 59.57 61.04 61.81 59.72 61.86 60.51 60.18 59.48 61.34 61.38 60.69 0.87160 1.44
Ey, (GPa) 60.69 61.14 59.35 60.11 59.97 61.40 60.50 59.51 59.99 59.75 60.24 0.64370 1.07
E-. (GPa) 60.59 61.74 59.71 61.80 61.17 60.93 60.61 61.04 61.92 61.03 61.05 0.63450 1.04

Enin (GPa) 60.18 61.26 60.00 60.07 60.72 60.78 60.39 60.00 60.83 60.38 60.46 0.40150 0.66
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5.2 Experimental validation

The low variance observed across a wide range of properties, with coefficients of
variation of about 1 % for the majority of properties and 2 %-3 % for two other
properties, confirms the robustness and reproducibility of the structure generation
method. This further substantiates the reliability of the 15 synthetic structures
generated and their comparative evaluation for the optimal configuration of the
Ni-GDC SOFC anode presented in the subsequent chapter.«
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6 Effect of anode volume fractions
on microstructural degradation
and mechanical integrity’

»Enhancing the performance and durability of SOFCs requires concurrent im-
provements in electrochemical activity and mechanical integrity, both strongly
dependent on the initial anode microstructure and its degradation over long-term
operation. This Chapter presents a comprehensive degradation investigation for
Ni-GDC SOFC anode microstructures, combining the generation of realistic syn-
thetic microstructures and large-scale aging simulations. Representative synthetic
microstructures are generated with systematically varying phase volume frac-
tions and subjected to long-term (2000h) aging using a validated multiphase-field
model. Electrochemical performance descriptors, including triple-phase boundary
(TPB), double-phase boundary (DPB) densities, phase tortuosities, and mechanical
properties, such as elastic moduli and stress distributions resulting from thermal
expansion coefficient mismatch between Ni and GDC, are collectively analyzed.
The results provide detailed insights into the design of anode microstructures by
highlighting trade-offs between initial and degradation-induced electrochemical
and mechanical performance.

The microstructures of SOFC electrodes are defined by several independent pa-
rameters, such as phase volume fractions and particle sizes, which influence both

I'The content of this chapter has been taken directly from Jeela et al. [90] with minor linguistic changes.
The figures have been adjusted to the format of this dissertation.
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6 Effect of anode volume fractions on microstructural degradation and mechanical integrity

initial performance and long-term degradation. Optimizing for the slowest degra-
dation may not necessarily result in optimal initial performance, highlighting
the complexity of microstructure design. Timurkutluk et al. [217] systematically
examined TPB density as a function of particle size and phase volume fractions in
synthetic SOFC electrode microstructures by generating a large number of virtual
microstructures and evaluating performance based solely on TPB density. Prioux
et al. [218] proposed a multiscale modeling framework for optimizing Ni-YSZ
hydrogen electrode microstructures, utilizing experimentally measured electro-
chemical data at the cell level and 3D electrode reconstructions as references, and
coupling synthetic microstructures with electrochemical models on the cell and
electrode levels. Miitter et al. [219] applied an artificial neural network for opti-
mizing process parameters. Despite attempts to optimize microstructure in SOFC
research, this domain is still evolving, mainly as a result of limited understanding
of microstructure evolution phenomena. Peng et al. [220] highlighted this research
gap in a comprehensive review study. Optimizing electrode microstructures in
such a high-dimensional parameter space requires extensive modeling efforts
combined with a systematic investigation of independent parameters affecting
performance in pristine structures as well as over long-term operation, both of
which we have presented in this Chapter.

The mechanical response of Ni-GDC anode microstructures is evaluated using a
quasi-static solid mechanics formulation with strain-controlled homogenization
to estimate effective elastic moduli and the stack boundary conditions method,
enabling coupled evolution of stress and strain resulting from thermal expan-
sion and mechanical confinement [116]. Electrochemical performance-relevant
descriptors such as TPBs, DPBs, and phase tortuosities, as well as mechanical
integrity-relevant descriptors such as elastic moduli, average von Mises stress,
and critical volume fractions (CVF), are analyzed as functions of phase volume
fractions in pristine structures and their temporal evolution during isothermal ag-
ing, providing comprehensive insights into the design and degradation of Ni-GDC
SOFC anodes.
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6.1 Analysis of thermal expansion mismatch in Ni-GDC anode

6.1 Analysis of thermal expansion mismatch in
Ni-GDC anode

Average von Mises stress In order to approximate the mechanical con-
straints imposed on the anode in an SOFC stack, a boundary condition setup was
employed, similar to the approach used in the work of Elmoghazy et al. [116]. The
interface between the anode and electrolyte was fully fixed (u.,uy,u;) = (0,0,0),
the interface between the anode and interconnect was constrained only in the
normal direction (u, = 0), while the lateral surfaces were constrained in their
normal displacement (u,, = 0) to account for the confinement by neighboring cells.
Contrary to the strain-controlled homogenization framework employed to estimate
the effective elastic moduli (see Section 2.7.2), the stack-level boundary condition
setup enables the coupled evolution of stress and strain resulting from thermal
expansion and mechanical confinement, thereby providing a more physically rep-
resentative evaluation of the internal mechanical response. The average von Mises
stress is defined as (oym) = % fV oym(x)dV. The von Mises stress is utilized
here as an equivalent scalar measure of the multiaxial thermomechanical stress
state, thereby enabling a quantitative comparison of stress levels and their spatial
distribution across different microstructures and aging states. It is used solely
as an indicator of the overall stress state and is not intended to predict fractures,
failure, or damage. Material properties used for this analysis are listed in Table 6.1.
As the material properties considered here refer to room temperature conditions,
this could result in an overestimation of the predicted absolute values of effective
stiffness at the operating temperatures of SOFCs. However, the relative differences
in effective stiffness between the microstructures remain unchanged, since all
microstructures were evaluated under the same constitutive assumptions.

A common degradation mechanism in SOFCs is delamination at the electrode-
electrolyte interface, which compromises cell integrity and leads to performance
degradation. This damage is primarily caused by thermomechanical stresses aris-
ing from different thermal expansion coefficients of the electrode components and
the electrolyte; consequently, the composition of the anode has a strong influence
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6 Effect of anode volume fractions on microstructural degradation and mechanical integrity

Table 6.1: Properties of the materials used in the mechanical simulations.

Elastic modulus ~ Poisson’s Thermal expansion

Phase ' Gpa) ratio v coefficient g (K1)
Ni 200[221]  031[221]  16.00 1076 [222]
GDC 120[223]  033[223]  12.96x 106 [224]

on the resulting stress distribution. In addition, partial performance degrada-
tion during operation is often associated with some partial breakup of Ni/YSZ
or Ni/GDC interfaces, which disrupts ionic and electronic transport pathways
and reduces the density of triple-phase boundaries. The critical volume fraction
(CVF), employed in this work, was defined as CVF = ﬁ /v (> Ctreshoid) dv,
where the threshold value oipreshold Was taken as the average von Mises stress of
the pristine state of the corresponding configuration. This microstructure-specific
normalization accounts for intrinsic differences in stiffness, phase connectivity,
and constraint among microstructures, enabling the CVF to reflect aging-induced
stress localization with respect to the threshold of each configuration, rather than
an absolute stress threshold applied uniformly to all structures. From a mechani-
cal standpoint, the CVF quantifies the fraction of the microstructure exposed to
stresses exceeding a threshold level.

6.2 Generation of synthetic structures for
aging simulations

The influence of initial phase volume fractions on microstructural attributes that
govern electrochemical performance and mechanical behavior initially and during
aging was investigated by generating a series of synthetic microstructures through
variation of phase volume fractions. Fifteen synthetic microstructures were created
by varying the volume fractions of Ni, GDC, and pore phases while maintaining
constant particle sizes. The targeted parameters for analysis and their values in the
generated synthetic structures are summarized in Table 6.2. Three pore volume
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6.2 Generation of synthetic structures for aging simulations

fractions were considered: 25 % (group A), 35 % (group B), and 45 % (group C).
Within each group, five configurations were generated by varying the Ni/GDC
solid phase ratio in 10 % increments from 30/70 to 70/30. These parameter ranges
comprise widely reported experimental and investigated compositions and enable
a systematic evaluation of the effects resulting from the volume fractions of the
three phases. To isolate the influence of particle sizes, the mean particle sizes of
Ni and GDC were kept constant in all configurations. Mean particle diameters
of 0.75 um for Ni and 0.5 um for GDC were chosen, corresponding largely to the
experimental values for conventional screen-printed anodes. The resulting particle
sizes in all generated microstructures remained close to these target values, as
shown in Table 6.2.

Some representative examples of generated synthetic microstructures are shown
in the first row of Figure 6.3. The statistical representativeness of the microstruc-
tures is ensured by the appropriate domain size, voxel resolution, and number of
particles. All synthetic microstructures comprise a cubic domain of 10° um? and
a voxel size of 35 nm, providing sufficient resolution while maintaining compu-
tational tractability for long-term aging simulations. The volume of the domain
is well above the representative volume element (RVE) threshold of 10° parti-
cles, where most properties converge to stable values, as found by Joos [167].
In Section 2.9, statistical error analysis of a FIB-SEM reconstructed domain
(9.4 x 12.4 x 6.4 um®) demonstrated low variability in microstructural properties,
with coefficients of variation (CV) ranging from 1 %-5 % (mean CV of about
3 %), confirming negligible spatial heterogeneity. Here, the simulation domain
of 10.0x 10.0x 10.0 um? with a total volume of 1000 um? is comparable to and
slightly larger than the previously validated representative volume, ensuring statis-
tical representativeness. Accordingly, any microstructural inhomogeneities are
expected to be minimal, with no significant influence on the computed properties.
Structure generator enables direct and flexible control over phase volume fractions
and particle sizes. By modifying the parameters of the particle size distribution,
microstructures with finer or coarser particle sizes can be systematically generated.
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Table 6.2: Microstructural parameters of the generated synthetic structures. The bold values denote the target (reference) parameters used in the
design of the fifteen synthetic microstructures, while the remaining values represent the corresponding realized parameters obtained
from the generated structures.

Synthetic Pore . Ni GDC
structures  vol. frac. (%) Ni GDC mean dia. (um) mean dia. (um)
Target Synthetic Target Synthetic . .

(solidvol. %)  (vol. %)  (solid vol. %)  (vol. gy ~ areet Synthetic  Target  Synthetic

Al 25 30 22.51 70 52.57 0.757 0.508
A2 40 29.77 60 45.33 0.737 0.495
A3 50 37.60 50 37.99 0.75 0.740 0.50 0.493
A4 60 45.00 40 30.52 0.749 0.514
A5 70 52.71 30 22.87 0.755 0.499
B1 35 30 19.67 70 45.28 0.748 0.502
B2 40 25.71 60 39.13 0.761 0.498
B3 50 32.66 50 32.37 0.75 0.756 0.50 0.502
B4 60 38.91 40 26.10 0.758 0.502
B5 70 45.26 30 19.34 0.762 0.506
Cl 45 30 16.78 70 38.34 0.753 0.497
C2 40 22.08 60 32.94 0.742 0.510
C3 50 27.58 50 27.34 0.75 0.750 0.50 0.504
C4 60 32.85 40 21.96 0.753 0.497
Cs5 70 38.60 30 16.50 0.748 0.499
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6.3 Influence of initial microstructural configurations on properties

6.3 Influence of initial microstructural
configurations on properties

This Section systematically investigates the influence of the volume fractions of
nickel, GDC, and pore phases in synthetic microstructures on the initial perfor-
mance of Ni-GDC SOFC anodes. First, the influence on microstructural properties
relevant to electrochemical performance, such as TPB and DPB densities, along
with the tortuosity of the phases determining ion, electron, and gas transport, is
analyzed in the pristine state, followed by the corresponding effects on effective
mechanical properties and response.

6.3.1 Microstructural descriptors of electrochemical
performance

Effect of composition on TPB and DPB densities TPBs represent the
electrochemical reaction sites in both Ni-YSZ and Ni-GDC SOFC anodes. Fig-
ure 6.1(a) compares the influence of phase volume fractions on the total TPB
density across all investigated synthetic microstructures. As expected, the TPB
density shows a strong dependence on the phase volume fractions. For each
porosity group, the TPB density initially increases, reaches a maximum at nearly
equal Ni/GDC solid volume fractions, and then decreases thereafter. The TPB
density values are highest at the equivalent Ni/GDC solid volume fraction (50/50)
for the structures, except for the group with 45 % porosity. Furthermore, the TPB
densities for Ni/GDC compositions of 50/50 and 60/40 show only minimal differ-
ences. Overall, the maximum TPB densities among the groups are observed in
structures A3, B3, and C4, at 4.98 um~2, 4.04 um~2 and 3.22 um™~2, respectively.
The highest TPB density can be seen in a group with 25 % porosity, as expected
from the higher volume fractions of nickel and GDC. These results are consistent
with the percolation-based analyses reported in the literature [225-227]. With
comparable particle radii of the two solid phases, the TPB density increases with
the solid phase fraction, reaches a maximum at the equivalent phase composition,

163



6 Effect of anode volume fractions on microstructural degradation and mechanical integrity

and is followed by a decrease. In the current work, the highest TPB density oc-
curs in the A3 configuration, where nickel and GDC represent around 37.5 vol.%
respectively, and the pore is 25 vol.%.

DPBs also contribute to the electrochemical activity in Ni-GDC SOFC anodes due
to the mixed ionic and electronic conductivity of GDC, making the GDC/Pore in-
terface an additional electrochemically active reaction site alongside the TPBs. As
depicted in Figure 6.1(b), the DPB density decreases with decreasing GDC solid
volume fraction for all porosity groups A, B, and C from 1.80 um™'-2.02 um~! to
0.86 um~'-0.96 um~!. Within each group, a higher GDC content (solid volume
fraction) leads to an increased DPB density as a result of the increased available
GDC surface area. Across different porosities (A, B, C groups), however, a distinc-
tive trend can be observed: Structures with a porosity of 25 % consistently exhibit
lower DPB densities, while those with a porosity of 35 % and 45 % exhibit higher
and nearly identical values, suggesting saturation. This behavior emphasizes that
DPB density depends on both the GDC volume fraction and the pore phase, as
well as connectivity. At lower porosity (25 %), the pore phase is poorly percolated,
as reflected in high pore tortuosity values (in the range of 5.5-10; Figure 6.1(e)),
limiting contact between GDC and pores, and rendering a significant fraction of
the GDC surface confined within the solid network. Increasing the porosity to
35 Y% significantly improves pore connectivity (tortuosity in the range of 2.7-3.4;
Figure 6.1(e)), uncovering more GDC surface area and increasing the DPB density.
A further increase in porosity to 45 % leads to no further enhancement in DPB
density, indicating a saturation stage in which nearly all accessible GDC surfaces
are already in contact with the pore phase. Overall, systems with a porosity of
35 % (group B) deliver better results with regard to DPB densities.

Effect of composition on tortuosity TPB and DPB densities are not the
sole determining factors for the electrochemical performance of Ni-GDC SOFC
anodes; the efficient transport of fuel gas, electrons, and oxide ions is equally
essential. The transport of gas is determined by pore phase contiguity, while
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Figure 6.1: Variations in microstructural properties depending on porosity and solid volume fractions
of Ni/GDC phases. (a) total TPB density, (b) DPB density, and mean tortuosities of (c)
nickel, (d) GDC, and (e) pore.

continuous Ni and GDC pathways enable electronic and ionic conduction. Micro-
structure’s influence on these transport processes can be quantified by tortuosity:
higher values indicate poorly connected phases with long and convoluted paths
that impede transport, while lower values correspond to well-connected, short, and
relatively straight paths that enable efficient transport. Infinite tortuosity values
indicate a non-percolating phase for which effective transport is not possible.
Figure 6.1(c-e) shows the volume-dependent tortuosity of the Ni, GDC, and pore
phases, averaged over the three principal directions.

Across all porosity groups, Ni tortuosity decreases with increasing Ni volume
fraction, reflecting improved phase connectivity, a general trend reported for
porous multiphase systems (Figure 6.1(c)). Structures with Ni volume fractions
of 16.78 % (C1), 19.67 % (B1), 22.08 % (C2), and 22.51 % (A1) exhibit non-
percolating Ni and thus infinite tortuosity, while the closest percolating case of
B2 (25.71 % Ni) exhibits connectivity yet with a high tortuosity value of 31.36.
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These trends align with the experimental Ni-GDC microstructure analyzed in
this work (see Table 5.2) where a Ni volume fraction of 21.92 % results in a
non-percolating Ni structure, even though the mean particle size (0.91 um) is
larger than in the synthetic structures (0.75 pm), but the particle size ratios are
comparable (Ni/GDC is 1.59 in the experimental structure and 1.50 in the synthetic
structure). In contrast, Ni volume fractions between 37.60 % and 52.71 % result in
well-connected pathways, with tortuosity decreasing from 5.18 to 2.18. Although
GDC offers mixed ionic and electronic conductivity, its electronic conductivity is
several orders of magnitude lower than that of nickel [228]. Consequently, anodes
with low or non-percolating Ni fraction may still be viable if GDC and pore phases
are well connected, subject to design considerations, such as the thickness of the
anode functional layer, and the dominant rate-limiting transport mechanism. Thus,
the present results provide quantitative insight into the selection of Ni and GDC
volume fractions tailored to specific cell designs, and the extracted microstructural
parameters provide needed input for transmission line modeling of Ni-GDC SOFC
anodes for cell performance as a function of microstructural composition.

The tortuosity of the GDC phase primarily determines the transport of oxide ions
and primary or auxiliary electrons in SOFC anodes. As shown in Figure 6.1(d),
GDC tortuosity decreases with increasing GDC volume fraction across all porosity
groups, showing a similar trend to the Ni phase. However, GDC percolation is
achieved at lower volume fractions: only a single structure (CS5, 16.50 % GDC) is
non-percolating, while the closest percolating case (BS, 19.34 % GDC) exhibits a
connected structure, with a high tortuosity (21.63). The experimental Ni-GDC
microstructure analyzed in this work (see Table 5.2), with a GDC volume fraction
of 41.57 %, resulted in a mean tortuosity of 2.51, whereas the synthetic structure
B2 (39.13 % GDC) with a tortuosity of 2.46 comes close to these results. Overall,
GDC volume fractions in the range of 30.52 %—52.57 % result in well-connected
transport pathways, with tortuosity decreasing from 3.69 to 1.61. GDC exhibits a
lower percolation threshold and a lower tortuosity compared to Ni at equivalent
phase volume fractions, indicating that transport connectivity is governed not
only by volume fraction and particle size, but also possibly by phase interactions
and microstructural evolution during fabrication of the anode. Due to their larger
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size, Ni particles form fewer Ni-Ni contacts and can be disrupted more easily
by surrounding GDC phases; consequently, Ni connectivity could be interrupted,
leading to higher tortuosity and a higher percolation threshold. In contrast, the
smaller GDC particles exhibit higher coordination and denser packing, enabling
percolation at lower volume fractions and resulting in lower tortuosity. In the
three-phase Ni-GDC-pore system, phase connectivity is furthermore explained
by sintering-induced coalescence driven by particle size ratios, initial contact
statistics, and interfacial thermodynamics. While Ni coalesces at a faster rate due
to higher diffusivity and surface energy, these factors do not necessarily enhance
long-distance connectivity. GDC with slower coalescence and lower surface
energy instead develops smoother and more continuous networks, eventually
leading to long-distance connectivity.

Pore tortuosity is another important indicator for gas transport in the anode, with
higher values indicating more convoluted diffusion paths and reduced accessibility
of reactants to sites of electrochemical reactions. As shown in Figure 6.1(e),
pore tortuosity decreases with increasing porosity, as expected: Group A (25 %
porosity) shows the highest values, while Group C (45 % porosity) shows the
lowest values, reflecting improved pore connectivity. A pronounced decrease in
tortuosity can be observed between 25 % and 35 % porosity, while small changes
are observed between 35 % and 45 %, suggesting saturation once a well-connected
pore network is established. At a fixed porosity, pore tortuosity is additionally
influenced by the ratio of Ni/GDC solid volume fractions due to the differing
particle sizes. Across all porosity groups, an increase in the Ni fraction resulted
in lower pore tortuosity. Specifically, pore tortuosity decreases from 9.92 to 5.49
in group A, from 3.37 to 2.69 in group B, and from 2.18 to 2.00 in group C as
the Ni/GDC ratio changes from 30/70 to 70/30. The influence of the solid phase
composition is most prominent at low porosity (group A) and is negligible at high
porosity (group C), which is consistent with the saturation of the pore network.
This behavior reflects the interaction between particle size, solid volume fractions,
and porosity: at constant porosity, a higher proportion of larger Ni particles tends
to result in coarser pore channels, while a higher proportion of smaller GDC
particles narrows the pore necks and increases the complexity of the pathways.
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The experimental Ni-GDC anode microstructure with a pore volume fraction of
36.51 Y% features a mean pore tortuosity of 2.68 (see Table 5.2), corresponding
well with the synthetic structures in group B (35 % porosity), where values range
between 3.37 and 2.69 depending on the Ni/GDC ratio.

6.3.2 Effective properties of mechanical response

Elastic modulus As described in detail in Section 2.7.2, this work employs
a homogenization method in which the heterogeneous anode microstructure is
replaced by an equivalent homogeneous continuum, enabling a systematic eval-
uation of the effective mechanical properties and their evolution during aging
as a function of the initial microstructural configuration. Effective mechanical
properties of porous Ni-GDC anodes, comprising directional elastic moduli and
Hill’s average, were extracted from the initial synthetic microstructures of groups
A, B, and C to establish structure-property correlations. The directional elastic
moduli (Ex, Eyy, and E ;) for groups A, B, and C are shown in Figure 6.2(a-c).
For groups A and B, the directional moduli for a given composition are clustered
closely, indicating a nearly isotropic elastic response. In contrast, group C (45 %
porosity) exhibits pronounced elastic anisotropy (Figure 6.2(c)). As shown in
Figure 6.2(d), the Hill average modulus (Ey;);) decreases linearly with increasing
porosity, declining from 84.23 GPa—105.41 GPa for group A (25 % porosity) to
41.51 GPa—48.19 GPa for group C (45 % porosity). This tendency is consistent
with computational studies on reconstructed Ni-YSZ anodes and porous media
models, which reported a reduction in the elastic modulus with increasing porosity,
in accordance with Gibson-Ashby’s scaling laws [229-231]. At fixed porosity,
Ewyiy increases with increasing Ni solid volume fraction in all groups. Specifically,
Eqip increases from 84.23 GPa to 105.41 GPa in group A, from 62.66 GPa to
72.72 GPa in group B, and from 41.5 GPa to 48.19 GPa in group C as the Ni/GDC
solid volume fraction changes from 30/70 to 70/30. This behavior results from
the higher elastic modulus of Ni (200 GPa) in comparison to GDC (120 GPa), as
shown in Table 6.1.
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25 %, (b) 35 %, and (c) 45 %, (d) Hill average elastic modulus (Ey;), and (e) average von
Mises stress.

Average von Mises stress Figure 6.2(¢) shows the average von Mises stress
under the applied stack boundary conditions and thermal expansion, for different
porosities and Ni/GDC solid volume fractions. Overall, the average von Mises
stress decreases with increasing porosity, declining from a maximum of 1.61 GPa
for group A (25 % porosity) to 0.90 GPa for group C (45 % porosity). At fixed
porosity, the average von Mises stress increases with Ni content in all groups:
from 1.27 GPa-1.61 GPa in group A, from 1.15 GPa—-1.49 GPa in group B, and
from 0.90 GPa—1.14 GPa in group C, with the Ni/GDC ratio changing from 30/70
to 70/30. As expected, these trends largely correspond to those of the Hill average
elastic modulus. The relatively high stress values predicted in this work are
attributed to the purely elastic material model assumption. In practice, part of
the stress would be relaxed by inelastic deformation or damage mechanisms.
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Therefore, the present stress values should primarily be interpreted comparatively
when evaluating differences between microstructures. It is observed that, on
account of the similar evolution of Eyj; and the average von Mises stress, i.e.,
increase with Ni content and decrease with porosity, it can be approximated that
the thermal eigenstrain remains nearly constant across all configurations. This
insensitivity can be largely attributed to the relatively small differences in the
thermal expansion coefficients of Ni and GDC (Table 6.1), thereby reducing the
influence of solid volume fraction variations on the overall thermal eigenstrain.

6.4 Evolution and degradation of properties
during aging

This Section presents the multiphase-field simulation results investigating the
coarsening behavior in various initial synthetic microstructures under thermal
operating conditions of 900°C with a gas composition of 50 % H,/50 % H;O.
Firstly, we examine the evolution of the microstructure over time with an analysis
of the particle diameters. Subsequently, we explain the influence of aging on the
microstructural properties relevant to electrochemical performance, followed by
the effective mechanical properties.

Evolution of microstructure and particle size All pristine synthetic
Ni-GDC microstructures were employed as inputs for multiphase-field aging sim-
ulations performed for 2000 hours, with properties evaluated at 50-hour intervals.
To comprehensively characterize the anode degradation, the analysis focused on
the temporal evolution of the mean particle diameters of Ni, GDC, and pores;
electrochemically relevant metrics such as TPB and DPB densities as well as
phase tortuosities; and effective mechanical properties like directional elastic
moduli, Hill average elastic modulus, and critical volume fraction. The objective
here is to quantify the influence of different initial configurations on the degrada-
tion of these key properties. A detailed analysis of the correlations between the
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initial configurations of the microstructure and the degradation of its properties
enables the targeted optimization of the initial microstructures, ultimately leading
to improved durability and efficiency of SOFCs. Figure 6.3 shows the 3D mi-
crostructure evolution of selected configurations (A1, AS, B1, BS, C1, C5) after
aging times of 1000h and 2000h. Microstructural evolution directly affects the
electrochemical reaction sites, the transport of ions, electrons, and gases, and thus
the long-term stability of the anode. Experimentally, aging-induced coarsening of
Ni and GDC has been widely reported and is reflected by an increase in the mean
particle size [83, 86, 89].

Al AS Bl B5 Cl1 C5
o s Z [N] [ooc]

Pore

After 1000 hours

After 2000 hours

Figure 6.3: Morphological evolution of the pristine synthetic 3D Ni-GDC anode microstructures after
1000 and 2000 hours of aging for selected initial configurations (A1, AS, B1, B5, C1, C5)
predicted from multiphase-field simulations.

Multiphase-field simulations

Figure 6.4(a-c) depicts the evolution of the mean Ni particle diameter for porosity
groups A, B, and C. In all microstructural configurations, Ni coarsening is most
pronounced during the early stages of aging and slows considerably at later stages,
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in agreement with experimental observations [86] and simulations [74, 98]. For all
porosity groups, the relative increase in the mean Ni particle diameter, as expected,
increases with increasing Ni solid volume fraction. The largest particle growth
after 2000 aging hours is observed in A5 at 46.6 % (0.755 um—1.117 um), B5
at 54.8 % (0.762 um—1.189 pm), and C5 at 56.7 % (0.748 um—1.172 um) with Ni
volume fractions of 52.71 %, 45.26 %, and 38.60 Y%, respectively. It is noteworthy
that the highest relative growth occurs in configuration C5, despite its lower Ni
volume fraction. This behavior can largely be attributed to the combined effect
of higher pore content (44.9 vol.%) and lower inhibition by the GDC network
(16.5 vol.%) in conjunction with the significantly faster surface diffusivity of Ni in
comparison to interfacial diffusivity (five orders of magnitude [166]), promoting
rapid particle coalescence among the nickel particles and thus a higher increase in
the mean particle diameter.

Figure 6.4(d-f) shows the evolution of the mean GDC particle diameter for porosity
groups A, B, and C. In contrast to Ni, GDC exhibits a much slower and more
gradual coarsening behavior over time, reflecting its significantly lower diffusivity,
about five orders of magnitude lower than that of Ni [166]. Across all porosity
groups, the relative increase in the mean GDC particle diameter increases with
increasing GDC solid volume fraction, similar to the trend observed for Ni. Minor
differences among the curves at different solid volume fractions within a given
group arise from slightly different initial GDC particle sizes of those respective
configurations. After 2000 aging hours, the largest particle growth is observed for
Al at 17.3 % (0.508 um—0.603 um), B1 at 8.9 % (0.502 ym—0.550 um), and C1
at 5.6 % (0.497 um-0.531 um), with GDC volume fractions of 52.57 %o, 45.28 %,
and 38.34 %, respectively. The largest relative growth in GDC is observed in
configuration A1, which has the highest GDC volume fraction. Given the smaller
particle size, strong percolation, and relatively low diffusivity of GDC, particle
coarsening is primarily dependent on the volume fraction in the investigated 2000h
aging time, rather than the porosity and inhibition by the nickel network.

Figure 6.4(g-i) displays the evolution of the mean pore diameter across A, B, and
C porosity groups. Porosity evolves in accordance with the rearrangement and
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Figure 6.4: Evolution of the mean diameter over 2000 hours of aging from multiphase-field simula-
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coalescence of solid particles in the structure. As particle coalescence progresses,
the pore network becomes increasingly connected — also reflected in the decreasing
pore tortuosity as shown in Figure 6.7(g-1) — resulting in an increasing mean pore
size over time. During early aging, pore evolution follows Ni coarsening closely,
due to the rapid growth of Ni. In later stages, the continuing, but slower, coarsening
of GDC determines the further pore evolution. The largest growth in pore size
after 2000 aging hours is observed in A5 at 128.8 % (0.320 um—0.732 pm), BS5 at
119 % (0.397 um-0.870 pm), and C5 at 102.7 % (0.475 um-0.963 pm), with pore
volume fractions of approximately 25 %, 35 %, and 45 %, respectively. As the
porosity varies between groups A, B, and C, their initial pore size distributions
also differ correspondingly. As a result, group C, with higher porosity displays
the largest absolute pore diameters, while group A of lower porosity exhibits the
largest relative pore growth, reflecting substantial enlargement of initially smaller
and more restricted pores despite smaller final absolute sizes.

6.4.1 Electrochemical performance-related
microstructural properties degradation

TPBs and DPBs evolution The evolution of the total TPB density for poros-
ity groups A, B, and C is shown in Figure 6.5(a-c). In accordance with the rapid
coarsening of Ni during early aging, the TPB density decreases sharply at the
initial stage and slows down considerably over longer durations. Overall, it can be
seen that the TPB evolution shows a qualitatively inverse correlation to the mean
Ni and GDC particle diameter evolution. After 2000h of aging, the TPB density
decreases by 43.8 %—69.4 % relative to the respective initial values, indicating a
significant loss of electrochemical reaction sites and a corresponding degradation
in cell performance. At a fixed porosity, a higher Ni solid volume fraction leads to
relatively greater TPB degradation and lower absolute TPB densities after aging.
Across all porosity groups, the structures with high porosity (group C) exhibit the
lowest TPB densities after 2000h of aging, while the structures with low porosity
(group A) display comparatively higher values. Considering both the initial TPB
density and long-term stability, configurations A2 (29.77 vol.% Ni, 45.33 vol.%

174



6.4 Evolution and degradation of properties during aging

GDC) and A3 (37.60 vol.% Ni, 37.99 vol.% GDC) show the best properties, with
TPB densities decreasing from initial values of 4.5 um~2 and 4.98 um™~? to values
of 1.87um~2 and 1.85 um~2, respectively, after 2000 aging hours. Competing
mechanisms of Ni and GDC coarsening in conjunction with wettability or dewet-
ting behavior at Ni/GDC interfaces enhance the complexity of morphological
evolution. As demonstrated in Section 4.4.2, interfacial energy configurations
in the Ni-GDC-Pore system with wetting behavior can mitigate TPB loss and
enhance microstructural stability during long-term operation. Figure 6.6 shows
the evolution of the total triple-phase boundary from the initial state to 2000h of
aging for selected configurations (A3, B3, C3).
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Figure 6.5: Evolution of electrochemical reaction sites over 2000 hours of aging from multiphase-field
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Figure 6.6: Total triple-phase boundary in the initial state and after 2000h of aging for porosity groups
of 25 % (A3), 35 % (B3), and 45 % (C3), respectively, from multiphase-field simulations,
with color-coded TPB segments.

Figure 6.5(d-f) illustrates the DPB density evolution for porosity groups A, B, and
C. Across all configurations, DPB density decreases monotonically with aging,
resulting in an overall reduction of 14.6 % to 18.9 % from the initial values after
2000h of aging. Porosity groups B (35 %) and C (45 %) maintain higher and
nearly identical DPB densities over the entire aging period, in line with the higher
initial values. Within each porosity group, a higher GDC solid fraction is also
associated with higher DPB densities after long-term aging. Kishimoto et al. [232]
have demonstrated through sensitivity analyses at 700 °C that the electrochemical
reaction at the DPB is the rate-limiting step in ceria-based electrodes, indicating
that increasing the DPB density is more effective for improving performance
than increasing species transport. In accordance with these results, configurations
B1 and C1 exhibit the highest DPBs both in their pristine state (2.02 um™' and
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2.02 um™") and after 2000h of aging (1.70 um~! and 1.72 um™"), implying their
preference in terms of both initial performance and long-term stability.

Tortuosities evolution To quantify effective electronic, ionic, and gas trans-
port pathways, the time evolution of the mean tortuosity of the Ni, GDC, and pore
phases is presented in Figure 6.7. The evolution of nickel mean tortuosity for
porosity groups A, B, and C is shown in Figure 6.7(a-c). Multiple configurations
(A1, B1, Cl1, C2) were not included, as nickel is non-percolating in the initial
structures. Configuration C3 (27.58 vol.% Ni, 27.34 vol.% GDC) was initially
percolated, with a mean nickel tortuosity of 27.94; however, it becomes non-
percolating over aging due to a very high initial directional tortuosity value of 54
in the x-direction. Although percolation persists in the y- and z-directions, the loss
of connectivity in the x-direction results in a non-percolated mean value. These
results indicate that microstructures with high initial tortuosity values are prone to
forming nickel islands, particularly at low nickel volume fractions. Configuration
A2 (29.77 vol.% Ni, 45.33 vol.% GDC) exhibits a significant increase in nickel
tortuosity from 21.12 to 29.93 after 2000h. In configurations with low Ni and
high GDC volume fractions, nickel coarsening can lead to encapsulation of Ni
particles by the GDC network in some areas, restricting further coalescence, but
forming isolated Ni regions. This significantly increases tortuosity, as electron
transport paths must circumnavigate the high density of GDC networks. Such
microstructural configurations are highly sensitive to local morphological changes,
where minor connectivity losses can cause large tortuosity variations. Increased
tortuosity, resulting in an increased isolated Ni volume fraction, is reported in the
literature [233]. The increase in tortuosity is most pronounced during early aging,
consistent with rapid nickel coarsening, but shows various discontinuities (absent
in particle size evolution). It could be due to tortuosity being highly sensitive
to local variations in particle connectivity or isolation, unlike volume properties
(which are less affected by such local events), where local particle isolation or
percolation changes can significantly alter the values.
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Figure 6.7: Evolution of mean tortuosity over 2000 hours of aging from multiphase-field simulations.
(a-c) nickel, (d-f) GDC, and (g-i) pore phases at porosity groups of 25 %, 35 %, and 45 %,
respectively, across solid volume fractions (solid vol.%) of Ni/GDC.
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6.4 Evolution and degradation of properties during aging

Configurations B2 (25.71 vol.% Ni, 39.13 vol.% GDC) and C4 (32.85 vol.% Ni,
21.96 vol.% GDC) show an initial decrease followed by a gradual increase and
eventual stabilization of tortuosity. Despite lower nickel content in the B2 structure
than in A2, reduced GDC network and higher porosity promote better connectivity
initially as particle coalescence starts, but over time, the reduction in particle
number and formation of nickel islands could result in increasing tortuosity values.
Despite containing a similar nickel content to A2, the C4 structure, with its higher
porosity of 45 %, exhibits better initial properties and a similar evolution to the
B2 structure. These results demonstrate that nickel tortuosity depends not only on
Ni content, but also on GDC fraction and porosity, consistent with prior studies
stating that both solid fraction and porosity control percolation thresholds [234].
At higher nickel contents, the correlation is noticeably weaker, and an increasing
particle size of Ni does not necessarily result in increased tortuosity of nickel
over time. Consistent with previous studies that investigated structures with
nickel contents of 20 %, 25 %, and 33 % for the Ni-YSZ system, the high nickel
content of 33 % resulted in a tortuosity value that remained nearly invariant over
time [130].

Electron transport is often not the rate-limiting process in SOFC anodes and may
therefore make Ni tortuosity values seem less critical. In Ni-GDC anodes, the
GDC phase also exhibits electronic conductivity, which is one to two orders of
magnitude higher than its ionic conductivity, further reducing the likelihood of
electron transport limiting electrochemical reactions. Consequently, the distri-
bution of electrochemical activity is primarily determined by ionic conduction
rather than electronic transport [210]. From this standpoint, nickel tortuosity may
not be a primary design focus in Ni-GDC anodes. In cases where the nickel
network becomes non-percolating, the effective electronic conductivity is predom-
inantly controlled by the GDC phase. Nevertheless, the assumption that the entire
DPB is electrochemically active remains subject to debate; instead, reactions
may be localized around TPB regions. This effect can become more pronounced
at lower operating temperatures due to the lower electronic conductivity in the
GDC phase. Consequently, higher TPB and DPB densities, together with lower
tortuosity of the Ni and GDC phases, may remain desirable in certain cell designs
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6 Effect of anode volume fractions on microstructural degradation and mechanical integrity

and operating conditions. Therefore, the sensitivity of electrode performance to
all microstructural properties in terms of initial configurations and degradation
remains important, as it determines the parameters that need to be prioritized for
microstructural optimization. Findings and insights gained from this study are
likely to be useful in future efforts to enhance the microstructure of electrodes, as
well as in cell-level modeling and TLM for electrochemical performance.

The evolution of GDC tortuosity for porosity groups A, B, and C is depicted in
Figure 6.7(d-f). Configuration C5 was excluded due to the initial non-percolating
GDC phase. For all other configurations, GDC tortuosity displays only a slight
decrease over the aging period, indicating that the ionic and electronic transport
pathways remain largely stable with respect to their initial states. Such behavior
correlates with the slow coarsening kinetics of GDC, as reflected in only minor
increases in the mean particle diameter. While local coalescence of GDC parti-
cles occurs, the degree of coalescence remains insufficient to result in particle
isolation or loss of percolation. Instead, the low diffusivity and surface energy
of GDC promote the formation of smoother, more continuous networks, thereby
preserving long-range connectivity over time. Kishimoto et al. [232] investigated
the sensitivity of electrode area-specific resistance (ASR) to key microstructural
parameters, including DPB density, GDC tortuosity, and mean pore size. Their
analysis concluded that ASR is most sensitive to DPB density, with variations
spanning nearly two orders of magnitude, while changes in GDC tortuosity and
pore size resulted in comparatively small ASR variations within the same order
of magnitude. Furthermore, increased DPB density remains the most effective
strategy for improving performance, with a 10 % increase in DPB density resulting
in a 10 % reduction in ASR. Finally, the increase in GDC tortuosity needs to be
limited to prevent an increase in ohmic losses associated with ion conduction.

Based on the aforementioned results, several conclusions could be drawn. In
the initial microstructures, GDC volume fractions between 30.52 % and 52.57 %
resulted in well-percolated transport networks, with GDC tortuosity dropping
from 3.69 to 1.61. Given the role of GDC in electrochemical reactions, as well
as ionic and electronic transport pathways, configurations with non-percolating
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or low Ni content might still be viable depending on the cell design. In this
regard, configurations B1 (19.67 vol.% Ni, 45.28 vol.% GDC), B2 (25.71 vol.%
Ni, 39.13 vol.% GDC), and C1 (16.78 vol.% Ni, 38.34 vol.% GDC) prove to be
favourable, as they exhibit high initial DPB densities and modest aging degradation
(B1: 2.02 to 1.70um™~"!, B2: 1.77 to 1.49um~!, C1: 2.02 to 1.72um™") along
with low and stable GDC tortuosity (B1: 2.02 to 1.95, B2: 2.46 to 2.36, C1:
2.72 to 2.55). Previous studies have shown that ceria-based electrodes hold
the potential to operate as SOFC anodes without a secondary electronic phase.
Chueh et al. [22] demonstrated this for single-phase ceria, and Nakamura et
al. [207, 235] showed the same for micrometer-sized pure GDC. In addition to
DPB density and GDC tortuosity, if Ni-related metrics are prioritized, such as TPB
density and Ni tortuosity, configuration B2 may be preferable. Compared to B1
(3.12t0 1.62 um_z) and C1 (2.49 to 1.40 pm‘z), configuration B2 exhibits higher
TPB density and lower degradation (3.68 to 1.67 um~2) in addition to being the
only configuration among the three with a percolated Ni network. Nevertheless,
simultaneous maximization of both the electrochemical reaction sites (TPBs and
DPBs) and minimization of the tortuosity of the Ni and GDC transport networks
is difficult, as these microstructural properties are inherently coupled and often
compete with each other. Increasing and balancing solid volume fractions of Ni
and GDC tends to increase TPB density but is likely to decrease DPB density.
Conversely, high GDC volume fractions do not necessarily lead to the highest DPB
densities, as limited pore volume could constrain DPB formation. Furthermore,
efficient transport generally favors higher volume fractions of each phase, which
further competes with the need for substantial interfacial reaction sites.

Figure 6.7(g-1) shows the evolution of pore tortuosity for porosity groups A,
B, and C. Group C (45 % porosity), with an already low initial pore tortuosity,
shows a moderate but overall decreasing pore tortuosity across all Ni/GDC solid
volume fractions with aging. Pore tortuosity correlates well with initial pore size
and its evolution, with larger pores promoting improved connectivity and lower
tortuosity. These findings are consistent with the phase-field studies by Chen et
al. [91], reporting that prolonged coarsening in Ni-YSZ systems can enhance gas
transport through the pore phase. In contrast, groups A and B across different
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Ni/GDC compositions show rather discontinuous and non-monotonic trends in
pore tortuosity. In these systems with lower porosity, the correlation between pore
size and tortuosity is noticeably weaker, and an increase in pore size does not
necessarily correspond to a reduction in tortuosity over time. This behavior reflects
the complex microstructural evolutions of Ni and GDC coarsening and interfacial
dynamics, thus making direct correlations between morphological evolution and
pore tortuosity less straightforward. Furthermore, microstructures with lower
porosity are more sensitive to local particle redistributions occurring during aging
than highly porous systems. Overall, pore tortuosity, similar to GDC tortuosity,
shows no significant changes during aging across all configurations (except for
configuration Al), indicating that gas diffusion pathways remain largely stable
compared to their initial state.

6.4.2 Mechanical performance-related effective
properties degradation

Evolution of elastic modulus Evolution of elastic properties for porosity
groups A, B, and C is shown in Figure 6.8(a-1). All configurations show an overall
reduction in elastic properties over aging. An increase in pore size and shape
change generally results in a degradation of mechanical strength and a reduction in
stiffness. For example, in configuration A1, the effective directional moduli £,
Eyy, and E,; decrease from 83.63, 84.89, and 84.62 GPa to 78.77, 80.27, and
80.39 GPa, respectively, while Hill average elastic modulus Ep; decreases from
84.23 to 79.77 GPa as the mean pore diameter increased from 0.351 to 0.476 um
over 2000h of aging. Figure 6.8(a-c) depicts the evolution of the Hill average
elastic modulus Epy for porosity groups A, B, and C. For all configurations, Eyi;
shows a pronounced initial decline, corresponding to rapid Ni coarsening in the
early stages, followed by a gradual decline or a nearly constant value at longer
aging times. The overall reduction in Ey; ranges from 5.30 % to 14.48 %, with
the highest deterioration observed in the high porosity group C and the lowest in
group A.
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Figure 6.8: Evolution of elastic properties over 2000h of aging from multiphase-field simulations.

(a-c) Hill average elastic modulus (Ey;y;), and effective directional elastic moduli (d-f)
Exx, (g-1) Eyy, (j-1) E; for porosity groups of 25 %, 35 %, and 45 %, respectively,
across solid volume fractions (solid vol.%) of Ni/GDC.
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Figure 6.8(d-1) shows the evolution of the effective directional elastic moduli (
Exx, Eyy, E;) for porosity groups A, B, and C. The moduli show a sharp initial
decline, followed by a slower decline or near stabilization at later stages, except
for configurations B5 and CS5, consistent with the trends in the Hill average elastic
modulus. The correlation between the increase in mean pore diameter and the
reduction in effective directional elastic moduli is weaker for configurations BS
and C5. Although the pore size increases monotonically in these structures, the
discontinuous evolution of pore tortuosity in BS and Ni tortuosity in C5, arising
from local particle rearrangements, might strongly influence the evolution of the
directional moduli. Overall, the effective directional elastic moduli decrease be-
tween 0.9 % and 18.9 % for all configurations. Group C, with high porosity, shows
the largest relative decrease, while group A shows the lowest. Configurations
with higher Ni content, higher porosity, and less inhibition by the GDC network
(e.g., BS and C5) also display increased anisotropy during aging. In configuration
C5, for example, the effective directional elastic moduli decrease by 0.9 %, 1.9 %,
and 17 % along the x, y, and z directions, respectively, after 2000h of aging. In
the work of Brus et al. [236], it was shown that long-term SOFC operation of
a Ni-YSZ anode resulted in strong anisotropy in the anode microstructure. An
initially isotropic anode, after prolonged operation of 3800 hours, exhibited strong
anisotropy, particularly in the nickel and pore phases of the investigated Ni-YSZ
anode. As possible causes for the anisotropies, nickel migration, growth, and
coarsening were mentioned. Also, they highlighted the importance of credible
numerical simulations of SOFCs accounting for these anisotropies. Liu et al. [115]
reported an increase in elastic properties during the sintering stage of Ni-YSZ
anode fabrication, as progressive densification resulting in reduced porosity en-
hances elastic properties with sintering time. The current work demonstrates that
during long-term aging of Ni-GDC anodes, microstructural coarsening and pore
evolution result in a decrease in elastic properties. Overall, the elastic properties
and the evolution of these properties over time are determined by the combined
effects of porosity, Ni/GDC volume fractions, pore size and shape, as well as the
connectivity of the phases.
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Evolution of average von Mises stress and critical volume fraction
Figure 6.9(a-f) shows the evolution of the average von Mises stress and the
CVF under the applied stack boundary conditions. As microstructure coarsening
progresses, the internal load distribution also changes: Stress concentrations
are reduced in areas where sharp curvatures and small features vanish, while
other regions carry a larger proportion of the load. These redistributions are also
influenced by initial Ni/GDC solid volume fractions, porosity, and the evolution of
particle sizes and shapes, and directly affect both overall stress and localized stress
concentrations. As shown in Figure 6.9(a-f), the coarsening of the microstructure
over aging results in a significant redistribution of local stress fields and large
changes in global loading conditions. Consequently, both the average von Mises
stress and CVF exhibit similar qualitative trends across configurations.
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Figure 6.9: Evolution of mechanical response over 2000h of aging from multiphase-field simulations.
(a-c) Average von Mises stress, and (d-f) critical volume fraction (CVF) for porosity
groups of 25 %, 35 %, and 45 %, respectively, across solid volume fractions (solid vol.%)
of Ni/GDC.
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In group A (low porosity), both the average von Mises stress and the CVF increase
with aging across all Ni/GDC solid volume fractions, indicating an enhancement
of thermally induced stresses resulting from the coefficient of thermal expansion
(CTE) mismatch between Ni and GDC. These results suggest that high-density
Ni-GDC anodes experience elevated stress levels during long-term operation.
From a mechanical integrity standpoint, an increase in average von Mises stress,
particularly when coupled with an increase in CVF, indicates an overall elevation
of the internal stress state and stress concentration within the microstructure. This
behavior might be attributed to the high effective stiffness (Egij) and low porosity
of the structures, which strongly constrain the thermal-expansion mismatch and
limit stress reduction through pores. In the absence of external mechanical loading,
stresses resulting solely from thermal expansion might be determined by com-
peting effects of porosity, stiffness, phase connectivity, and local heterogeneity
at the interfaces between Ni/GDC and solid/pores, in addition to the primary
CTE mismatch. An increase in the Ni volume fraction further increases the stress
levels, as the more rigid Ni phase increasingly restricts GDC deformation. For
example, in configuration A5, the average von Mises stress increases from 1.61
to 1.88 GPa over aging. The CVF increases from 46.4 % to 60.0 %, indicating
that substantially larger volumes of the microstructure exceed their initial stress
threshold. This stress amplification and redistribution caused by coarsening sug-
gest an increased mechanical loading state within the microstructure. Similarly,
Xiang et al. [237] simulated thermomechanical stresses arising from the CTE
mismatch between Ni and YSZ under operating conditions and external loading.
Their results demonstrated that the YSZ volume fraction plays a dominant role in
controlling the mechanical strength of the anode, and optimizing the YSZ skeleton
during fabrication could significantly improve the resistance to mechanical failure
in Ni-YSZ composite anodes.

In the highly porous Ni-GDC anodes of group C, aging enhances stress reduction,
as reflected in a systematic reduction in both the average von Mises stress and
the CVF across all Ni/GDC compositions. High porosity may promote stress
reduction through the pores, allowing the Ni or GDC phase to expand without
restriction, and coarsening of the particles under reduced phase constraint might
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smooth local stress gradients. As a result, a smaller portion of the microstructure
is exposed to stresses above the pristine average. For example, in configuration
C5, aging resulted in a decrease in the average von Mises stress from 1.14 to
0.97 GPa, and the corresponding critical volume fraction decreases from 46.0 %
to 36.8 %. The decrease in average von Mises stress and CVF over the aging
indicates improved tolerance to thermal mismatch strains. However, this improved
mechanical stability is achieved at the expense of reduced stiffness (see Figure 6.8)
and possibly lower electrochemical performance (see Figure 6.5). Previous studies
have highlighted the strong influence of anode composition and porosity on the
thermomechanical behavior in SOFC anodes. Celik et al. [238] numerically
investigated the stress distributions in porous Ni-YSZ anodes at the microstructural
level and demonstrated that increasing the volume fraction of a particular solid
phase (Ni or YSZ) stabilizes thermal expansion and reduces thermo-mechanical
stress. They further reported that the lowest stress levels occur at high porosity
due to stress reduction through the pores.

To further illustrate the local stress redistribution during aging, Figure 6.10 shows
representative 3D contour maps of the von Mises stress together with the his-
tograms for configurations A5 and CS5 in the initial and 2000h aged states. In all
cases, the stress field is strongly heterogeneous, with elevated stresses confined
to small localized regions, whereas the majority of the microstructural volume
remains at comparatively low stress levels. The histograms are strongly right-
skewed, showing that very high stress values occur only with very low probability
and therefore contribute only weakly to the volume-averaged stress. Aging shifts
the stress distribution differently depending on the volume composition. In the AS
configuration, the distribution shifts toward higher stresses and the maximum local
stress increases (from 7.76 GPa to 10.30 GPa), while in C5, the distribution shifts
toward lower stresses and the maximum stress increases slightly (from 11.55 GPa
to 12.57 GPa). The color scale of the stress contour plots is limited to the range of
0 to 4 GPa to enhance the representation of the dominant stress regime, at which
the majority of the distribution density is concentrated. These local stress maps
and the histograms show that aging is accompanied by a redistribution of stress
within the microstructure, as reflected by the change in the probability distribution
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from the initial to the aged state. A few isolated extreme stress values are also
observed, likely associated with very thin neck regions, but these occur with very
low probability.

Each microstructure exhibits distinct stiffness, phase connectivity, constraint, and
thermal load sharing, resulting in different distributions of thermal stresses de-
pending on the Ni/GDC/porosity balance. In group B (intermediate porosity with
35 %), both the average von Mises stress and the CVF remain relatively stable
during aging, with only a slight increase observed in the Ni-rich configuration
B5 (CVF: 48.6 % to 51.1 %; average von Mises stress: 1.49 to 1.56 GPa). These
results suggest that a Ni-GDC anode with intermediate porosity offers a mechan-
ically favorable balance: relatively better stiffness values compared to the high
porous group (Figure 6.8) to sustain load-bearing requirements while limiting
stress localization and CVF growth. These results provide an understanding of the
possible mechanical degradation in the initial configurations of porous Ni-GDC
electrode structures over the aging process as a result of thermal expansion-related
stresses and the resulting performance losses, degradation of the SOFC. The cur-
rent work investigates the overall behavior of the mechanical properties and their
deterioration resulting from aging-induced complex morphological evolutions of
the 3D Ni-GDC SOFC anode. A detailed analysis of the relevant mechanisms and
trends with regard to porosity and evolution within specific groups is beyond the
scope of the current work. Nevertheless, these findings provide a basis for future
research focusing on more comprehensive investigations.

6.5 Interim conclusion

In this Chapter, systematic investigations of fifteen synthetic anode microstructures
in the pristine and aged states revealed strong, correlated dependencies of TPB and
DPB densities, phase tortuosities, elastic moduli, and stress distributions on Ni
and GDC volume fractions and porosity. Considering the initial TPB density and
its long-term stability as primary design criteria, configurations A2 (29.77 vol.%
Ni, 45.33 vol.% GDC) and A3 (37.60 vol.% Ni, 37.99 vol.% GDC) emerge as the
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most promising, exhibiting high initial TPB density accompanied by relatively
low degradation after 2000 hours of aging. A3 additionally demonstrated better
nickel percolation compared to A2. Given the MIEC nature of GDC and its role
in electrochemical activity and transport, configurations with reduced or even non-
percolating Ni content may remain viable depending on the cell design. In this
context, B1 (19.67 vol.% Ni, 45.28 vol.% GDC), B2 (25.71 vol.% Ni, 39.13 vol.%
GDC), and C1 (16.78 vol.% Ni, 38.34 vol.% GDC) configurations offer favorable
trade-offs, exhibiting high initial DPB density, relatively low degradation rates, and
stable GDC transport pathways. Among these, the B2 configuration provided the
best overall performance whilst prioritizing Ni-related metrics, as it incorporated
Ni-percolation along with a relatively high TPB density, and reduced degradation.

The effective elastic properties and average von Mises stress decreased linearly
with increasing porosity. For all configurations, the effective elastic properties
exhibited a pronounced initial decline corresponding to rapid Ni coarsening in the
early stages, followed by a gradual decline or near-constant behavior at longer
aging times. The coarsening of the microstructure during aging led to a signifi-
cant redistribution of local stress fields and substantial changes in global stress
conditions resulting from thermal eigenstrains. Microstructures with medium
porosity (35 %) offered the most balanced mechanical performance by limiting
stress localization and critical stress volume fractions during aging. In contrast,
anodes with low porosity exhibited increased stress concentrations, while anodes
with high porosity showed improved stress tolerance at the expense of lower
stiffness and reaction site density values.

Overall, these findings demonstrate that optimal SOFC anode design requires
an integrated electrochemical-mechanical performance consideration based on
multiple microstructural descriptors rather than a single-metric optimization. The
quantitative results presented here provide guidance for selecting Ni and GDC vol-
ume fractions tailored to specific cell designs, while the extracted microstructural
parameters serve as necessary inputs for transmission line modeling of Ni-GDC-
SOFC anodes for cell performance as a function of microstructural composition,
as well as for modeling at the cell and stack levels.«
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7 Conclusion

7.1 Summary

The current work provides detailed insights into the microstructural degradation
and optimization of Ni-GDC anodes under SOFC operating conditions, with
the objective of improving the electrochemical performance and mechanical in-
tegrity. Furthermore, novel state-of-the-art approaches are presented, including
the employment of a Bayesian active learning framework for the identification
of unknown physical parameters associated with operating conditions, and a
sintering-like morphological coalescence mechanism integrated into the structure
generator workflow, enabling the creation of realistic digital twins of Ni-GDC an-
odes. Three-dimensional multiphase-field simulations are successfully conducted
over realistic timescales exceeding a few thousand operating hours, covering the
expected lifetime of SOFCs and incorporating various microstructural config-
urations of the Ni-GDC anode. Both the simulation results and the generated
synthetic microstructures are validated against FIB-SEM reconstructed 3D experi-
mental data, demonstrating a high level of morphological detail and the predictive
capability of the frameworks.

First, a novel framework was developed to identify the physical parameters re-
quired for simulating the aging of Ni-GDC anodes under given operating condi-
tions, employing a multiphase-field method. This framework combines Bayesian
active learning with pristine and aged FIB-SEM reconstructed 3D microstructures,
coupled with phase-field coarsening simulations. The active learning framework
was initially validated using two-dimensional reference structures and corre-
sponding phase-field coarsening simulations, demonstrating its reliability and
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effectiveness. Following this validation, the framework was extended to 3D FIB-
SEM reconstructed Ni-GDC anode microstructures. The results showed that
single-objective optimization, targeting an individual microstructural descriptor,
is insufficient to accurately capture the overall morphology, as significant devia-
tions arise in other critical descriptive parameters. In contrast, a multi-objective
optimization technique based on a weighted sum scalarization approach provided
significantly improved results, achieving an overall error of approximately 7 %—
8 %. Through comparison with available physical parameters and data from the
literature, consistent and representative parameters were obtained for the aging
simulations of the Ni-GDC anode under the given operating conditions. Although
the current work focuses on the Ni-GDC anode system, the framework can be
readily transferable to other SOFC material systems, such as the widely used
Ni-YSZ anodes.

In the subsequent analysis, quantitative simulations of nickel and GDC coarsening
in SOFC anodes were conducted using both pristine and pre-aged reference mi-
crostructures to evaluate the predictive capability of the phase-field model under
varying initial conditions. This multi-faceted approach enabled robust validation
of the phase-field model, essential for the reliable prediction and optimization
of long-term SOFC performance. Validation against experimental data showed
good agreement for most microstructural properties. Commercial viability of
SOFCs requires operating lifetimes of more than 40,000h (up to 80,000h), and
conducting experimental aging studies over such a long duration is extremely
resource-intensive and time-consuming. Large-scale simulations were performed
using an optimized, vectorized solver for up to 60,000h, enabling an efficient
analysis of time-dependent microstructural evolution and property changes. Fur-
thermore, investigations on the influence of surface and interfacial energies under
different thermodynamic equilibrium conditions showed the wettability as a deci-
sive factor in the degradation processes: Low nickel contact angles suppress nickel
coarsening, while low GDC contact angles enhance long-term nickel stability.
The predictive capabilities and limitations of the model were also discussed.
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Accurately reproducing the complex sintered microstructures of SOFC anodes
remains a challenge. In this study, an extended structure generator workflow was
employed, which includes a computationally efficient, sintering-like morphologi-
cal coalescence step based on a modified Allen-Cahn formulation, along with a
correction term controlling curvature minimization, to create realistic digital twins
of Ni-GDC anodes. The generated synthetic structure was rigorously validated
against a FIB-SEM 3D reconstruction using seventeen quantitative descriptors,
which resulted in a low global error (mean absolute percentage error of 4.92 %)
and demonstrated high accuracy across geometric, transport, and mechanical
properties. Furthermore, statistical analysis of ten microstructures generated in-
dependently under identical conditions (as in the validation case) showed low
variability (coefficient of variation of about 1 %-3 %), confirming the robustness
and reproducibility of the structure generation method. The strong agreement
established the synthetic structures as reliable digital twins, enabling subsequent
sensitivity analyses and correlations between microstructure and properties for
electrode optimization.

Initial phase volume fractions and particle sizes play a key role in governing the
electrochemical and mechanical performance of Ni-GDC anodes. In this work,
comprehensive degradation investigations were performed by combining realistic
synthetic microstructure generation with large-scale aging simulations, enabling
an integrated analysis of electrochemical descriptors and mechanical properties.
The results provide detailed insights into the design of anode microstructures by
highlighting trade-offs between initial and aging-induced electrochemical and
mechanical behavior. Based on the initial TPB density and its long-term stability,
a configuration containing approximately 37.6 vol.% Ni and 38.0 vol.% GDC
exhibited high initial performance with a relatively low degradation rate. Given
the MIEC nature of GDC, the configuration with approximately 25.7 vol.% Ni
and 39.1 vol.% GDC offered the best overall performance, with Ni-related metrics
in the foreground. Furthermore, microstructures with intermediate porosity (about
35 %) exhibited the most balanced mechanical behavior, while lower and higher
porosities led to increased stress concentrations and reduced functional perfor-
mance, respectively. Overall, these results demonstrate that an optimal design
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of the Ni-GDC SOFC anode requires an integrated electrochemical-mechanical
approach based on multiple microstructural descriptors, rather than single-metric
optimization. The results provide quantitative guidelines for selecting Ni and
GDC volume fractions tailored to specific cell designs, as well as for modeling at
the cell and stack levels.

7.2 Outlook

This Section outlines potential directions for future work, focusing on the open
questions and challenges that have emerged from this research, as well as on
how future studies might further advance the contributions presented in this
dissertation.

Beyond the scalarization-based approach adopted in this work, alternative multi-
objective optimization methods could be investigated further. Although the multi-
objective weighted sum scalarization approach employed in this work provided an
optimized parameter set consistent with the available literature, further refinement
through Pareto-based multi-objective approaches (e.g., evolutionary algorithms)
could improve the accuracy of the parameters. Such approaches might better
account for the cases of interdependent or inversely related material properties.

Future work could further extend the phase-field model framework by incorpo-
rating additional degradation mechanisms relevant to the long-term operation of
the electrode, such as evaporation-condensation processes and GDC migration
under polarization conditions. Incorporating these mechanisms, together with
experimentally determined input parameters and validation data, would further
improve the model’s predictions across a wider range of operating conditions.
Furthermore, spatial variations in wettability due to oxygen partial pressure gra-
dients, particularly in thicker electrodes, would be an interesting direction for
further investigation. With the availability of experimental data on wettability
distributions in Ni-GDC anodes, the current framework can be extended to account
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for spatially dependent wettability behavior and provide a more comprehensive
understanding of Ni-GDC redistribution and degradation.

At the microstructural level, extending the framework to incorporate anisotropic
interfacial properties and grain boundary effects could be an interesting direction
for further research. Incorporating crystallographic orientation information and
orientation-dependent parameters, such as grain boundary energies and diffusion
coefficients, supported by detailed reconstructed microstructures and experimental
measurements could enable a more comprehensive modeling of microstructural
evolution. In conjunction with large-scale simulations, these developments could
provide further insights into the influence of grain boundaries in the anode degra-
dation process.

From an optimization standpoint, extending the framework to include particle size
effects and evaluating their impact on both the initial performance and the long-
term degradation of SOFC electrodes can provide further insights into structure-
property relations. Additionally, further detailed investigation into the evolution of
mechanical behavior, including the modeling of crack formation and delamination
at the anode-electrolyte interface, particularly in relation to porosity and aging-
induced morphological changes in Ni-GDC anodes, would provide new insights
into the mechanical failures of SOFCs.
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