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Abstract 

The global transition toward CO2-neutral energy systems requires a significant expansion of hydrogen 

technologies, with solid oxide electrolysis cells (SOECs) offering a highly efficient route for hydrogen 

production via high-temperature electrolysis. However, despite their superior efficiency, SOECs remain 

technologically less mature than low-temperature alternatives such as alkaline or proton exchange 

membrane electrolyzers. Advancing SOEC development therefore demands innovation in both cell 

design and manufacturing strategies to achieve high performance, mechanical stability, and cost-

efficiency. 

 

This dissertation focuses on the development and investigation of fully screen-printed, fuel electrode-

supported solid oxide cells featuring a co-sintered tri-layer electrolyte architecture. The work was 

conducted within the framework of the ElChFest project, which aims to model the electro-chemo-

mechanical behavior of gadolinium-doped ceria based solid oxide cells and understand crack formation 

phenomena in the electrolyte during operation. A key objective was to fabricate mechanically robust 

and electrochemically efficient cells by optimizing the interplay between powder properties, paste 

formulation, sintering behavior, and final microstructure. Particular attention was paid to residual 

stresses induced during manufacturing. 

 

The fabrication strategy centered around screen printing as a scalable and cost-effective deposition 

method. The project included the transition of previously sputtered barrier layers to screen-printed 

alternatives. A comprehensive study of powder processing (encompassing pre-calcination and milling) 

was carried out to tailor the sintering behavior and enable co-sintering of the multi-layer cell. 

Rheological characterization of screen-printing pastes revealed strong correlations between print quality 

and parameters such as damping factor, yield point, and particle distribution asymmetry. These findings 

highlighted the critical role of paste rheology in achieving defect-free and reproducible ceramic layers. 

 

The sintering behavior of gadolinium-doped ceria (GDC) and yttria-stabilized zirconia (YSZ) powders 

was evaluated using both bulk pellets and screen-printed layers. Gadolinium-doped ceria exhibited an 

earlier onset of sintering and higher shrinkage than yttria-stabilized zirconia. While co-doping and pre-

calcination effectively modified sintering kinetics, translating these findings to printed layers required 

further adaptation due to the mechanical constraints induced by the support. Co-sintering trials showed 

that substrate shrinkage behavior had a significant influence on electrolyte densification. Pre-calcined 

NiO-8YSZ substrates often inhibited proper densification, leading to increased porosity and cell 

warping. 
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The development of the tri-layer electrolyte revealed additional microstructural challenges. Interfacial 

porosity driven by interdiffusion and Kirkendall effects was observed at the GDC/YSZ interfaces, when 

screen printing was used. This porosity was not present in cells with sputtered barrier layers. 

Consequently, optimizing the sintering temperature became a balancing act between achieving sufficient 

densification and suppressing interdiffusion-related degradation. 

 

Electrochemical characterization confirmed that cells with Ni-GDC fuel electrodes outperformed 

conventional Ni-YSZ cells in terms of stability, validating the choice of doped ceria. While the best 

electrochemical performance was achieved in cells with sputtered barrier layers, the fully screen-printed 

cells showed competitive initial current densities and area-specific resistances comparable to the state-

of-the-art Jülich Type III reference design. These results underscore the viability of screen printing for 

fabricating high-performance SOECs, provided that careful attention is paid to interfacial engineering 

and sintering conditions. 

 

In summary, this work demonstrates that fully screen-printed, fuel electrode-supported SOECs with tri-

layer electrolytes can be fabricated with high quality and performance but require tightly controlled 

processing conditions. The findings emphasize the need for compatible sintering behaviors, advanced 

paste rheology control, and substrate design tailored for co-sintering. Future work should focus on 

developing novel, shrinkage-matched substrates to reduce sintering temperatures without compromising 

densification. Additional research into long-term stability under realistic electrolysis conditions, 

reversible operation, and varying steam concentrations is also essential to enable the broader deployment 

of this technology in hydrogen production and energy conversion. 
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Kurzfassung 

Der weltweite Übergang zu CO2-neutralen Energiesystemen erfordert einen erheblichen Ausbau der 

Wasserstofftechnologien, wobei Festoxid-Elektrolysezellen (SOECs) einen hocheffizienten Weg zur 

Wasserstofferzeugung durch Hochtemperatur-Elektrolyse bieten. Trotz ihrer überlegenen Effizienz sind 

SOECs jedoch technologisch noch weniger ausgereift als Niedertemperatur-Alternativen wie alkalische 

oder Protonenaustauschmembran-Elektrolyseure. Die Weiterentwicklung von SOECs erfordert daher 

Innovationen sowohl im Zelldesign als auch in den Fertigungsstrategien, um eine hohe Leistung, 

mechanische Stabilität und Kosteneffizienz zu erreichen. 

 

Die vorliegende Dissertation konzentriert sich auf die Entwicklung und Untersuchung von vollständig 

siebgedruckten, brennstoffelektrodengestützten Festoxidzellen mit einer ko-gesinterten dreischichtigen 

Elektrolytarchitektur. Die Arbeit wurde im Rahmen des ElChFest-Projekts durchgeführt, dessen Ziel es 

ist, das elektrochemisch-mechanische Verhalten von gadoliniumdotierten Ceroxid-basierten 

Festoxidzellen zu modellieren und die Rissbildungsphänomene im Elektrolyten während des Betriebs 

zu verstehen. Ein wichtiges Ziel war die Herstellung mechanisch robuster und elektrochemisch 

effizienter Zellen durch Optimierung des Zusammenspiels zwischen Pulvereigenschaften, 

Pastenformulierung, Sinterverhalten und endgültiger Mikrostruktur. Besonderes Augenmerk wurde auf 

die während der Herstellung induzierten Restspannungen gelegt. 

 

Die Fertigungsstrategie konzentrierte sich auf den Siebdruck als skalierbares und kostengünstiges 

Beschichtungsverfahren. Das Projekt umfasste den Übergang von zuvor gesputterten Barriereschichten 

zu siebgedruckten Alternativen. Es wurde eine umfassende Studie zur Pulververarbeitung 

(einschließlich Vorkalzinierung und Mahlung) durchgeführt, um das Sinterverhalten anzupassen und 

das gemeinsame Sintern der Mehrschichtzelle zu ermöglichen. Die rheologische Charakterisierung von 

Siebdruckpasten ergab starke Korrelationen zwischen der Druckqualität und Parametern wie 

Dämpfungsfaktor, Fließgrenze und Asymmetrie der Partikelverteilung. Diese Ergebnisse unterstrichen 

die entscheidende Rolle der Pastenrheologie für die Herstellung fehlerfreier und reproduzierbarer 

Keramikschichten. 

 

Das Sinterverhalten von gadoliniumdotiertem Ceroxid (GDC) und yttriumstabilisiertem Zirkoniumoxid 

(YSZ) wurde sowohl an Presstabletten als auch an siebgedruckten Schichten untersucht. 

Gadoliniumdotiertes Ceroxid zeigte einen früheren Sinterbeginn und eine höhere Schrumpfung als 

yttriumstabilisiertes Zirkoniumoxid. Während Ko-Dotierung und Vorkalzinierung die Sinterkinetik 

wirksam modifizierten, erforderte die Übertragung dieser Ergebnisse auf gedruckte Schichten aufgrund 

der durch den Träger verursachten mechanischen Einschränkungen weitere Anpassungen. Ko-

Sinterversuche zeigten, dass das Schrumpfungsverhalten des Substrats einen signifikanten Einfluss auf 
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die Verdichtung des Elektrolyten hatte. Vorkalzinierte NiO-8YSZ-Substrate verhinderten häufig eine 

hinreichende Verdichtung, was zu einer erhöhten Porosität und Verformung der Zellen führte.  

 

Die Entwicklung des dreischichtigen Elektrolyten brachte zusätzliche mikrostrukturelle 

Herausforderungen mit sich. Bei Verwendung des Siebdruckverfahrens wurde an den GDC/YSZ-

Grenzflächen eine durch Interdiffusion und Kirkendall-Effekte verursachte Grenzflächenporosität 

beobachtet. Diese Porosität trat bei Zellen mit gesputterten Barriereschichten nicht auf. Folglich wurde 

die Optimierung der Sintertemperatur zu einem Kompromiss zwischen der Erzielung einer 

ausreichenden Verdichtung und der Unterdrückung der durch Interdiffusion verursachten Degradation. 

 

Die elektrochemische Charakterisierung bestätigte, dass Zellen mit Ni-GDC-Brennstoffelektroden 

herkömmliche Ni-YSZ-Zellen in Bezug auf die Stabilität übertrafen, was die Wahl von dotiertem 

Ceroxid bestätigte. Während die beste elektrochemische Leistung in Zellen mit gesputterten 

Barriereschichten erzielt wurde, zeigten die vollständig im Siebdruckverfahren hergestellten Zellen 

wettbewerbsfähige Anfangsstromdichten und flächenspezifische Widerstände, die mit dem 

Referenzdesign vom Typ III aus Jülich vergleichbar waren. Diese Ergebnisse unterstreichen die Eignung 

des Siebdrucks für die Herstellung von hochleistungsfähigen Festoxid-Elektrolysezellen (SOECs), 

vorausgesetzt, dass den Grenzflächen und den Sinterbedingungen besondere Aufmerksamkeit geschenkt 

wird. 

 

Zusammenfassend zeigt diese Arbeit, dass vollständig im Siebdruckverfahren hergestellte, 

brennstoffelektrodengestützte SOECs mit dreischichtigen Elektrolyten mit hoher Qualität und Leistung 

hergestellt werden können, jedoch streng kontrollierte Verarbeitungsbedingungen erfordern. Die 

Ergebnisse unterstreichen die Notwendigkeit kompatibler Sinterverhalten, einer verbesserten Kontrolle 

der Pastenrheologie und eines für das Ko-Sintern maßgeschneiderten Substratdesigns. Zukünftige 

Arbeiten sollten sich auf die Entwicklung neuartiger, schrumpfungsangepasster Substrate konzentrieren, 

um die Sintertemperaturen ohne Beeinträchtigung der Verdichtung zu senken. Weitere Forschungen zur 

Langzeitstabilität unter realistischen Elektrolysebedingungen, zum reversiblen Betrieb und zu 

unterschiedlichen Dampfkonzentrationen sind ebenfalls unerlässlich, um einen breiteren Einsatz dieser 

Technologie in der Wasserstofferzeugung und Energieumwandlung zu ermöglichen. 
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1 Introduction 

The transition to a CO2-neutral global, european or national economy requires the large-scale 

deployment of hydrogen technologies, with water electrolysis being predicted to play a central role [1, 

2]. According to a recent study by the international Energy Agency (IEA), a significant expansion of 

water electrolysis capacities will therefore be necessary by 2070 to meet global decarbonization goals 

[3]. Among the various electrolysis technologies currently being developed, high-temperature 

electrolysis using solid oxide cells (SOCs) offer superior electrical efficiency [4]. However, its 

technological maturity still lags behind that of low-temperature alternatives. While technologies such as 

alkaline-electrolyzers (AELs) and proton-exchange-membrane-electrolyzers (PEMs) have already 

reached advanced levels of technological maturity (Technological Readiness Level (TRL) 8 - 9 out of a 

total of 9), solid oxide electrolyzer cells (SOECs) are currently only at a TRL of 6 – 7 [5 - 7]. 

In SOC development, fuel electrode-supported cells (FESCs) present a promising architecture due to 

their potential for reduced electrolyte thickness, improved performance and lower hydrogen production 

cost. While doped ceria (CeO2) is already widely applied as fuel electrode materials in electrolyte-

supported (ESC) and metal-supported cells (MSCs), its integration in FESC configurations remains 

underexplored [8 - 10]. A novel FESC prototype developed at IMD-2, which utilizes a gadolinium-

doped ceria (GDC) electrolyte combined with a Ni-GDC fuel electrode, demonstrated a threefold 

increase in hydrogen output compared to conventional ESCs at equal cell efficiency [11]. These findings 

facilitated further research into the potential of GDC-based FESCs as high-performance cells for high-

temperature electrolysis. 

 

This dissertation was carried out within the framework of the ElChFest project (Elektro-chemo-

mechanische Modellierung von Ceroxid-basierten Festoxidelektrolysezellen) funded by the German 

Federal Ministry of Research, Technology and Space, which aimed to develop a three-dimensional 

electro-chemo-mechanical model of GDC-based FESCs. The overarching goal was to describe the 

interplay between microstructures, electrochemical operation parameters and the onset of mechanical 

degradation, particularly crack formation that was observed within the electrolyte in the prototype cell 

[12]. Modeling internal stress distributions as a function of current density is intended to enable the 

identification of safe operation windows and informed knowledge-based optimization strategies for 

improved cell performance and long-term stability.  

As part of the ElChFest project, IMD-2 (Institute of Energy Materials and Devices -  Materials Synthesis 

and Processing) was responsible for the fabrication of complete and functional SOCs for subsequent 

mechanical and electrochemical characterization carried out by the project partners IMD-1 (Institute of 

Energy Materials and Devices – Structure and Function of Materials), IAM-ET, KIT (Institute for 

Applied Materials – Electrochemical Technologies, Karlsruher Institute of Technology) and HKA, IDM 

(Hochschule Karlsruhe – Institute of Digital Material Science). Additionally, a key focus lay in the 
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investigation of chemical expansion phenomena in the cerium oxide-based electrolyte and fuel electrode 

under electrolysis conditions. Based on these investigations, this thesis aimed to optimize the 

microstructure of the GDC-based FESC to enhance both its mechanical robustness and electrochemical 

performance in long-term operation. 

As mentioned before, a critical challenge for these cells is the formation of cracks in the electrolyte 

during electrolysis operation, particularly at elevated current densities. This failure mode is primarily 

attributed to the chemical expansion of ceria, resulting from an electrochemical reduction at the fuel 

electrode – electrolyte interface [13]. While operation close to the thermoneutral voltage (approximately 

1.3 V) is thermodynamically favorable and typically yield high current densities, it also exacerbates 

mechanical stress within the cell. Thus, improving the mechanical integrity of the electrolyte is essential 

to allow efficient and safe operation. 

Residual stresses introduced during cell manufacturing can potentially play a major role in the 

mechanical stability of the electrolyte. These stresses arise from mismatches in thermal expansion 

coefficients and sintering behavior between the individual layers within the multi-layer ceramic system 

[14 - 17]. The thermal processing parameters, such as the co-sintering temperature of the half-cell 

(1400 °C) and sintering kinetics, are therefore critical. Strategies such as lowering the sintering 

temperature or duration can help mitigate residual stress, but often at the cost of reduced electrolyte 

densification, which is crucial for cell functionality. To address this trade-off, the use of finer, more 

reactive starting powders was considered, necessitation adjustments not only to the sintering process but 

also to the powder preparation route. However, modifying the starting powders and their processing 

methods directly impacts the resulting microstructure and by extension also the electrochemical 

performance of the cell. Key microstructural features such as grain size, porosity, layer thicknesses and 

the continuity of the nickel network in the fuel electrode all influence performance. The triple-phase 

boundaries (TPB) are of particular importance since the electrochemical reactions are confined to this 

area [18 - 21]. To support data-driven optimization and robust modelling, it was intended to develop a 

broad range of microstructural variants for characterization within the project. Achieving such 

variability requires control over powder processing and paste formulation. Adjustments include 

calcination, milling and reformulation of screen-printing pastes used to deposit the various layers, as 

screen-printing was the main technique used for fabrication. Paste formulation must be tailored to the 

properties of each powder system, requiring appropriate selection and concentration of additives to 

ensure printability. Rheological characterization provides critical insight into paste quality and is a key 

factor in achieving reproducible and defect-free screen-printed layers [22]. 

Consequently, this thesis not only explores the impact of powder and paste processing on layer 

microstructure but also seeks to establish correlations between paste rheology, sintering behavior, 

microstructural development and final cell performance. Additionally, it is intended that the insights 

acquired within this thesis facilitate the development of printable pastes for the fabrication of high-

quality layers suitable for SOC applications, even beyond the scope of this work. Furthermore, it is 
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aimed to fabricate the two barrier layers of the tri-layer electrolyte structure via screen-printing, which 

were previously produced via more expensive physical vapor deposition (PVD) techniques in the 

prototype cell. Transitioning to screen printing for these layers offers a pathway to further reduce 

manufacturing costs, thereby contributing to the overall economic viability of green hydrogen 

production. 
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2 Fundamental Background 

2.1 Solid oxide cells 

2.1.1 Operation principle 

Solid oxide cells (SOCs) are high temperature electrochemical devices that enable the direct conversion 

between chemical and electrical energy with high efficiencies, making them highly relevant for a future 

hydrogen economy. They can be operated in two modes, as solid oxide fuel cells (SOFCs) for electricity 

generation and as solid oxide electrolysis cells (SOECs) for hydrogen or syngas production through 

water electrolysis or water and CO2 co-electrolysis respectively. Typical operation temperatures for 

oxygen ion-conducting SOC systems range between 600 °C and 850 °C [23].  

To facilitate these electrochemical reactions, SOCs are typically constructed with a dense electrolyte 

layer which is positioned between two porous electrodes. The electrode in contact with the fuel gas is 

referred to as the fuel electrode (FE), while the electrode exposed to air or oxygen containing atmosphere 

is the air electrode (AE). This layered design allows for the spatial separation of oxidation and reduction 

reactions while enabling only selective ion transport through the dense electrolyte, which composes the 

fundamental working principle of SOCs. For example, in fuel cell mode, according to Equation (2.1), 

oxygen molecules are reduced at the air electrode to oxygen ions, which travel through the electrolyte 

toward the fuel electrode. Here, these oxygen ions react with hydrogen, forming water and releasing the 

electrons into an external circuit where this electricity can be harvested (Equation (2.2)). In electrolysis 

mode, the reverse reactions take place, leading to the splitting of water molecules under the formation 

of hydrogen which is showcased in the net reaction in Equation (2.3) [24].  

 
1
2

 O2 + 2e−  ⇄  O2− (2.1) 

 

H2 +  O2−  ⇄  H2O +  2e− (2.2) 

 

H2 +  
1
2

 O2  ⇄ H2O (2.3) 

 

Therefore, in SOFC operation, this process generates an electric current, while in SOEC operation, the 

reactions are driven in reverse direction by supplying electrical energy, leading to water electrolysis and 

hydrogen production. An illustration of these working principles is showcased in Figure 2.1. 
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However, these electrochemical reactions do not occur uniformly across the electrodes but are instead 

confined to specific regions known as triple-phase boundaries (TPBs). These are sites where the ion 

conductor, electron conductor and gas phase are in direct contact. In electrodes where a ceramic pure 

ionic conductor is combined with a metallic electron conductor, TPBs are essential to enable charge 

transfer and electrochemical activity. These cermet composites, typically composed of a ceramic like 

yttria-stabilized zirconia (YSZ) with metallic nickel, get specifically designed to provide a large amount 

of TPBs. Here, the ceramic phase ensures ionic conductivity and compatibility with the electrolyte, 

while the metal provides electronic conductivity and catalytic activity for hydrogen oxidation or steam 

electrolysis. Therefore, the efficiency of SOCs with such electrodes is closely linked to the effective 

TPB length, as longer TPBs increase the number of active sites available for electrochemical reactions, 

thereby enhancing overall performance [25]. However, not all electrode configurations rely on TPBs in 

the same way. For instance, in systems using both Ni and gadolinium-doped ceria (GDC), under 

reducing conditions the GDC phase itself is able to conduct electrons, meaning that the electrochemical 

reactions are also occurring along this double-phase boundary (DPB). Similarly, in air electrodes made 

from perovskites such as lanthanum-strontium-cobaltite (LSC) or lanthanum-strontium-cobalt-ferrite 

(LSCF), no additional phase is needed, as these materials already offer ionic and electronic conductivity, 

as well as catalytic functionality. In electrode configurations that purely rely on DPBs, microstructure 

becomes an increasingly important factor compared to cermet electrodes, where composition and ratios 

additionally influence TPB length [26]. 

 

The driving force for SOC operation is the difference in chemical potential between the fuel side and 

the air side, fundamentally being the oxygen ion activity at the local interfaces of electrolyte and 

electrodes, which generates a voltage across the cell. This cell voltage is influenced by various factors. 

Among other things, it is mainly influenced by gas compositions at the electrodes, temperature, the 

Figure 2.1: Schematic illustration of the two operation modes of SOCs. Fuel cell mode as a solid oxide fuel cell (SOFC) to 
generate electricity as shown on the left and electrolysis mode as a solid oxide electrolysis cell (SOEC) for fuel gas production 
as shown on the right side of the illustration. Figure adapted from [25]. 
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materials used for electrolyte and electrodes, the electrical load and the subsequent internal resistance 

of the cell. Here, a distinction can be made between the theoretical cell voltage (𝐸𝐸th), the open circuit 

voltage (OCV) which is measured between the electrodes when no electrical load is applied and the 

working voltage, measured at defined operating points. 

The theoretical cell voltage of a solid oxide cell is determined by the Nernst equation, which expresses 

the equilibrium potential difference generated by the redox reactions occurring at the electrodes, based 

on the chemical potentials of the reacting species. For the earlier example of hydrogen-fueled SOC 

operating with hydrogen and water vapor at the fuel electrode and pure oxygen at the air electrode, the 

theoretical cell voltage Eth can be expressed by the following variation of the Nernst equation [27 - 29]: 

 

𝐸𝐸th = 𝐸𝐸° +  
𝑅𝑅𝑅𝑅
𝑧𝑧e 𝐹𝐹

ln�
𝑝𝑝H2  ⋅  𝑝𝑝O2

1
2�

𝑝𝑝H2O
� (2.4) 

 

Here, E° is the standard electrode potential, R is the universal gas constant, T the absolute temperature, 

F the Faraday constant, ze the number of transferred electrons (in this case 2) and p denotes the partial 

pressures of the gaseous species, which is equivalent to their chemical activity. This voltage represents 

the maximum reversible voltage of the cell, assuming ideal behavior and no losses. However, in real 

systems, the aforementioned open circuit voltage is often lower than the theoretical value. There are 

several factors that can contribute to this discrepancy, not including measurement or setup errors such 

as insufficient contacting or gas diffusion issues [30]: 

 

• Gas leakage or cross-diffusion through seals or defective electrolytes can allow partial mixing 

of reactants, leading to direct reaction between fuel and oxidizing agents which changes the 

concentration of said reactants and products. 

• Electronic conductivity in the electrolyte, especially in materials like ceria as a mixed ionic-

electronic conductor under reducing conditions, can lead to internal short-circuiting and 

parasitic currents. 

 

Therefore, OCV values are a valuable diagnostic tool as they can serve as an indicator of the quality and 

integrity of a cell. A measured OCV close to the theoretical value generally implies good sealing and 

dense electrolyte microstructure, proper electrode functionality and minimal electronic leakage through 

the electrolyte. Conversely, significantly lower OCV values may point to issues such as gas leakage, 

internal parasitic currents or electrode dysfunction. 

 

When the cell is operated under load, specifically when current flows either to generate electricity in 

fuel cell mode or to drive electrolysis in SOEC mode, the operating cell voltage deviates further from 

the OCV due to internal resistance and kinetic losses. These losses are commonly categorized as [31]: 
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• Ohmic losses: Voltage drops due to resistance to ionic transport in the electrolyte and electronic 

resistance in electrodes or interconnects on the stack level. 

• Activation and polarization losses: Associated with the energy that must be overcome for 

electrochemical reactions to proceed at the electrode surfaces. They are heavily dependent on 

electrode material selection and microstructure (TPB activity). 

• Mass transport losses: They occur when reactants are not supplied or reaction products are not 

removed fast enough at the electrode surfaces, leading to reduced effective reaction rates. 

 

The direction and magnitude of these losses differ depending on whether the cell is operated in fuel cell 

or electrolysis mode. In SOFC mode, the cell produces electrical energy and the voltage drops below 

the OCV as current increases. In SOEC mode, the cell consumes electrical energy and the applied 

voltage must exceed OCV to overcome the losses and drive reactions. Here, the required input voltage 

increases with increasing current density. This behavior is typically visualized in I-V curves, which 

illustrate the relationship between current density and cell voltage for both operating modes. The 

efficiency of SOC operation depends critically on minimizing these losses through careful materials 

selection, microstructural optimization and thermal management [32, 33]. 

 

2.1.2 Solid oxide cell designs 

Solid oxide cell layers are typically manufactured to be very thin, often only a few micrometers thick, 

to minimize ohmic resistance and maximize cell efficiency. However, such thin layers have low 

mechanical stability which is crucial for handling during manufacturing, stack assembly and operation. 

To address this, at least one layer within the SOC is made significantly thicker to serve as the 

mechanically supporting component. Depending on which layer provides mechanical support, SOCs 

can be categorized into five different cell types [26, 34]. A visual overview is presented in Figure 2.2. 

 

If the electrolyte serves as the supporting layer, the cell is referred to as an electrolyte-supported cell 

(ESC). In this configuration, electrolyte thicknesses range between 50 and 250 µm, compared to 

2 – 20 µm when used as a non-supporting layer. ESCs offer the advantage of lower leakage rates, which 

can lead to higher cell efficiencies and purer reaction products. However, increasing the electrolyte 

thickness also increases ohmic resistance by increasing the oxygen ion transport pathway. Therefore, 

ESCs typically require operating temperatures above 800 °C to ensure sufficient reaction kinetics and 

ionic conductivity. A key advantage in ESCs is their straightforward manufacturing process. Cell 

manufacturing typically starts with the load bearing layer. For ESCs this means that the electrolyte can 

be densified completely at higher temperatures, before any other layer is deposited. To achieve such a 

dense electrolyte layer, usually high sintering temperatures of approximately 1300 °C to 1500 °C are 
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needed. Since the electrolyte is sintered before electrode deposition, the properties of the electrodes, 

such as microstructure and material composition, can be chosen more freely and adjusted more easily. 

Additionally, the risk of mixed-phase formation is reduced, as the sintering of subsequently deposited 

electrodes typically occurs at lower temperatures [35, 36]. 

The electrode layers can also function as the mechanically supporting structure. In this case, a distinction 

is made between the functional layer at the electrolyte interface and a thicker substrate layer at the 

current collector interface. For example, in a fuel electrode-supported cell (FESC), the load bearing layer 

is not the thin functional fuel electrode layer directly adjacent to the electrolyte, but a thicker substrate 

typically made of the same material, usually made with a coarser microstructure. Here, electrochemical 

reactions can technically still occur within the support, albeit to a lesser extent. The functional layer in 

state-of-the-art FESCs typically ranges from 5 to 20 µm in thickness, while the supporting substrate can 

reach up to 1000 µm. A key advantage of FESCs is the ability to use very thin electrolyte layers ranging 

between 2 to 20 µm, which significantly reduces ohmic resistance. This also allows FESCs to operate 

at lower temperatures while achieving efficiencies comparable to those of ESCs. However, FESCs 

generally have higher manufacturing costs due to additional sintering steps when co-sintering is not 

feasible. The thick support can also introduce polarization stemming from gas-diffusion issues, which 

can negatively impact cell performance. Additionally, there are material constraints associated with the 

fuel electrode in FESCs. During manufacturing, the fuel electrode material must withstand high sintering 

temperatures which are necessary for producing dense electrolyte layers as they are only deposited after 

fuel electrode sintering. Although co-sintering can reduce the number of sintering steps, the requirement 

for high-temperature stability of the fuel electrode remains. This presents challenges in developing new 

fuel electrode materials, as both the material and its microstructure must remain stable under these 

processing conditions. Selected materials must therefore be resistant to diffusion, phase transformation, 

cracking, delamination, or severe microstructural changes such as extensive grain coarsening during 

manufacturing [26, 37]. 

 

 

Figure 2.2: Schematic illustration of the five main solid oxide cell design types categorized by their mechanically supporting 
layer. Electrolyte-supported cells (ESCs), air electrode supported-cells (AESCs), fuel electrode-supported cells (FESCs), metal 
supported cells (MSCs) and inert-supported cells (ISCs) Figure adapted from [26]. Illustration is not true to scale. 
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Air electrode-supported cells (AESCs), another type of electrode-supported architecture, share similar 

advantages and disadvantages with FESCs. The principle of mechanical stabilization through a thick 

and porous substrate made of the same material applies to AESCs as well. Here, the functional layer 

ranges between 15 and 80 µm in thickness, whereas the supporting layer is typically approximately 

1 mm thick. Since this work focuses on the development of FESCs, AESCs are not discussed in detail 

[26]. 

The remaining two cell types, metal-supported cells (MSCs) and inert-supported cells (ISCs), differ in 

that their supporting structures do not participate in electrochemical reactions. In MSCs, the metal 

supports aids in distributing electrons across the cell surface but does not contribute to catalytic activity. 

In ISC, the least common cell architecture, the supporting substrate solely provides mechanical stability 

[9, 10, 38]. As neither of these cell types are directly comparable in nature to the cells discussed in this 

work, they are not discussed further.  

 

2.1.3 Manufacturing methods 

Screen Printing 

Screen printing is a straightforward and cost-effective manufacturing process suitable for high-volume 

production. It is a well-established fabrication method in the electronics industry, with applications in 

sensors, circuit boards, antennas and photovoltaic cells [39 - 43]. In these cases, screen printing is used 

to apply functional inks or pastes to a variety of substrates during manufacturing. Solid oxide cells also 

typically contain one or more functional layers applied by screen printing. As screen printing is the 

predominant fabrication method in this thesis and the influence of paste rheology on print quality was 

explicitly investigated, it will be discussed in greater detail below. 

In screen printing, a paste consisting of ceramic particles, solvent, binder and dispersant is typically 

applied in direct contact with the substrate through a screen. Here, the screen consists of a partially 

covered mesh, where the uncovered area represents the desired print image. Important characteristics of 

a screen are the mesh count number, the mesh material and the open area. The open area has a significant 

effect on the resolution of the printed image and is calculated from the mesh count number and the 

thread thickness, both of which are affected by the thread material. Polyester and stainless-steel threads 

are most prominently used. The main difference between these two materials is the range of available 

thread thicknesses and the geometry of the weave. Stainless-steel threads are typically thinner with 

pointier junctions, whereas polyester threads tend to have larger thicknesses and more elongated, oval-

shaped crossing points. Therefore, in principle, the utilization of stainless-steel meshes typically yields 

thinner layers that exhibit superior surface quality and print resolution in comparison to meshes 

composed of polyester, as the open area is greater [44]. 

In the process of off-contact screen printing, the initial step involves the use of a squeegee to apply paste 

to the screen, thereby filling these open areas of the mesh. This process is referred to as flooding. It is 
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only during the second step, the print run, that the screen is pressed onto the substrate below by the print 

squeegee. Contrary to common belief, the paste is not pressed through the mesh of the screen by the 

squeegee. Instead, the transfer of paste onto the substrate is primarily driven by adhesive forces between 

paste and substrate being greater than those between paste and mesh. The final step in the screen-printing 

process entails the separation of the screen from the substrate. During this step, as the screen is lifted 

off, the paste can form bridges due to cohesion and adhesion effects. These bridges eventually break and 

the paste levels out as shown in the overview of the screen-printing process described by Messerschmitt 

in Figure 2.3 [39, 45].  

 

 

Other key factors that influence the print outcome include the printer settings, which are displayed in 

the print setup schematic in Figure 2.4 [46]. The initial distance between the substrate and the screen is 

referred to as the snap-off distance. This, in conjunction with the mesh tension and the separation speed, 

also affects the thickness of the deposited layers. Additionally, the squeegee speed determines the load 

that causes a desired deformation of the internal paste network during the printing process, thereby 

enabling the printing process itself. The squeegees are mounted with an inclination of 45° and are 

typically made out of rubber, with varying degrees of hardness available to suit different applications. 

Figure 2.3: Overview of the three stages of paste transfer during screen printing as identified by Messerschmitt. I. Flooding, 
distribution of paste. II. Printing, pressing filled screen onto substrate. III.a Paste adhesion onto the substrate. III.b Screen 
separation and paste flowing. III.c Bridge collapse and paste leveling. Figure adapted from [45]. 
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Despite the simplicity of this process, there is a lack of comprehensive mathematical or physical models 

that adequately describe its mechanisms. The hypothesis that hydrostatic pressure is the sole reason for 

the paste transfer through the screen openings has been refuted. Instead, there is a consensus that the 

printability and print quality are predominantly influenced by the above-mentioned characteristics of 

the screen, the printer settings and the rheological properties of the pastes, as they primarily determine 

the leveling behavior of the paste after screen removal and separation of screen and paste. 

 

Tape casting 

Tape casting is a widely used manufacturing method for producing thin, planar substrates for solid oxide 

cells. One key advantage of this method is that it allows for the efficient manufacturing of large 

quantities of thin ceramic sheets. In this process, a ceramic slurry is cast into thin layers using a doctor 

blade on a moving carrier film. The obtained tape is then dried and cut before thermal treatment steps 

and further layer deposition [47 - 50]. 

In 2010, Wolfgang Schafbauer developed the substrate used for the Jülich Type III cells. They are the 

successor to substrates previously produced by warm pressing in IMD-2. Among other things, this 

innovation enabled substantial material savings, as the substrate thickness could be reduced from several 

millimeters before, to only a few hundred micrometers in their current state. As this type of substrate 

was also utilized for production of the cells investigated in this thesis, their manufacturing method will 

be briefly discussed in the following. A more detailed investigation and overview of the substrate 

manufacturing can be found in Schafbauer’s dissertation [51]. The substrates are based on a composite 

of nickel oxide (NiO) and 8 mol% yttria-stabilized zirconia in a ratio of 60:40. For tape casting, the 

ceramic powders must first be transferred into a flowable suspension. In addition to an organic solvent, 

in this case a mixture of ethanol and methyl ketone, further additives are required for slurry preparation. 

Similar to screen-printing pastes, dispersing agents are used to prevent agglomeration of the particles. 

Additionally, binders are used to adjust the structural strength and viscosity of the slurry, as well as 

plasticizers to increase the stability of the green tape. All components are mixed together in several 

homogenization steps for several hours, typically using a roller bench with additional milling balls. 

Figure 2.4: Schematic representation of the screen-printing process and the relevant printer settings like snap-off distance, 
separation speed and squeegee speed. Figure adapted from [46]. 
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Before the slurry gets poured, it undergoes a vacuum treatment for evacuating any air from the slurry so 

that no air bubbles impair the structure in the cast substrate. 

The prepared slurry is then deposited onto a carrier film and leveled using a doctor blade to produce a 

thin and uniform green tape. The doctor blade height (also referred to as the blade gap) and casting 

speed, alongside of slurry viscosity, are critical parameters influencing the final tape thickness and 

quality. In general, the blade gap primarily determines the wet tape thickness. A larger gap results in a 

thicker tape, while a smaller gap produces thinner layers. After drying the green tape thickness is further 

reduced due to solvent evaporation. Furthermore, the speed at which the carrier film is pulled under the 

blade induces shear forces within the slurry which in turn also influence the thickness and uniformity. 

Higher casting speeds generally lead to thinner tapes due to shear thinning behavior of the slurry, while 

lower speeds yield thicker tapes. Typical casting speeds range between 0.5 – 2 cm/s. Therefore, slurries 

used for tape casting must exhibit pseudoplastic behavior to facilitate homogenous flow while 

maintaining shape after casting. Here, viscosity must be sufficiently low under an applied load to enable 

defect free casting.  

After drying the tape can be cut into the desired shape to produce flat substrates for solid oxide cell 

manufacturing. Typically, before other layers are deposited onto this supporting substrate, a thermal 

treatment is applied to increase mechanical stability. For standard manufacturing of 50 mm × 50 mm 

Jülich Type III cells, the tapes are cut into 60 mm × 60 mm substrates and are subsequently pre-sintered 

at 1230 °C for 3 h. 

 

Sintering 

Sintering is a critical step in the fabrication of solid oxide cells, as it determines the microstructure, 

mechanical stability and electrochemical performance of the final device. The process involves the 

densification of ceramic layers through diffusion mechanisms activated at elevated temperature in the 

range of 1100 °C to 1500 °C, depending on the material system. In SOCs, sintering is not only essential 

for achieving mechanical integrity, but also for establishing electronic and ionic connectivity across the 

entire cell structure [52 - 55]. As mentioned before, they are generally fabricated as multilayer ceramic 

structures, where a dense electrolyte layer is sandwiched between porous electrodes. Among the most 

common configurations are fuel electrode-supported cells, in which a porous substrate, typically NiO-

YSZ, serves as the mechanical support offering stability and the advantage of thinner electrolytes to 

reduce ohmic resistance. However, the sintering of such a multilayer ceramic component presents 

several challenges, particularly during the co-sintering process of fabricating the half-cell. Each layer 

within this multilayer assembly often exhibits naturally different shrinkage behaviors, sintering kinetics 

and thermal expansion coefficients, leading to mechanical stresses during sintering and thermal cycling 

in operation. These fundamental differences can result in defects such as bending and subsequent 

cracking and delamination of layers. Cell bending during co-sintering is a well-documented issue in fuel 

electrode supported cells [56 - 58]. But also in electrolyte-supported or proton conducting cells, cell 
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bending is still one of the main challenges to overcome to achieve reliable technology scalability. In 

FESCs bending typically arises from the differential shrinkage between the electrolyte and the porous 

fuel electrode support.  

Generally, in symmetrical multi-layer systems composed of two types of layers with different sintering 

behavior, equi-biaxial stresses arise within these layers upon co-sintering according to Equation (2.5), 

where the indices refer to either layer 1 or 2, t is the layer thickness, ∆𝜀𝜀 ̇the strain rate mismatch between 

the layers and 𝐸𝐸′p = 𝐸𝐸p/(1 − 𝜈𝜈p) with 𝜈𝜈p being the viscous Poisson’s ratio and 𝐸𝐸p being the uniaxial 

viscosity [59, 60]. 

𝜎𝜎1 =  
1

1 + 𝑚𝑚𝑚𝑚
𝐸𝐸′p1 ∆𝜀𝜀̇

with   𝑚𝑚 =  
𝑡𝑡1
𝑡𝑡2

    and    𝑛𝑛 =  
𝐸𝐸′p1
𝐸𝐸′p2

 

 

(2.5) 

In asymmetric multi-layer structures, like bi-layers, some of these stresses and tensions are relaxed by 

bending where the degree of curvature k can be predicted using Equation (2.6) where r is the radius of 

curvature.  

 

𝑘𝑘 =  
𝑡𝑡1 +  𝑡𝑡2

𝑟𝑟
=  

6(𝑚𝑚 + 1)2𝑚𝑚𝑚𝑚
𝑚𝑚4𝑛𝑛2 + 2𝑚𝑚𝑚𝑚(2𝑚𝑚2 + 3𝑚𝑚 + 2) + 1

 ∙  ∆𝜀𝜀̇ (2.6) 

 

Since the dense electrolyte generally tries to shrink more extensively and at a different rate compared to 

the porous support and this system can be regarded as a bi-layer ceramic structure, curvature can develop 

in the cell during sintering according to these equations. Additionally, it was found that the extent of 

this bending not only depends on factors such as the relative layer thicknesses, but also on particle sizes, 

initial green density and the specific sintering profile applied [61 - 64]. To mitigate cell bending and 

relate defects, optimization of particle size distributions to align sintering rates of each layer while 

simultaneously tailoring the sintering profile with controlled heating ramps and dwell times, is vital. 

However, achieving a flat and defect-free cell after co-sintering still remains a considerable challenge 

in the field of SOC production. 

Furthermore, a fundamental consideration in SOC sintering is balancing the need for densification with 

the requirement for controlled porosity within the different layers. For example, the electrolyte requires 

high density, typically exceeding 95 % of theoretical density to ensure gas-tightness and optimal ionic 

conductivity. The electrodes on the other hand must retain sufficient porosity of approximately 30 to 

40 %, to enable effective gas distribution and high amounts of triple-phase boundary sites for 

electrochemical reactions. Achieving this balance in microstructures is particularly challenging during 

co-sintering of half-cells, where densification of the electrolyte must occur without excessively 

densifying the electrodes. Microstructural control during sintering is equally important, as the 
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temperature and dwell time influence the grain growth within the electrolyte and electrode layers. 

Excessive grain growth or agglomeration can reduce the active surface area for electrochemical 

reactions in the electrodes and additionally reduce mechanical strength. Insufficient grain growth may 

leave residual porosity in the electrolyte, equally limiting structural strength and compromising gas-

tightness. The microstructure might also affect the area-specific resistance of cells, making precise 

control of the sintering essential for optimizing performance [18, 20, 65]. 

Another critical factor during sintering is the chemical compatibility of the materials in each layer. High-

temperature sintering can lead to interdiffusion or reactions between layers, forming undesirable 

secondary phases that inhibit ionic conductivity. A prominent example of this is the formation of SrZrO3 

formation at the interface of strontium-containing air electrodes, such as LSC or LSCF, and the YSZ 

electrolyte. Therefore, incorporation of barrier layers like gadolinium-doped ceria and careful control of 

the sintering profile are employed to prevent such reactions during manufacturing and also long-term 

operation [66 - 68]. However, at high sintering temperatures, both gadolinium and cerium can diffuse 

into the YSZ layer and vice versa, leading to a compositionally graded region, altering ionic conductivity 

of these phases. This phenomenon of YSZ and GDC interdiffusion will be investigated in more detail 

in Chapter 2.2.3. 

 

The choice between co-sintering and sequential sintering also impacts the sintering strategy for SOCs. 

Co-sintering offers the advantage of reduced processing steps, streamlining the manufacturing process 

and reducing energy costs. However, precise control of shrinkage behavior in co-sintering is essential. 

Alternatively, sequential sintering where the electrode support is pre-sintered before the electrolyte is 

deposited and sintered, can alleviate some of these challenges but introduces additional fabrication steps 

and may lead to less dense electrolyte microstructures. 

Other advanced sintering techniques, including flash sintering, microwave sintering, laser sintering and 

spark plasma sintering are gaining more attention in SOC research. These methods offer the potential 

for rapid densification at lower temperatures, reduced energy consumption, significantly shorter dwell 

times and improved microstructural control. Although promising, their scalability and compatibility 

with SOC structures and materials continue to be subjects of intensive investigations [69 - 76]. 

Through careful control of material selection, layer architecture and sintering profiles, it is possible to 

address many of the challenges associated with the sintering of solid oxide cells. However, the 

complexity of multilayer ceramic systems and the necessity to simultaneously meet mechanical, 

microstructural and electrochemical requirements ensure that processing and sintering remain a critical 

aspect in the development of high-performance and reliable SOCs. 
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2.2 Tri-layer electrolyte prototype cell at IMD-2 

The cell design serving as the basis for this thesis was originally developed by Jun Zhang in a previous 

thesis at IMD-2 and evolved from the standard Jülich Type III FESC design. Like the standard design, 

it utilizes a NiO-8YSZ fuel electrode support, followed by a NiO-GDC functional fuel electrode layer 

with a thickness of 7 µm. The defining feature of this cell is its tri-layer electrolyte structure. Directly 

in contact with the NiO-GDC fuel electrode is a 3.5 µm GDC electrolyte layer, followed by a 0.6 µm 

YSZ electron-blocking layer and finally a 0.5 µm GDC barrier layer. For the air electrode, both 

lanthanum-strontium-cobalt-ferrite (LSCF) and lanthanum-strontium-cobaltite (LSC) are viable, but for 

optimal performance, LSC electrodes with a thickness of 20 µm were used. All stated thicknesses refer 

to the cell after sintering and a schematic of the cell structure is provided in Figure 2.5 [77]. 

 

 

The manufacturing process of this cell proceeds as follows and a visual representation is provided in 

Figure 2.6. First, the standard Type III NiO-8YSZ support is tape cast and pre-sintered at 1230 °C for 

3 h. The NiO-GDC functional fuel electrode layer is then deposited by screen printing onto the substrate 

and calcined at 1000 °C for 1 h. Subsequently, the GDC electrolyte layer is screen printed on the fuel 

electrode and the entire half-cell at this point is co-sintered at 1400 °C for 5 h. With this sintering step, 

the cell reaches its final dimensions of 50 mm × 50 mm. The thin YSZ electron-blocking layer is then 

applied via electron-beam physical vapor deposition (EB-PVD) to ensure electronic insulation followed 

by the deposition of a thin GDC barrier layer using bias-assisted magnetron sputtering to prevent 

strontium zirconate formation during electrode sintering and operation. Finally, the LSC air electrode is 

deposited again via screen printing onto the GDC PVD layer and sintered at 850 °C for 3 h. 

 

Figure 2.5: Schematic illustration of the ceria-based tri-layer electrolyte SOC developed by Jun Zhang and functioning as a 
basis for this thesis. The indicated thicknesses refer to the state of the cell after sintering at 1400 °C. Figure adapted from [71]. 
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Cells manufactured using this route demonstrate acceptable air leakage rates compared to the standard 

YSZ-based FESC and exhibit high performance in single cell tests as reported in Zhang’s thesis. They 

achieved an OCV of 1.06 V and a voltage of 0.77 V at a current density of 2 Acm-2 at 700 °C under air 

and H2 + 10 % H2O atmospheres. The lower-than-expected OCV suggests potential gas leakage through 

the electrolyte, which is consistent with observed defects in the screen-printed GDC layer that are not 

able to be fully compensated by the overlaying PVD layers. Electrochemical impedance spectroscopy 

(EIS) performed on these cells showed low ohmic resistance for the GDC-based cell architecture. 

Specifically, the GDC cell exhibited an area specific ohmic resistance of 56.1 mΩ∙cm² at 550 °C [78]. 

Further electrochemical characterization of this cell architecture in both SOFC and SOEC mode (air and 

56 % H2O / 44 % H2), conducted and published by Lenser, revealed excellent cell performance. At 

800 °C, the cell delivers 1.96 Acm-2 at 800 mV with a voltage efficiency of 86.3 % in SOFC mode and 

1.94 Acm−2 at 1100 mV during electrolysis operation [12]. At 700 °C with 12 % relative humidity in the 

fuel gas, the cell achieves 1.9 Acm-2 at 800 mV. From I-V curves at 800 °C and 750 °C no clear 

degradation was observable. However, post SOEC operation at 750 °C, OCV measurements at 700 °C 

were much lower than expected, indicated potential increased leakage in the electrolyte. This leakage 

appeared to be substantial as OCV values continued to decrease at lower temperatures contrary to 

thermodynamic expectations, further indicating electrolyte degradation. This degradation phenomenon 

has been proven to be reproducible with multiple cells. Interestingly, cells only tested in SOFC mode 

showed no sign of this damage. Post-mortem cross-sectional imaging revealed large cracks in the 

electrolyte, aligned parallel to the oxygen chemical potential gradient, offering the most likely 

explanation for the observed reduction in OCV. All of these observations combined lead to the 

hypothesis that ceria-based cells suffer catastrophic damage during high current density SOEC 

operation, most likely due to electro-chemo-mechanical stresses. Modelling these stresses revealed that 

tensile stresses in the electrolyte increase with increasing current density during electrolysis. However, 

Figure 2.6: Schematic overview of the manufacturing route of the prototype tri-layer electrolyte cell developed by Jun Zhang. 
Figure adapted from [71]. 
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the competing influence of ceria reducibility and fuel electrode polarization is suspected to lead to an 

inconsistent temperature dependence of these stresses. Therefore, among other necessary investigations 

and optimization, Zhang suggested that optimization of the microstructure for a reduction in fuel 

electrode overpotential and a refinement of the manufacturing process could help to mitigate the issue 

of electrolyte degradation in SOEC mode. It is hypothesized that optimizing the manufacturing process 

could help with adjusting residual stresses sufficiently within the cells to compensate for the additional 

stress from chemical expansion, thereby enhancing the mechanical stability of the cell during operation. 

 

2.2.1 Ni-GDC based fuel electrode-supported cells 

Nickel-gadolinium-doped ceria (Ni-GDC) composites offer several distinct advantages over the 

conventional nickel-yttria-stabilized zirconia (Ni-YSZ) systems traditionally employed as fuel 

electrodes in solid oxide cells (SOCs). These advantages pertain not only to initial electrochemical 

performance but also to long-term stability and degradation behavior, making Ni-GDC particularly 

attractive for advanced cell architectures [79, 80]. 

One of the primary benefits of Ni-GDC lies in its enhanced electrochemical activity, especially at 

intermediate operating temperatures in the range of 600 – 800 °C. This improvement is largely attributed 

to the increased ionic conductivity at lower temperatures and the mixed ionic and electronic conductivity 

(MIEC) of GDC. Unlike YSZ, which only conducts oxygen ions, GDC provides both electronic and 

ionic pathways [81 - 86]. Under reducing conditions at the fuel electrode, this property of GDC extends 

the electrochemically active area beyond the conventional triple-phase boundary (TPB), allowing for 

more reaction sites across the fuel electrode. As a result, Ni-GDC fuel electrodes can lead to higher 

power densities at lower temperatures [87]. In addition to improved electrochemical performance, Ni-

GDC electrodes exhibit significantly better tolerance to common fuel impurities such as sulfides [88]. 

Ni-YSZ electrodes on the other hand tend to degrade rapidly when exposed to even minor amounts of 

sulfur as it poisons active sites for fuel oxidation [89, 90]. An additional and important advantage of Ni-

GDC fuel electrodes lies in their structural and microstructural stability over long-term operation. In Ni-

YSZ systems, nickel migration and coarsening are prevalent degradation mechanisms. Although the 

mechanisms are not fully understood yet, over extended periods of time, Ni is observed to agglomerate 

and migrate away from the active reaction zone in Ni-YSZ electrodes. This disrupts the percolating Ni 

networks required for electronic conduction, leading to increased ohmic resistance and a decline in 

performance [91 - 95]. In Ni-GDC electrodes, while some degree of Ni coarsening can still occur, the 

presence of GDC as a MIEC phase partially compensates for the loss of metallic connectivity. The GDC 

matrix supports a portion of the electronic current through its own electronic conductivity, thereby 

mitigating the impact of local Ni depletion. However, the mechanism of Ni migration and agglomeration 

in Ni-GDC electrodes was found to be different compared to Ni-YSZ electrodes, where the magnitude 

seems to be much less pronounced. Nevertheless, the adverse effects of Ni redistribution on cell 
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resistance are less severe in Ni-GDC systems compared to Ni-YSZ. This property becomes particularly 

valuable under conditions of long-term operation or thermal cycling, where Ni mobility is accentuated 

[96 - 99]. 

For these reasons, considerable attempts have been made by research groups to incorporate Ni-GDC 

fuel electrodes into their cell architectures. Although most efforts have focused on electrolyte-supported 

cells (ESC), only a few groups have investigated the viability of fuel electrode-supported (FESC) 

structures. One such example is the fuel electrode-supported cell developed by the research group 

around Eric Wachsman at the Maryland Energy Innovation Institute (University of Maryland, USA). 

Their design consists of a ~ 500 µm Ni-GDC support with a 15 µm Ni-GDC functional layer and a 

~ 20 µm thick pure GDC electrolyte. All layers are tape-cast, laminated and finally co-sintered at 

1450 °C for 4 h. A composite air electrode consisting of Sr0.5Sm0.5CoO3-δ – Ce0.9Gd0.1O2-δ (SSC-GDC) 

is applied via screen printing and subsequently sintered at 950 °C for 2 h. When adding a porous GDC 

interlayer between the dense GDC electrolyte and SSC-GDC air electrode, this architecture 

demonstrated good performance in low-temperature SOFC mode, achieving power densities exceeding 

0.55 W/cm² at 500 °C and over 2000 hours of stable operation with negligible degradation. Here, the 

total area-specific resistance (ASR) remains around 0.4 Ω∙cm² when operating at 550 °C and 0.2 Acm−² 

using air and humidified hydrogen. However, despite its strong SOFC performance, this configuration 

is not ideally suited for SOEC operation. Under electrolysis condition, the low oxygen partial pressure 

and high electrochemical driving forces at the fuel electrode promote partial reduction of the GDC 

electrolyte, resulting in electronic leakage and reduced faradaic efficiency. This is already hinted 

towards by the relatively low OCV values of below 1 V. Additionally, it is hypothesized that the SSC-

GDC air electrode is prone to degradation under the high anodic polarization and oxygen activity in 

SOEC mode. These factors limit the long-term electrochemical stability and efficiency of this cell design 

during electrolysis [100 - 101]. 

Another prominent competitor for Ni-GDC based SOC developments is the Department of Energy 

Conversion and Storage at the Technical University of Denmark (DTU). Other than the tri-layer 

electrolyte prototype developed in Jülich, their cell architecture features a bi-layer electrolyte composed 

of a scandia-yttria-stabilized zirconia (ScYSZ) electrolyte layer and a GDC barrier layer. Because of 

this configuration, the Ni-GDC fuel electrode is in direct contact with the ScYSZ electrolyte layer, which 

is particularly important for cell processing and subsequent cell performance. For cell fabrication, 

support, fuel electrode, electrolyte and barrier layers are tape cast and laminated at 120 °C to form an 

entire green half-cell. This half-cell is then co-sintered at substantially lower temperatures (1250 °C – 

12 h) than the Jülich prototype half-cell (1400 °C – 5 h). According to their evaluation of the 

microstructure, two distinctive concerning features were observable in pristine cells. One was intense 

GDC agglomeration and non-uniform GDC distribution present within the fuel electrode, which was 

attributed to insufficient particle stabilization within the tape slurry. The other key feature was an 

extensive porosity at the interface between Ni-GDC fuel electrode and ScYSZ electrolyte. Quantitative 
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analysis revealed that the local fraction of porosity reached up to 50 % and the GDC fraction in contact 

with the electrolyte was only 5 %. They argue that this is most likely going to limit cell performance as 

both areas for ionic conduction and electrode activity are diminished and longer pathways between 

contact points are limiting the utilized fraction of the active surface area. Furthermore, interdiffusion 

during co-sintering led to a mixed phase forming at the GDC/ScYSZ interface, potentially further 

impeding ionic conduction pathways. The negative impact of all these factors was evident in the 

subsequent electrochemical characterization of the cell. Here, the total area specific resistance (ASR) 

was found to be approximately double the amount compared to state-of-the-art Ni-YSZ based FESCs, 

with 0.6 Ω∙cm² at 778 °C 50/50 steam/hydrogen and air. Despite these results, they conclude that these 

negative microstructural phenomena do not stem from unavoidable effects caused by the material 

combination, but that they are processing related issues that can be resolved by optimized processing 

strategies [102, 103]. 

These assessments underscore that while Ni-GDC offers clear advantages in electrochemical activity 

and degradation tolerance, its adoption in fuel electrode-supported cells remains limited. A major reason 

for this is that GDC is not an optimal choice as a standalone electrolyte due to its partial electronic 

conductivity under reducing condition, which can lead to parasitic currents within the electrolyte and 

thus performance loss. As a result, high-performance SOCs still rely on YSZ or ScYSZ as the primary 

electrolyte material. However, simultaneous integration of GDC and YSZ-based materials introduces 

significant processing challenges, especially in regard to interfaces. The formation of mixed or 

interdiffused phases during co-sintering can severely degrade the electrochemical performance by 

impeding ionic conductivity and creating resistive barriers (see Chapter 2.2.3). Managing these 

interfacial reactions therefore requires precise control over processing conditions, such as sintering 

temperature and dwell time. In principle, advanced deposition techniques such as pulsed laser deposition 

(PLD), sputtering, or atomic layer deposition (ALD) could be employed to fabricate well-controlled 

interfaces and minimize phase interactions. However, these methods significantly increase 

manufacturing complexity and cost, counteracting one of the key objectives in SOC development, which 

is to reduce cost for large-scale implementation. 

 

2.2.2 Chemical expansion of ceria 

Chemical expansion in cerium oxide is a complex phenomenon involving multiple interrelated factors. 

However, in this thesis, only the aspects most relevant to solid oxide cells will be briefly discussed in 

the following. In general terms, chemical expansion refers to changes in the length or volume of a 

material due to variations in its defect chemistry, in particular, the concentration of point defects such 

as oxygen vacancies. In ceria-based materials, the dominant mechanism for chemical expansion is the 

reduction of Ce4+ to Ce3+ under reducing conditions. This redox reaction introduces oxygen vacancies 

and leads to a change in stoichiometry, effectively forming a nonstoichiometric solid solution of CeO2 
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and Ce2O3. The process of oxygen vacancy formation can be described by the following Equation (2.7) 

using the Kröger-Vink notation [104]. 

 

2 CeO2 → 3 OO
x  +  1

2�  O2(g) +  VO••  +  2 CeCe
,  (2.7) 

 

Although oxygen vacancies are smaller than oxygen ions, the larger ionic radius of Ce³⁺ compared to 

Ce⁴⁺ causes an overall expansion of the crystal lattice. Thus, chemical expansion in ceria is a competition 

between the lattice contraction from oxygen vacancy formation and the expansion due to Ce reduction, 

with the latter effect dominating. Oxygen vacancies can also be introduced by doping ceria with lower-

valent cations (e.g., Gd³⁺), and as such, the total oxygen vacancy concentration depends on both the 

oxygen partial pressure (pO₂) and the dopant concentration. This dependence directly influences the 

lattice parameter and, therefore, the degree of chemical expansion.  

Under solid oxide electrolysis cell (SOEC) operation, significant oxygen partial pressure gradients form 

across the electrolyte due to high current densities and electrode overpotentials. The lowest pO₂ values 

typically occur near the fuel electrode/electrolyte interface. These gradients result in spatially varying 

chemical expansion across the electrolyte thickness, which in turn induces mechanical stress within the 

cell. The effects of such gradients are particularly pronounced in ceria-based electrolytes, where the 

reduction of Ce⁴⁺ becomes substantial under low pO₂. Because these conditions are difficult to replicate 

chemically in laboratory settings, data for chemical expansion at very low oxygen partial pressures are 

often based on interpolation or computational models [105, 106]. 

In the case of the fuel electrode-supported cells investigated in this work, the tri-layer electrolyte 

includes both Gd-doped ceria (GDC) and yttria-stabilized zirconia (YSZ). While both materials exhibit 

oxygen vacancy-driven conductivity, their chemical expansion behavior under reducing conditions is 

markedly different. YSZ is chemically much more stable than ceria and shows negligible reduction even 

under low pO₂. As a result, its chemical expansion is minimal compared to ceria, which undergoes 

significant lattice expansion when reduced. This mismatch in chemical expansion between YSZ and 

GDC can result in local strain concentrations, especially at the interfaces and may contribute to 

delamination, microcracking, or stress-assisted diffusion phenomena during SOEC operation [12]. 

Another important consideration is the reversibility of chemical expansion. Unlike thermal expansion, 

which is fully reversible, chemical expansion is potentially only partially reversible and may exhibit 

hysteresis depending on the extent and rate of redox cycling. Reoxidation of Ce³⁺ to Ce⁴⁺ typically 

reduces the lattice parameter, but some residual strain or microstructural damage may remain after 

repeated redox cycles. The microstructural consequences of chemical expansion are particularly relevant 

in multilayer electrolyte architectures. Expansion mismatches can lead to tensile stresses exceeding the 

fracture strength of the ceramic layers, particularly at interfaces or defect-rich regions. This highlights 

the importance of accurately characterizing both the magnitude and spatial distribution of chemical 

expansion when operating ceria based solid oxide cells. 



Fundamental Background 

21 
 

2.2.3 Interdiffusion between YSZ and GDC 

At elevated temperatures, as encountered during sintering in ceramic processing, interdiffusion between 

adjacent materials or layers can occur. Generally, the rate of atomic transport is largely influenced by 

temperature. One essential parameter in quantifying this mass transport using Fick’s laws is the diffusion 

coefficient D. This diffusion coefficient can be understood as the magnitude of molar flux through a 

surface divided by the concentration gradient. In gaseous species D generally obeys the relation to 

temperature and pressure as described in Equation (2.8) meaning that diffusion is faster if temperatures 

T are higher and concentrations p (partial pressure) are lower [107]. 

 

𝐷𝐷 ∝  
𝑇𝑇3 2�

𝑝𝑝
 (2.8) 

 

In solids, however, diffusion coefficients are much smaller when compared to diffusion coefficients in 

gases or liquids. This is due to diffusion in solids being mainly driven by thermally activated 

mechanisms, typically governed by vacancy or interstitial migration. Here, additional energy barriers 

(activation energies) EA need to be overcome which is facilitated at higher temperatures as expressed in 

Equation (2.9) [108]. 

 

𝐷𝐷 =  𝐷𝐷0 exp �−
𝐸𝐸A
𝑅𝑅𝑅𝑅

� (2.9) 

 

Where R is the gas constant, T the absolute temperature and D0 a pre-exponential factor. Although 

diffusion coefficients in solids are smaller, because of the exponential dependence, even small increases 

in processing temperature can result in substantial increases in diffusion rates. Therefore, at sintering 

temperatures commonly used for SOC fabrication (1200 °C – 1400 °C) cation diffusion across interfaces 

becomes increasingly relevant. Specifically, chemically distinct (inducing concentration gradient) but 

structurally similar oxides such as yttria-stabilized zirconia (YSZ) and gadolinium-doped ceria (GDC) 

can form intermixed interfacial regions. 

Both YSZ and GDC adopt the fluorite crystal structure, characterized by a face-centered cubic (FCC) 

arrangement of cations with oxygen ions occupying all tetrahedral interstitial positions [109]. Doping 

with aliovalent cations (Y3+ in YSZ and Gd3+ in GDC) introduces charge-compensating oxygen 

vacancies that are essential for oxide ion conductivity. In YSZ, typically doped with 8 – 10 mol% Y2O3, 

the additional doping not only introduces oxygen vacancies, but simultaneously also stabilizes the high 

temperature cubic phase that supports high-temperature ionic conduction [110, 111]. Similarly, GDC 

consists of CeO2 doped with varying amounts of Gd3+ and is known for its high oxygen ion conductivity 

at intermediate temperatures (600 – 800 °C), due in part to the higher polarizability of Ce – O bonds and 

a larger lattice parameter that facilitates vacancy mobility [112 - 114]. 
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Due to their structural compatibility and similar lattice symmetry, YSZ and GDC are partially or fully 

miscible at high temperatures. The undoped CeO2 – ZrO2 binary system exhibits wide mutual solubility 

above ~ 1200 °C, forming a continuous fluorite solid solution over much of the composition range. The 

presence of dopants like Y3+ and Gd3+ does not eliminate miscibility, although it can influence phase 

stability and defect chemistry [115]. During high-temperature sintering, mutual solubility enables the 

formation of a compositionally graded interfacial region between YSZ and GDC, where Zr4+ and Y3+ 

diffuse into GDC and Ce4+ and Gd3+ into YSZ. This interdiffused zone maintains the fluorite structure 

but exhibits distinctly different physical and electrochemical behavior compared to the parent phases 

[116]. The kinetics of this interdiffusion depend on the relative diffusivities of the involved cations. 

Experimental studies and diffusion modeling have shown that Zr4+ typically diffuses faster into ceria-

based materials than Ce4+ does into zirconia. The net result is an asymmetric diffusion profile, with the 

interface shifting over time and leading to compositional gradients. For sintering durations on the order 

of several hours at 1300 °C, diffusion lengths on the order of 1 – 5 µm are realistic. These values are 

close to the thickness of thin electrolyte layers or interlayers in SOCs, indicating that a significant 

fraction of the structure may be affected [117 - 118]. 

A direct consequence of unequal diffusion rates is the formation of Kirkendall porosity at the interface. 

This phenomenon occurs when the faster-diffusing species leaves behind a net excess of lattice 

vacancies on one side of the interface. As these vacancies coalesce, they can nucleate pores, leading to 

mechanical discontinuities and potential leakage paths in the electrolyte. In the YSZ–GDC system, this 

is especially problematic because the faster ingress of Zr4+ into GDC can generate porosity near or within 

the electrolyte–barrier interface, weakening mechanical integrity and disrupting ionic conduction [119, 

120]. Beyond structural considerations, interdiffusion also alters the ionic conductivity of the affected 

region. GDC, in its pristine form, exhibits higher ionic conductivity than YSZ due to its higher oxygen 

vacancy concentration and lower vacancy migration barrier. However, as Zr4+ and Y3+diffuse into GDC, 

they modify the defect landscape in several ways. First, Zr4+ is less polarizable than Ce4+and its presence 

tends to increase the binding energy between dopant cations and oxygen vacancies, reducing vacancy 

mobility. Second, the lattice strain introduced by smaller Zr4+ cations disrupts the uniformity of 

migration pathways. Finally, local clustering of dopants or strain fields may further impede ion transport. 

As a result, the ionic conductivity of the interdiffused mixed phase tends to be lower than that of pure 

GDC, particularly in the temperature range where GDC is most advantageous. This leads to an increase 

in ohmic resistance. Equally significant is the effect of interdiffusion on electronic conductivity, 

particularly from the perspective of YSZ. Pure YSZ is considered a purely ionic conductor, with 

negligible electronic transport even under strongly reducing conditions. Its role as an electronically 

insulating layer is essential in SOCs, especially when it is used to suppress electronic leakage from 

adjacent mixed conductors like GDC. However, when Ce4+ diffuses into YSZ during sintering, it 

substitutes for Zr4+ and introduces redox-active centers into the lattice. Under the low oxygen partial 

pressures found on the fuel side of the cell, Ce4+ can be partially reduced to Ce3+. This reduction potential 
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enables small polaron hopping between Ce3+ and Ce4+, introducing n-type electronic conduction 

pathways into the otherwise insulating YSZ matrix. Even modest concentrations of Ce in YSZ have 

been shown to result in measurable electronic conductivity under reducing conditions. This undermines 

the function of YSZ as an electronic barrier, allowing a portion of the applied current to be carried by 

electrons rather than oxygen ions and thus reducing the faradaic efficiency of the cell. It also may lead 

to internal short-circuiting, especially in thin electrolyte configurations where the entire thickness may 

be affected by interdiffusion [121 - 123]. 

To summarize, the interdiffusion between GDC and YSZ during high-temperature processing is 

thermodynamically possible and kinetically accessible, leading to the formation of a fluorite-structured 

mixed phase with distinct properties. While structurally coherent with the parent materials, this 

interdiffused region typically exhibits reduced ionic conductivity, increased electronic conductivity 

(from the YSZ perspective), and the potential formation of Kirkendall porosity. These can degrade the 

overall performance and durability of SOCs. Effective mitigation strategies include minimizing co-

sintering temperatures and dwell times, controlling layer thicknesses, and employing chemically 

compatible diffusion barrier layers to preserve the desired electrochemical properties of each functional 

layer. 
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3 Experimental methods 

3.1 Synthesis and manufacturing methods 

3.1.1 Sintering aids for GDC 

In the processing of ceramics, the utilization of sintering aids is a common practice. They serve to modify 

or enhance the densification of the microstructure during the sintering process by increasing the grain 

boundary mobility and thus promoting grain growth. Furthermore, they allow sintering at lower 

temperatures leading to a potential reduction in production costs [124 - 130]. This is particularly relevant 

for GDC, which requires high sintering temperatures (1300 °C – 1500 °C) to ensure sufficient 

densification for its role as an electrolyte in solid oxide cells. In this thesis, sintering aids were utilized 

to enhance the densification of the GDC layers within the tri-layer electrolyte, with the potential to 

reduce the co-sintering temperatures to mitigate detrimental thermally induced interdiffusion effects 

between YSZ and GDC.  

There exist multiple techniques for incorporating additional oxides or ions into a ceramic powder. In 

this thesis, sintering aids were introduced to the powder after the initial calcination and milling steps 

which resulted in the desired particle size distributions. Therefore, it is assumed that the doping 

procedure itself is not significantly altering the particle sizes or surface area of the powder. Nickel and 

cobalt were selected as sintering aids due to their demonstrated effectiveness in other studies, but also 

because these elements are already components of the solid oxide cell. Bismuth, a prominent sintering 

aid for ceria, is not a standard material in these cells and was therefore not considered. 

Sintering aids were added to the powder as nitrates, following a similar procedure analogous as that 

outlined in [131]. For this, 20 g of powder were dispersed in approximately 200 ml of deionized water 

using a magnetic stirrer. Following the homogenization of the dispersion, 0.1681 g of the respective 

nitrate, cobalt (II) nitrate hexahydrate (Co(NO3)2 · 6 H2O) or nickel (II) nitrate hexahydrate (Ni(NO3)2 · 

6 H2O) was added to the suspension. This is equivalent to 0.5 mol% of the final oxide. Under continuous 

stirring, the mixture was heated to 150 °C for several hours, until the suspension decomposed into a 

highly viscous slurry. This was then completely dried at 120 °C in a drying furnace. The resulting 

powder was ground with mortar to break loose agglomerates before calcination at 400 °C for 2 h This 

process is intended to transform the nitrates into oxides, which are expected to be homogeneously 

distributed within the powder or thinly coated around the GDC grains. It is hypothesized that the 

resulting oxides do not dissolve into the GDC lattice at this point. Studies suggest that this solid solution 

only occurs at temperatures above 1000 °C, although a comprehensive understanding of the underlying 

mechanisms remains to be established. Therefore, XRD analyses were carried out in the calcinated and 

sintered state of the powder to investigate the change in GDC lattice parameter resulting from the 

incorporation of additional oxides or ions into the lattice. 
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In addition, studies have examined how the additional doping affects the ion conductivity of GDC. For 

instance, according to Kleinlogel and Gauckler no change in conductivity was observed in 20 GDC 

when additional cobalt ions were introduced in a concentration range from 0.1 mol% up to 5 mol% 

[132]. However, they argued that at high Co2O3 concentrations (5 mol%), depending on the sintering 

temperature and dwelling time, there is a possibility for a thin oxide layer to form at the GDC grain 

boundaries, that is able to get reduced to metallic cobalt during electrochemical measurements when 

𝑃𝑃O2  decreases to lower values than 10-22 atm. This, in turn, is hypothesized to result in an enhancement 

of electronic conductivity, which subsequently diminished after additional heat treatments, presumably 

due to the dissolution of Co from the grain boundaries into the lattice. For GDC with lower 

concentrations of gadolinium like 10GDC, studies have demonstrated that the incorporation of Co 

increases the lattice conductivity at temperatures below 500 °C in comparison to cobalt-free 10GDC 

samples. In the studies by Lewis et al., a maximum conductivity was already reached at a concentration 

of 2 cation%, with both the lattice conductivity and the grain boundary conductivity increasing [133]. 

Interestingly, a reduction in lattice parameter was observed for the co-doped samples when sintered at 

temperatures between 800 °C and 1000 °C, compared to undoped samples. This phenomenon is 

hypothesized to occur due to the substitution of larger Ce4+ ions (𝑟𝑟Ce4+ = 101 pm) for smaller Co3+ ions 

(𝑟𝑟Co3+ = 68.5 pm). However, this would also indicate that the reduction of lattice parameter caused by 

the substitution outweighs the potential increase caused by additional oxygen vacancies. While the 

lattice parameter of Co-doped GDC remains smaller than that of pure 10GDC, it exhibited an increase 

within the same temperature range, reaching a plateau at 1000 °C. This behavior mirrors that observed 

in the undoped samples, suggesting either a solubility limit smaller than 2 cation% or Co3+ ions entering 

the lattice interstitially. A solubility limit being reached is substantiated by the observation that the 

majority of the cobalt is still found at the grain boundary. 

 

3.1.2 Screen printing 

All layers produced and evaluated in this work were printed using the EKRA E2 semi-automatic screen 

printer (EKRA Automatisierungssysteme GmbH, Germany). During the course of this work, the 

parameters used for printing changed substantially. For example, the setup was adjusted to align with 

conditions typically used for ‘true’ screen printing. According to the screen printer manual, the method 

previously used in IMD-2 more closely resembles the technique of stencil printing, in which both 

squeegees make contact with the screen using the same pressure. Therefore, here printing is carried out 

by both squeegees (print-print setup, Druckvariante 3). In contrast, real screen printing is typically 

performed using only one squeegee for printing, while the other squeegee floods the screen and fills the 

mesh openings with paste. To implement this, the print-flood-print-flood setup, available as 

Druckvariante 2 in the printer software, was used. In this configuration, the back squeegee serves as the 

printing squeegee, while the front squeegee is designated as the flooding squeegee. This setup requires 
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different pressure adjustments for each squeegee. For adjusting the printing squeegee, the squeegee is 

positioned above the center of the sample which is fixed on the vacuum table. Then, the squeegee is 

lowered until it presses the screen slightly onto the sample underneath. In contrast, the flood squeegee 

is adjusted by lowering it until a regular sheet of paper can just be pulled out from between squeegee 

and screen, after which the squeegee is lowered by an additional full turn of the screw, as instructed by 

the manual. Since these adjustments are highly dependent on the tension of the mounted screen and the 

condition of the squeegees, they have to be checked and readjusted each time before starting a new 

printing experiment. A list of all screens used in this work is presented in Table 3.1.   

 
Table 3.1: Overview of all screens used in this thesis. Numbers in brackets indicate changes made during the work, listing the 
initially used screen (1) followed by the current screen (2). 

Layer Type 
Thread Ø 

[µm] 

Mesh Opening 

[µm] 

Screen Opening 

[mm²] 
Screen Indicator 

YSZ Electrolyte 

(Standard) 
Polyester 55 151 56 ×56 POL48/55/22.5° 

GDC/YSZ 

Barrier Layer 
Polyester 27 36 42 ×42 POL150/27/22.5° 

GDC 

Electrolyte (1) 
Polyester 55 151 56 ×56 POL48/55/22.5° 

GDC 

Electrolyte (2) 
Metal 18 45 56 ×56 VA400/18/22.5° 

NiO-GDC fuel 

electrode (1) 
Polyester 48 77 56 ×56 POL77/48/22.5° 

NiO-GDC fuel 

electrode (2) 
Metal 30 98 56 ×56 

V-Screen 

98/30/22.5° 

 

It should be noted that the laboratory in which screen printing was performed is not air-conditioned, 

which is a limitation as paste rheology is strongly influenced by ambient temperature and humidity. 

Additionally, the vacuum table of the printer does not provide sufficient suction to hold the samples in 

place during printing. To address this, masks made from < 0.5 mm plastic foils, with a cut-out the size 

of the sample, are used. The samples are then fixed with help of the mask by applying an adhesive tape 

across the top left corner of the sample and onto the mask. The mask itself is also secured to the vacuum 

table with an adhesive tape. 

Prior to printing, the cell surface is cleaned using canned compressed air to remove dust particles. After 

printing, the cells are dried in a drying cabinet at 60 °C for several hours before being submitted for 

calcination or sintering. 
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3.1.3 Screen-printing paste preparation 

For screen-printing paste preparation of NiO-GDC fuel electrode and GDC electrolyte pastes, two 

significantly different approaches were used in this work that shall be introduced in the following. The 

YSZ electrolyte paste and the two air electrode pastes made from LSC or LSCF were not manufactured 

explicitly for this work. These pastes are used in the IMD-2 standardized SOC manufacturing. 

Therefore, the preparation of these pastes will not be described in this thesis. Detailed information about 

the materials and chemicals used for the preparation of each developed paste are provided in the 

respective subsections within this chapter. First, the general outlines of the two preparation methods 

shall be discussed. 

 

The first preparation route that was used in the initial phases of this work is based on the information 

provided by the dissertation of Jun Zhang that dealt with the development of the prototype tri-layer 

electrolyte cell. This processing sequence will be referred to as TM-DPS (Tumbling Mixer – Direct Pre-

Suspension) as it utilizes a tumbling mixer to directly prepare a ceramic pre-suspension. Figure 3.1 

provides an illustration for this processing route, depicting the important steps. Here, solvent, dispersant, 

ceramic powder and YSZ milling balls are added to a PE-bottle and homogenized using a tumbling 

mixer (Turbula T2F, Willy A. Bachofen AG, Switzerland) at 72 rpm. For fuel electrode paste 

preparation, NiO and GDC pre-suspensions were prepared separately and mixed subsequently in a ratio 

of 50 : 50 wt%. Afterwards, the milling balls are removed from the pre-suspension using a sieve. That 

way, some of the pre-suspension is lost as it adheres to the milling balls. After adding the transport 

suspension, composed of solvent and binder, final homogenization for both fuel electrode and electrolyte 

paste takes place in a planetary vacuum mixer (ARV-310, THINKY corporation, Japan) at 1400 rpm 

for 2 min. This method is characterized by its simplicity and the comparatively short time requirement 

of approximately 2 days. Furthermore, due to the small number of processing steps, there are only a few 

possibilities for errors. For more details regarding this processing procedure, please refer to the thesis 

of Jun Zhang [77]. 

 

Figure 3.1: Illustration of the TM-DPS paste preparation route. The individual process steps are shown using a GDC electrolyte 
paste as an example. 



Experimental methods 

28 
 

The disadvantages of this method, however, are the limited control over the resulting particle size 

distribution and the associated deviations and uncertainty in the subsequent final paste composition, 

which impedes reproducibility. Since the influence of the particle size distribution on the rheological 

properties was part of the investigations in this work and its significance was able to be contextualized 

and highlighted, this method of paste preparation was further evolved for improved process and powder 

control. This new method will be referred to as PM-MPS (Planetary Micro Mill – Multistep Pre-

Suspension) and is illustrated in Figure 3.2. Here, the calcined ceramic powder is first subjected to high-

intensity ball milling using a planetary micro mill with YSZ lined steel containers (Pulverisette 7 

premium line, FRITSCH GmbH, Germany) operated at 500 rpm. The powder is milled using YSZ 

grinding balls and ethanol. After this milling step, the milling balls are removed by a sieve. As the 

powder is milled beforehand and therefore separate from the actual paste preparation or formulation, the 

milling balls can be rinsed completely clean with ethanol, resulting in the entirety of the powder being 

able to be processed further without any major losses. The ethanol / powder mixture is then dried in a 

drying furnace, and the resulting calcined and milled powder can be analyzed for its particle size 

distribution and specific surface area. Depending on these analyses, the exact amount of dispersant 

required can then be determined, as dispersant concentration should always be based on the available 

ceramic surface. In addition, an initial quality control of the particle size distribution is automatically 

carried out at this stage and the powder can be further adjusted if necessary. After pre-mixing solvent 

and dispersant, the pre-treated powder is added to the mixture which is then homogenized using an 

ultrasonic bath. Finally, the transport suspension is added to this pre-suspension. A three-roll mill (Exakt 

80 E, EXAKT Advanced Technologies GmbH, Germany) is used in the last step for homogenization of 

transport suspension and pre-suspension to achieve the final screen-printing paste.  

 

 

The clear advantages of the PM-MPS route are the superior control over the particle size distribution of 

the powder, which ensures higher reproducibility. In addition, the high-intensity ball milling generally 

Figure 3.2: Illustration of the PM-MPS paste preparation route. The individual processing steps are shown using a GDC 
electrolyte paste as an example. Here, the powder is milled first, before preparation of the pre-suspension. 
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results in more uniform particle size distributions. Furthermore, none of the powder is lost during the 

process. By using a three-roll mill, any agglomerates that may form can also be broken up again, leading 

to better paste stability. Disadvantages are the higher complexity due to the separate grinding of the 

powder and the associated time requirement of up to 5 days due to the drying phase. However, if the 

powder has already been prepared, for example by milling larger batches, the paste can be prepared in 

roughly an hour. 

 

GDC electrolyte paste 

Table 3.2 lists the materials and chemicals used to produce the GDC electrolyte pastes for this work. 

The dispersants used at the beginning which were replaced during the course of this work are also listed. 

However, the following description will only refer to one GDC paste, which showed the best 

processability and produced the highest layer quality. This description is based on results obtained 

through investigations carried out as part of this thesis, which will be reported in more detail later. 

 
Table 3.2: Overview of materials and chemicals used for the GDC electrolyte paste. Including the formerly used and then 
exchanged dispersants. 

Material / Chemical Purpose Manufacturer Comment 

10GDC-M Eectrolyte  Fuelcellmaterials Calcined and milled 

α-terpineol C10H18O Solvent Sigma-Aldrich - 

Nuosperse FX9086 Dispersant Elementis Global 1st dispersant, contains phosphor 

BYK-P104 Dispersant BYK-Chemie 2nd dispersant, contains silicon 

Hypermer KD2 Dispersant Croda International Final dispersant 

Ethyl cellulose Binder Sigma-Aldrich - 

 

For GDC electrolyte paste preparation, first the 10GDC-M powder is calcined at 1230 °C for 3 h in a 

closed alumina crucible. This is done to reduce the as-delivered surface area of 39 m²/g and to 

simultaneously increase the initial primary particle size of approximately 70 nm. Subsequent high-

energy milling of the calcined powder in the aforementioned planetary ball mill (YSZ lined steel 

container, 15 cycles of 5 min milling + 25 min pause, 500 rpm in EtOH with < 1 mm YSZ grinding 

balls) adjusts the primary particle sizes and d50 values to about 0.1 µm ± 0.03 µm. For preparing the pre-

suspension, the specific surface area of the calcined and milled powder has to be analyzed. When fixing 

the amount of GDC powder to 75 wt% for the pre-suspension, the amount of dispersant Hypermer KD2 

can be calculated using the powders specific surface area (SSA) and the fixed dispersant concentration 

of 0.013 g/m². The optimal concentration was determined via zero shear viscosity experiments (see 

Chapter 3.2.8). Figure 3.3 provides an overview of the recommended paste composition which includes 

the necessary calculations for dispersant and solvent content. The remainder of the 25 wt% will be 

composed of the solvent α-terpineol. Solvent, dispersant and GDC are homogenized using an ultrasonic 

bath for 30 min to form the pre-suspension. Afterwards, this suspension is mixed with the transport 
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suspension in a ratio of 87 : 13 wt%. The transport suspension itself consists of α-terpineol and ethyl 

cellulose 45 cp in a ratio of 85 : 15 wt%, which is prepared using a rotor-stator dispersing tool. After 

pre-mixing by hand, final paste homogenization was achieved by a three-roll mill utilizing the settings 

displayed in Table 3.3.  

 
Table 3.3: Parameters for paste homogenization using a three-roll mill. Pastes are subjected to each setting for at 
least three passes. 

# 1. Gap [µm] 2. Gap [µm] Line pressure [N/mm] Speed [rpm] 
1 60 20 - 90 
2 30 10 - 90 
3 10 5 - 90 
4 5 - 3.5 70 

 

 

 

NiO-GDC fuel electrode paste 

The preparation of the NiO-GDC fuel electrode paste is similar to that of the GDC electrolyte paste. 

Here, GDC pre-suspension and NiO pre-suspensions are prepared separately. The composition of the 

GDC pre-suspension for the fuel electrode is identical to that of the electrolyte. The NiO pre-suspension 

is prepared using the same dispersant to mitigate the risk of unwanted effects on the GDC suspension. 

For this, NiO, α-terpineol and Hypermer KD2 are mixed in a ratio of 72  : 22.25 : 2.75 wt% respectively. 

GDC and NiO pre-suspensions are combined in a ratio of 55  : 45 wt% and homogenized using the 

planetary vacuum mixer at 1500 rpm for 1 min. Afterwards, a transport suspension containing 80 wt% 

Figure 3.3: Overview of the recommended electrolyte paste composition made from 10GDC-M powder (Fuelcellmaterials), 
calcined at 1230 °C for 3 h and subsequently milled to a monomodal particle size distribution. No fixed values can be given 
for dispersant and solvent, as these components are dependent on the available ceramic surface area within the paste. 
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α-terpineol and 20 wt% ethyl cellulose 45 cp is added to the NiO-GDC pre-suspension in a ratio of 

85 : 15 wt% (GDC-NiO : transport suspension). The paste is homogenized in the three-roll mill using 

the settings displayed in Table 3.3. Figure 3.4 provides an overview of the NiO-GDC fuel electrode 

paste composition. The resulting volume ratio of NiO to GDC is 45 : 55 %. 

 

 
Figure 3.4: Overview of the fuel electrode paste composition made from 10GDC-M powder (Fuelcellmaterials), calcined at 
1230 °C for 3 h and subsequently milled to a monomodal particle size distribution and untreated NiO (Vogler) powder. No 
fixed values can be given for dispersant and solvent for the GDC pre-suspension, as these components are dependent on the 
available ceramic surface area within the paste. 

 

3.1.4 Physical vapor deposition (PVD) - Reactive magnetron sputtering 

Reactive magnetron sputtering is a physical vapor deposition process used to produce thin films of 

compounds, such as oxides or nitrides. In this process, a solid target is bombarded with ions from a 

plasma. Typically, argon ions are used in sputter processes. The atoms or molecules knocked out of the 

target are then deposited as a thin film on a substrate, positioned opposite to the target. Unlike 

conventional sputtering, reactive magnetron sputtering involves feeding an additional reactive gas, like 

oxygen or nitrogen, into the process. This reactive gas then reacts with the sputtered material, either in 

the gas phase or on the substrate surface. A central element of this process is the magnetron, which is a 

magnetic field system located behind the target. Here, the permanent or electro-magnets generate a 

transverse magnetic field parallel to the target surface. This magnetic field forces electrons into spiral-

like paths, extending their time near the target surface. As this increases the probability of impact 

ionization, the formation of a denser plasma in the vicinity of the target is promoted. This allows for a 

higher sputter rate at lower working pressures compared to other sputtering methods. For magnetron 
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sputtering, vacuum chambers are usually operated at pressures of below 10-2 mbar (100 Pa). A high 

vacuum is necessary to minimize contamination and ensure stable plasma conditions. Furthermore, it 

allows the sputtered particles to move in a direct manner, which positively influences the homogeneity 

of the deposited layers. Usually, magnetron sputtering is a line-of-sight based deposition process. Due 

to their kinetic energy, the sputtering particles mostly follow straight paths. However, scattering by 

residual gas atoms, especially at higher pressure, can be significant enough for particles to be able to 

reach deeper substrate areas. Another critical aspect of reactive sputtering is target poisoning, wherein 

an unwanted reaction layer forms on the target surface. This alters the conductivity and sputtering 

properties of the target, which can negatively affect process stability and reproducibility. Therefore, 

precise control of the gas flows and suitable process control are crucial for the quality of the resulting 

layers [134]. In this work, GDC and YSZ layers for the 3-layer electrolyte were produced from metallic 

targets using reactive magnetron sputtering (CS400ES cluster system, Von Ardenne Anlagentechnik 

GmbH, Germany). Prior to each sputtering process, the cells were cleaned with ethanol and subjected 

to an etching process to remove unwanted species from the surface. The main differences between the 

coating parameters for these two materials lie in the oxygen flow rates and the DC bias. An O2-flow rate 

of 4 sccm was used to produce YSZ layers with the correct crystal structure. For the GDC layer, a flow 

rate twice as high was used. While no additional DC bias was applied to the substrate during the 

production of the GDC layer, the DC bias during sputtering of the YSZ layer was set to 150 W. The 

substrate temperature for both processes was 800 °C. A detailed list of the relevant process parameters 

is shown in Table 3.4. 

 
Table 3.4: Overview of the process parameters used for the production of YSZ and GDC layers using reactive magnetron 
sputtering. 

 YSZ GDC 

Base pressure (mbar) 5.3 × 10-8 5.3 × 10-8 

Process pressure (mbar) 6.0 × 10-3 6.0 × 10-3 

Ar flow rate (sccm) 30 30 

O2 flow rate (sccm) 4 8 

Process energy (Wh) 750 700 

Power (W) 250 500 

DC bias (W) 150 - 

Temperature (°C) 800 800 

 

3.1.5 Dry pressing 

Dry pressing is a straightforward method of forming simple and compact green bodies from ceramic 

powders. In axial pressing, a dry powder is placed in a die and compressed with a force applied by two 
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punches. In uniaxial pressing, the movement is restricted to the upper punch, while in biaxial pressing, 

both the upper and lower punch are utilized for compaction. The achievable density of the green body 

depends on factors such as particle size distribution and morphology, the bulk or tapped density, the 

applied force, the duration of action and the type of pressing process that is used. Typically, green 

densities of up to approximately 60 % of the theoretical density can be achieved through axial pressing. 

However, depending on the method, density gradients can also occur within the green body, which 

sometimes still remain after sintering. In principle, isostatic pressing is the only dry pressing method 

that can produce ceramic bodies without density gradients. In this process, pre-compacted pellets are 

hermetically sealed within flexible membranes and placed in a chamber filled with hydraulic fluid. In 

this pressure chamber, a force or pressure is transferred onto the sample simultaneously from all 

directions by the fluid, resulting in a homogeneous density distribution. Because of this, densities of 

isostatically pressed bodies typically exceed the densities of axially pressed pellets. If there is no 

additional heat applied to the sample during the pressing process, this method can also be referred to 

cold-isostatic pressing [135 - 136]. Figure 3.5 illustrates the different pressing methods and the resulting 

density distributions. 

 

In this work, dry pressing was used to prepare both 8YSZ and 10GDC samples for various analysis 

techniques. Uniaxial pressing of 8 mm pellets was used for dilatometric measurements. Unfortunately, 

due to the small sample diameter, subsequent cold-isostatic pressing of these samples was not possible. 

For mechanical testing at IMD-1, 20 mm and 40 mm pellets were prepared, depending on the subsequent 

measurement technique. Here, both uniaxial and isostatic pressing were utilized to investigate the 

influence of residual porosity. For powder x-ray diffraction, pellets of different sizes were uniaxially 

pressed to enable sintering. To increase the surface quality, 0.5 % stearic acid was used as a lubricant. 

Glycerin was only used as a binder for YSZ pellets with a diameter of 40 mm, to facilitate demolding 

and subsequent handling. However, isostatic pressing of these samples always resulted in a warpage. 

Therefore, 40 mm YSZ pellets for impulse excitation testing are only available as uniaxially pressed 

samples. In each uniaxial pressing process, the powder is first subjected to a lower force for one minute 

to pre-compact it. After the force is removed and potentially entrapped air has been released from the 

die and sample, the pellet is again subjected to the intended maximum force for two minutes. After the 

pressing process the force should be reduced gradually over an extended period of time to minimize 

elastic recovery effects that could lead to cracking of the sample. For clarification, an overview of the 

pressing parameters for the different sample types are listed in Table 3.5.  
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Table 3.5: Overview of pellet production parameters for various analysis methods at IMD-1 and IMD-2. 

Analysis Method 
Die ∅ 

[mm] 

Force 1 

[kN] 

Force 2 

[kN] 

Cold-isostatic pressing Weight 

[g] Pressure [MPa] Time [min] 

Dilatometry 8 5 7 - - ~ 1 

XRD 16 10 13 - - ~ 2 

Vickers, Instrumented 

Indentation Testing 
20 15 25 300 2 ~ 3 

Impulse Excitation 40 30 45 300 2 ~ 15 

 

Instrumented indentation testing at IMD-1 was used to determine the Young’s modulus of 10GDC and 

8YSZ pellets after exposure to reducing (10-22.5 bar < pO2 < 10-19 bar) or oxidizing (air) heat treatments 

at 700 °C for 2 h. Additionally, the fracture toughness of these materials was determined using Vickers 

and, in some cases, micropillar indentation testing. To determine the Young's modulus at temperatures 

up to 800°C under oxidizing and reducing conditions, impulse excitation was used. For this, the samples 

had to be of a certain weight, which necessitated the use of 15 g of powder. 

 

Figure 3.5: Schematic representation of uniaxial, biaxial and isostatic pressing. Density gradients are indicated by grayscale 
differences. 
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3.1.6 Calcination and sintering 

Every ceramic manufacturing process necessarily includes sintering as a consolidation step. Sintering is 

a thermal process in which pre-compacted powders, formed into green bodies, are converted into more 

or less dense, mechanically stable ceramic bodies. The driving force behind sintering is the reduction of 

the total free energy of the system. This primarily includes the minimization of the surface area of 

particles and the minimization of the interfacial energy between individual particles as well as particles 

and pores. To achieve this, material diffusion occurs at or through interfaces to reduce the size of pores 

and to allow particles to grow together and subsequently increase their grain size. In principle, these 

mechanisms take place in three differentiable phases during solid-state sintering. In the initial phase, 

sintering necks are formed between neighboring particles to minimize the differences in surface 

curvature between particles. This does not result in significant volume shrinkage and typically only 

increases the body’s relative density by 5 %. Material transport happens via surface diffusion, volume 

diffusion and evaporation-condensation reactions. In the second phase or intermediate stage, the 

microstructure initially contains a connected pore network that is typically located at the grain 

boundaries. These begin to shrink by means of material transport to these grain boundaries, which 

facilitates the highest amount of densification during the entire sintering process. Here, pores are 

assumed to reduce their diameter until they pinch off and become isolated. At the end of this intermediate 

stage, the ceramic body has already reached approximately 90 % of its theoretical density. In the final 

stage of sintering, most of the pores are closed and located either at grain boundaries or grain triple 

points. The further increase in density now occurs mainly through material transport along the grain 

boundaries, whereby the remaining pores are reduced in size or eliminated. At the same time, grain 

growth now begins to dominate the process as the main mechanism. Here, the reduction of grain 

boundary energy is the driving force. In what is known as Ostwald ripening, matter diffuses across the 

grain boundaries from smaller grains to larger grains. Accordingly, larger grains grow in favor of smaller 

grains. A central challenge of this stage is that, in principle, grain growth acts opposite to densification. 

If grains start to grow too quickly, pores can become entrapped within them. Such isolated pores cannot 

shrink any further as they lack contact with the grain boundary and the diffusion path required for 

material transport is therefore interrupted. In addition, abnormal grain growth can occur during this final 

stage if the process is not well controlled. This leads to a heterogenous microstructure, where few grains 

grow significantly faster than others. This results in a reduced mechanical stability and lower 

conductivity of the sintered body. Targeted process control is therefore essential to achieve a high final 

density with low residual porosity and controlled grain sizes. For example, strategies to prevent 

incomplete densification or abnormal grain growth include a reduction in sintering temperature with 

longer holding times and the use of sintering aids that control diffusion paths or restrict grain growth. 

Another procedure that can drastically alter the sintering process is the calcination of the ceramic 

powder, prior to the manufacturing and subsequent sintering. As calcination usually leads to a reduction 

in the specific surface area and to a certain degree of grain growth, the sintering reactivity is reduced. 
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The advantage of this is that the subsequent sintering of the green body happens more slowly and more 

controlled, which can prevent abnormal grain growth or early pore inclusion. Coarsening and 

homogenization of particle sizes can also facilitate shaping processes and increase reproducibility. 

Additionally, in layered systems, such as investigated in this work, it is essential to align the sintering 

behavior of the individual layers to one another to minimize effects of differential sintering. Differential 

sintering is another critical challenge during the sintering process of multilayer ceramics, which is 

caused by incompatible sintering kinetics between layers. It can lead to bending, residual stresses, 

delamination or cracking [137, 138]. 

In this work, the GDC starting powder for the electrolyte and fuel electrode was therefore pre-calcined 

at different temperatures. Calcination and sintering were carried out using conventional electric furnaces 

equipped with MoSi2 heating elements.  

 

3.2 Characterization methods 

3.2.1 Particle size distribution analysis 

In ceramic processing, regardless of the employed fabrication technique, the particle size of a ceramic 

powder significantly influences its processability, microstructure after sintering, the material’s 

properties and the overall quality of the final product. A comprehensive understanding and control over 

the particle size distribution (PSD) cannot only ensure higher reproducibility but also facilitate 

optimized sintering, enhanced processing and potentially superior properties. Therefore, the particle size 

distributions of all powders used in this thesis were analyzed by means of static light scattering. This 

analysis technique uses intensity patterns produced by a monochromatic laser passing through a particle 

dispersion. In general, there are two different methods for analyzing data. The Fraunhofer method 

proposes that the angle of the laser beam is inversely proportional to the particle size, while the intensity 

of the scattered light is directly proportional. Only diffraction occurring at the edges of a particle is 

considered. Consequently, this method should only be applied to samples where the particle diameter is 

expected to be significantly larger than the laser wavelength. This limitation does not apply to Mie 

theory analysis. The reason is that this method considers not only diffraction, but also reflection, 

absorption and refraction of the electromagnetic wave. Therefore, to analyze the data using Mie theory, 

the complex refractive index of the material must be known. This can be a disadvantage when analyzing 

powder mixtures of different materials [139, 140]. Since the expected particle sizes of the powders used 

in this thesis are in the submicron range (~ 100 nm), all powders were analyzed using the Mie theory. 

PSDs were measured with the Horiba LA 950 (HORIBA Europe GmbH, Germany) particle size 

measuring instrument. All powders are being dispersed in ethanol and sonicated for at least 3 minutes 

before each measurement to break loose agglomerates. With this device, particle sizes from single digit 

nanometers up to 3 mm can be measured with an accuracy of 0.6 %. 
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Typically, PSDs are presented using d10, d50 and d90 values of the distribution. These values refer to the 

particle diameters that fall below the 10th, 50th and 90th percentile of the distribution, respectively. 

However, while these metrics are useful for summarizing the range of particle sizes, they offer limited 

insight into the overall shape of the distribution. This lack of detail poses challenges when trying to 

investigate and quantify the influence of the PSD on the aforementioned aspects of ceramic processing. 

Therefore, in this thesis, Sarle’s bimodality coefficient φ according to Equation (3.1) was additionally 

calculated from the distributions of each powder [141]. 

 

𝜑𝜑 =  
𝛾𝛾12 + 1

𝛾𝛾2 + 3(𝑛𝑛 − 1)2
(𝑛𝑛 − 2)(𝑛𝑛 − 3)

 (3.1) 

 

This coefficient considers skewness 𝛾𝛾1  according to Equation (3.2) and excess kurtosis 𝛾𝛾2  of a 

distribution according to Equation (3.3).  
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Where 𝑥𝑥𝑖𝑖 is the observed value and 𝑥̅𝑥 the arithmetic mean, s is the standard deviation and n is the sample 

size. In order to better estimate the kurtosis of the distribution, the excess is considered here, which 

compares the kurtosis of the distribution with the kurtosis of the normal distribution, expressed by the 

subtraction of the last term. Values of φ range between 0 and 1, whereby a monomodal distribution can 

be assumed up to a value of approximately 0.55. Values above 0.55 indicate a bimodal distribution. As 

visualized in Figure 3.6, positive values for skewness indicate a right-skewed (or left-leaning 

distribution), which would likely occur with powders milled from larger particle sizes (top-down 

Figure 3.6: Schematic illustration of positive and negative skewness in comparison to a normal distribution (A) and positive 
and negative excess kurtosis in reference to a normal distribution (B). 
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processing). Similarly, positive values for excess kurtosis indicate narrow distributions with long tails 

to both sides, whereas negative values hint toward broad distributions with short tails. Another visual 

illustration showing the range of values that these parameters can take is included in the appendix. 

3.2.2 Specific surface area analysis 

Similar to the particle size distribution, the specific surface area (SSA) is a vital powder characteristic, 

one that must be considered when using powders in suspension-based manufacturing processes. In this 

thesis, the specific surface area was determined using a gas adsorption technique. The specific method 

employed here, the BET (Brunauer, Emmett and Teller) method, is based on the phenomenon of 

physisorption of an inert gas on a material’s surface. It is based on quantifying the adsorption of gas 

molecules as a function of partial pressure. First, a monolayer is adsorbed, followed by multilayer 

adsorption processes as the partial pressure increases. The relevant evaluation range is typically between 

0.05 and 0.35 relative pressure, for which the BET equation describes a linear relationship. Using this 

equation, the volume of the monolayer can be determined. Then, knowing the size of the adsorbed 

molecule, the specific surface area of the material can be calculated. The amount of gas adsorbed is 

usually determined volumetrically by measuring the pressure in a closed system. The pressure difference 

before and after adsorption is then converted into a gas volume using the ideal gas law. Alternatively, a 

gravimetric measurement can be performed by measuring the sample's weight gain [142]. 

The device used in this study (Area Meter II, Juwe Laborgeräte, Germany) uses nitrogen at a temperature 

of 77 K for the measurement. Prior to each measurement other species already present on the material 

surface are desorbed by applying a vacuum at elevated temperatures.  

 

3.2.3 Dilatometric measurements 

Two different types of dilatometric measurements were carried out in this thesis to gain further 

understanding of the sintering behavior of the investigated materials on their own and the influence of 

interactions between these materials during half-cell co-sintering. In the following, both techniques will 

be explained briefly. 

Dilatometric measurements of pure materials were carried out using a NETZSCH DIL 402 Expedis 

Classic dilatometer (Erich Netzsch B.V. & Co. Holding KG, Germany). Here, the change in height of a 

sample gets recorded dependent on given temperature profiles. Generally, samples were analyzed using 

the standard sintering profile for the half-cell co-sintering. This temperature profile entails a heating rate 

of 3 K/min up to 1400 °C. After a dwelling time of 5 h, samples were cooled down with a controlled 

rate of 5 K/min. Additionally, samples were also analyzed utilizing a continuous heating profile. Here, 

samples were submitted to a heating rate of 5 K/min until a certain dilatation threshold of the device 

settings was reached, with no set temperature limit. Reaching this threshold could indicate that the 

material began to soften, to melt or to decompose in a way, that the transmission rods lost sufficient 



Experimental methods 

39 
 

contact to the specimen. This procedure provides more broad information about sintering behavior [143, 

144]. 

 

3.2.4 X-ray diffraction and residual stress measurements 

X-ray diffraction (XRD) is an analytical method used to determine various crystallographic properties 

of solid materials. For example, information about the general crystallographic structure, lattice 

parameters, phase identity and phase purity can be obtained. XRD is based on the interaction of X-rays 

with the periodically arranged atoms of a crystalline material. Monochromatic X-rays are diffracted at 

these atomic lattice planes and under certain geometric conditions, this diffraction leads to interference 

phenomena. Constructive interference occurs when the wavefronts reflected by neighboring lattice 

planes are in phase. This occurs when the phase difference corresponds to an integer multiple n of the 

radiation wavelength. Mathematically, this principle is described by Bragg's law according to 

Equation (3.4):  

𝑛𝑛𝑛𝑛 = 2𝑑𝑑 ∙  sin𝜃𝜃 (3.4) 

 

Here, 𝜆𝜆 denotes the wavelength of the incident X-rays, 𝑑𝑑 denotes the distance between two neighboring 

lattice planes and 𝜃𝜃 denotes the angle of incidence of the X-rays relative to the lattice plane. When this 

equation is satisfied, the reflected rays superimpose constructively, resulting in diffraction maximums. 

Combining all diffraction maximums generates a characteristic diffraction pattern of the crystalline 

structure. The positions and intensities of the maxima allow conclusions to be drawn about the lattice 

structure and potential lattice distortions. Since lattice parameters are characteristic of a given crystalline 

phase, X-ray diffraction enables reliable identification and quantification of crystal phases, for example, 

in multi-component systems within a detection limit of approximately 1 wt%. 

Furthermore, residual stresses in a material can be determined using X-ray diffractometry. Residual 

stresses in materials cause the lattice spacing 𝑑𝑑  of the material to change, shifting the measured 

diffraction angle. By comparing this to the stress-free lattice spacing, the direction-dependent strain can 

be determined. Stress values can be calculated from this strain using the E-modulus of the material. In 

principle, the sin²Ψ method or the omega-stress method can be used to analyze residual stresses, both 

of which were used in this work. The sin²Ψ  method is more traditional. Here, the sample is 

systematically tilted by an angle Ψ which is relative to the normal of the sample surface. For each tilt, 

the diffraction angle 2𝜃𝜃 is measured. The strain calculated from the angle displacement is plotted against 

the value of sin2Ψ. In a stress-free state, the diffraction angle would remain constant regardless of the 

tilt angle Ψ while a linear dependence of the lattice strain on sin2Ψ would indicate residual stress. The 

slope of the resulting straight line is directly proportional to the normal stress in the investigated 

direction. This method is particularly well-suited for flat, planar samples with an isotropic or non-

textured structure. However, only stresses very close to the surface can be investigated here. The omega-
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stress method, on the other hand, is advantageous for investigating curved or very sensitive samples as 

it does not require any tilting of the sample, which in turn also reduces geometrically induced errors. 

With this method, rather than tilting the sample, the angle of incidence 𝜔𝜔 of the X-rays is varied. As the 

diffraction conditions change with the angle of incidence, the effective measurement depth varies as 

well. This makes it possible to detect stress gradients close to the surface. 

Depending on the analysis method used, different measurement geometries are employed. For 

investigations using the sin2Ψ method, the Bragg-Brentano geometry is typically used. In this geometry 

the sample is fixed in the center of a focusing circle. The X-ray source and the detector move 

symmetrically around the sample along this circle, with the angle of incidence 𝜃𝜃 and the detector angle 

2𝜃𝜃 set. However, this geometry is sensitive to height errors and as previously mentioned requires flat 

samples with smooth surfaces. In contrast, the parallel beam geometry uses optics to generate an almost 

parallel X-ray beam that is collimated to very small angles. This geometry is less susceptible to surface 

irregularities or height errors, allowing precise measurements on curved samples with rough surfaces. 

In combination with the omega-stress method, the parallel beam geometry has clear advantages, 

particularly when measuring small sample areas or investigating stress gradients. However, with this 

geometry, beam intensities tend to be lower and complex optic setups are necessary for collimating the 

beam [145 - 147]. 

 

For general phase analysis and determination of lattice constants, the D4 Endeavor diffractometer 

(Bruker AXS GmbH, Germany) equipped with a Cu-K𝛼𝛼 radiation source was used. The measurements 

were carried out in the Bragg-Brentano geometry at room temperature. Residual stress measurements in 

Bragg-Brentano geometry using sin2Ψ  method were conducted by Dr. Yoo Jung Sohn (IMD-2) on the 

Empyrean diffractometer (Malvern Panalytical Ltd., Great Britain). Similarly, residual stress 

measurements in parallel beam geometry using omega-stress method were carried out by Mirko Ziegner 

(IMD-1) at the Empyrean diffractometer located in IMD-1. Both diffractometers were equipped with a 

Cu anode X-ray tube, operated at 45 kV / 40 mA (sin2Ψ  method) and 45 kV / 45 mA (omega-stress 

method). For the parallel beam configuration, a parallel plate collimator of 0.18° was used. 

For data analysis, the HighScore Software (Malvern Panalytical B.V., the Netherlands) was employed 

using the Inorganic Crystal Structure Database (ICSD) from FIZ Karlsruhe – Leibniz Institute for 

Information Infrastructure and Rietveld refinement and residual stress analysis was done using the 

TOPAS V 4.2 software (Bruker AXS GmbH, Germany). 

 

3.2.5 Scanning electron microscopy and energy dispersive X-ray spectroscopy 

Scanning electron microscopy (SEM) is an imaging technique, predominantly used for microstructural 

examination and characterization of solid materials. Depending on the available detectors, qualitative 

information about the chemical composition of the material can additionally be obtained. In this type of 
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microscopy, electrons instead of light are used to generate the image. Here, electrons are emitted from 

an electron source in a high vacuum and accelerated by an electric field, with acceleration voltages 

usually ranging between 5 kV and 30 kV. The resulting electron beam is then focused using various 

magnetic lenses and optical components and subsequently used to scan the sample surface. Upon hitting 

the sample surface, these electrons begin to interact with the sample and different signals are generated. 

For example, weakly bound electrons can be knocked out of the outer shells of the sample’s atoms. 

These are then referred to as secondary electrons (SE) with a low energy of only about 50 eV. Because 

of this, only secondary electrons emitted from close to the sample surface can reach the detector. 

Accordingly, information about the surface structure and topography of the sample are obtained. 

Furthermore, the primary electrons of the electron beam can also be scattered at the atomic nuclei within 

the sample. As a result, these electrons retain most of their energy. These so-called backscattered 

electrons (BSE) usually originate from deeper areas of the sample. The number of backscattered 

electrons depends on the weight, i.e. the atomic number, of the element. The higher atomic number, the 

more electrons are scattered. Detection of these signals generates images with a high material contrast 

in which heavier elements appear brighter, providing initial information about the chemical composition 

of the sample. More detailed information about the chemical composition and precise identification of 

the chemical elements present can be obtained by detecting characteristic X-rays. This radiation is 

emitted from the sample when an electron gets knocked out of one of the inner atomic shells and is 

replaced by an electron from one of the outer shells. The change in energy level of the second electron 

causes the emission of a discrete energy amount that is characteristic of each element. This type of 

analysis is called energy dispersive X-ray spectroscopy (EDS or EDX). Although this allows the 

respective element to be identified, no conclusions can be drawn about the state of oxidation or potential 

bonding with neighboring atoms. The energy of this radiation is in the kV range and can be detected 

from a depth of several µm within the sample [148, 149]. Figure 3.7 schematically summarizes the 

relevant types of radiation that are emitted during scanning electron microscopy, which were analyzed 

in this work. Additionally, the respective interaction volume within the sample is indicated. 
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In this work, powders, fractured cross-sections, polished cross-sections and surfaces of half and full cells 

were analyzed by scanning electron microscopy. Own analyses were performed using the tabletop 

devices TM3000 (Hitachi High-Technologies Corporation, Japan) equipped with a BSE and EDS 

detector and the EM-30N (COXEM CO., LTD, South Korea) equipped with SE and BSE detectors. In 

addition, high resolution micrographs were taken by Dr. Doris Sebold (IMD-2) with the Zeiss Ultra 44 

Gemini 450 (Carl Zeiss AG, Germany). The analyses were carried out using SE, BSE, EDS and InLens 

detectors. Since InLens detectors, unlike SE detectors, are not located laterally below the objective but 

inside the electron column directly above the sample, it is possible to generate even higher resolution 

images of the surface properties of a sample, especially of powders when using lower acceleration 

voltages. Furthermore, within the scope of the project, Luzie Wehner (IMD-1) generated 3D-

reconstructions of full cells. For this, roughly 200 to 300 images were taken of each cell using a BSE 

detector. The cells were cut by a Focused Ion Beam (FIB) (Helios 5 CXe, Thermo Fischer Scientific, 

USA) at a beam current of 1 nA and an acceleration voltage of 30 kV. The SEM examination was 

performed on a ZEISS Merlin (Carl Zeiss GmbH, Germany) and an Apreo 2 C (Thermo Fischer 

Scientific, USA). The Avizo software version 2023.1.1 (Thermo Fischer Scientific, USA) was used for 

the reconstruction of the structure. For more detailed information on the process of cutting and 

segmentation, please refer to the dissertation of Luzie Wehner. 

 

3.2.6 Laser microscopy 

In this work, laser microscopy was used to examine the surface properties of produced solid oxide cell 

layers. Defects and grain sizes were analyzed. The confocal laser microscope Keyence Color 3D Laser 

Scanning Microscope VK-9710 (Keyence Corporation, Japan) used for this purpose also allows the 

Figure 3.7: Illustration of the relevant types of radiation emitted during scanning electron microscopy with their respective 
interaction volume indicated. 
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investigation of surface topographies and surface roughness. For this, the laser microscope is equipped 

with a white light source and a laser source, the latter being used to gather height information. When 

measuring the surface texture, the sample is scanned along the three spatial directions. The intensity of 

the reflected light is measured by a detector. Since this is a confocal laser microscope, only the light that 

is reflected from the current focal point reaches the detector, providing height and depth information. 

 

3.2.7 Surface topography, cell and layer dimensions 

In this work, the CT 300T optical inspection system (cyberTECHNOLOGIES GmbH, Germany), 

equipped with various chromatic white light sensors was used to evaluate surface topography and 

curvature of sintered half-cells. Furthermore, layer thickness and dimensions of dried screen-printed 

layers were measured. This optical inspection system is a white light interference profilometer, which 

can perform high resolution 3D surface measurements without touching the sample surface. In this 

analysis technique, an interferometer is used to split broadband white light into two partial beams. One 

of which hits a reference surface, while the other scans the sample surface. After these beams are 

reflected back to the detector, both beams are recombined and superimposed. Due to the short coherence 

length of white light, interference can only occur if the height of the sample surface corresponds exactly 

to that of the reference surface. In order to determine the exact height value for each point on the surface, 

the sensor system is moved along the vertical axis. During this movement, the system records the point 

maximum interference intensity for each position on the sample surface. This then corresponds to the 

height of the section examined at that moment.  

Depending on the extent of curvature, either a DHS 10000, DHS 3000 or DHS 1000 sensor is used to 

measure the camber of sintered half-cells. For this, a predefined measurement program, which is also 

used in the standard production of SOCs in IMD-2 is used. 

To obtain information about the height and area of printed and dried layers, a differential scanning 

method was used that was firstly introduced in a publication by Mücke et al. For this, the DRS-500 

triangulation laser sensor with a 125 nm vertical resolution and a spot size of 16 to 23 µm was used. 

First, layers were printed on 50 x 50 x 1.5 mm stainless steel substrates and scanned using the optical 

inspection system. Afterwards, the substrates were cleaned, dried and measured again. The measurement 

data of the clean substrates is then subtracted from their corresponding layer measurement to obtain the 

differential data set of the isolated layer. With this, potential error sources like substrate unevenness or 

scratches are accounted for [150]. Two parameters are introduced in order to evaluate the printed layers. 

These parameters are the layer thickness of the dried layer ddry and the fidelity factor FPE, which 

quantifies the accuracy of the printed image. According to Equation (3.5) and Figure 3.8 the fidelity 

factor is calculated from the ratio of the screen opening edge length Xs to the edge length of the print 

image XP. Here, a higher value would indicate higher dimensional accuracy. 
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𝐹𝐹𝑃𝑃𝑃𝑃 =  
𝑋𝑋𝑆𝑆
𝑋𝑋𝑃𝑃

 × 100  (3.5) 

 

 

3.2.8 Rheological characterization methods 

Fundamentals & methodology 

Rheology is the scientific discipline that examines the flow and deformation behavior of materials under 

the influence of external forces. This science field encompasses the examination of how a substance or 

body responds to a specific load and how to describe, quantify and elucidate its response. It uses theories 

of continuum mechanics and derives the laws needed for this from the molecular structure as well as the 

micro- and nanostructure of different materials, especially in multi-phase systems. As an 

interdisciplinary science, rheology is closely related to physics, physical chemistry and materials 

science. Within the framework of rheology, a range of models has been developed to elucidate the 

behavior of diverse material classes [151]. In the following, some of these concepts will be explained 

that will later enable the interpretation of the paste behavior and its potential consequences.  

To understand the basics of rheology, the fundamental concept of viscosity η is crucial. In essence, 

viscosity quantifies the resistance of a substance to flow. In purely mathematical terms, viscosity can be 

described using the two-plate model which is displayed in Figure 3.9. Here, a fluid is placed in-between 

two perfectly parallel plates [152].  

 

Figure 3.9: Two-plate model describing shear experiments in rheology. Figure adapted from [157]. 

Figure 3.8: Graphical representation of the parameters for calculating the fidelity factor FPE. Screen with screen opening at 
the top and a substrate with a printed image below. 
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As a force F is moving the upper plate to the side, the fluid underneath is subjected to a stress parallel 

to its surface. This shear stress τ acts within the fluid and is calculated according to Equation (3.6) by 

dividing the applied force by the area of the moving plate.  

 

𝜏𝜏 =  
𝐹𝐹
𝐴𝐴

          �Pa =  
N

m2 � (3.6) 

 

For this to hold true, however, the fluid and the plate need to be in firm contact and no slipping of the 

fluid at the plate interface occurs. Similarly, the induced flow of the fluid needs to be laminar without 

the presence of turbulences. This laminar flow can be described as infinitesimally thin layers of the fluid 

which are moving quasi-independently at different speeds. The observed spatial change in flow velocity 

can be expressed by the shear rate 𝛾̇𝛾 and is calculated by dividing the velocity v of the upper plate by 

the distance h between the two plates (see Equation (3.7)). 

𝛾̇𝛾 =  
𝑑𝑑𝑑𝑑
𝑑𝑑ℎ

          �s−1 =  
m s⁄

m
� (3.7) 

 

Using these two parameters, shear stress and shear rate, the viscosity can be calculated according to 

Equation (3.8). This relationship applies only to ideally viscous fluids, also known as Newtonian fluids. 

Here the viscosity is independent of the applied force and does not change with shear rate.  

 

𝜂𝜂 =  
𝜏𝜏
𝛾̇𝛾

          �Pas =  
Pa
s−1

� (3.8) 

 

However, many technically relevant fluids, like screen-printing pastes, are non-Newtonian. This means 

that the viscosity depends on the shear rate applied to the fluid but also on time. Examples of non-

Newtonian behavior include pseudoplasticity, dilatancy, thixotropy and rheopexy. Pseudoplasticity, also 

known as shear thinning, means that the viscosity of a fluid decreases as the shear rate increases. 

Dilatancy, on the other hand, is characterized by an increase in viscosity as the shear rate increases. The 

time-dependent behavior of fluids with respect to the duration of the applied load is characterized as 

thixotropy or rheopexy. Screen-printing pastes exhibit thixotropic behavior, meaning that under 

prolonged and constant shear, the viscosity decreases with time. In contrast, rheopexy, a less common 

phenomenon, manifests as an increase in viscosity over time in response to constant shear [153 - 155]. 

Although viscosity is fundamentally determined by the internal structure of a material, it is not a 

material-specific property. Even for Newtonian fluids, viscosity is always dependent on ambient 

parameters such as temperature and pressure. The viscosity of non-Newtonian fluids is also influenced 

by the applied load, as previously mentioned. This includes the duration of the applied load, its 

magnitude and the general nature of the load. Typically, viscosity and viscosity curves are used to 
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evaluate screen printing pastes. However, due to the limitations described above and the complexity of 

the screen-printing process as described in Chapter 2.1.3, viscosity has only a very limited significance. 

In general, they can be used to characterize the simplified flow behavior of pastes, even though the 

results are difficult to transfer to the screen-printing process. Furthermore, within certain limitations, 

qualitative and comparative statements can be drawn regarding dispersion quality. This is particularly 

beneficial for suspensions made with non-polar solvents, as conventional methods like zeta potential (ζ-

potential) measurements for the assessment are not accessible in these cases. The theory behind this is 

that a well-dispersed particle suspension exhibits a lower viscosity at very low shear rates than a poorly 

dispersed suspension. Here it is assumed, that agglomeration of particles entraps free solvent, thus 

reducing the flowability of the suspension and increasing the internal resistance to flow, i.e., the 

viscosity. Therefore, for this particular experimental configuration, it is essential to employ low shear 

rates during the excitation process. This is due to the fact that high shear rates may potentially cause 

agglomerates to break down, thereby interfering with the dispersion state of the suspension and 

obscuring the desired information. However, despite its justified field of application, previous studies 

have already shown that viscosity on its own is not sufficient to adequately describe the behavior and 

quality of pastes for screen printing. Instead, it was established that their viscoelastic properties have a 

much more significant influence on the printing result [156]. 

To obtain information about the viscoelasticity of a material, testing using harmonic oscillation can be 

carried out. This method enables the distinction between the viscous and elastic material behavior. For 

this, the sample is excited with a harmonic oscillation or sinusoidal strain as expressed in Equation (3.9) 

[157].  

 

𝛾𝛾(𝑡𝑡) =  𝛾𝛾� cos(𝜔𝜔𝜔𝜔) (3.9) 

 

Here, 𝛾𝛾� is the strain amplitude and 𝜔𝜔 the angular frequency of the oscillation. If the material exhibits 

purely elastic behavior, the stress response of the sample is instantaneous and follows the same phase. 

 

𝜏𝜏(𝑡𝑡) = 𝐺𝐺𝛾𝛾� cos(𝜔𝜔𝜔𝜔)  

  

or as expressed in its equivalent exponential form: 

  

𝜏𝜏(𝑡𝑡) = 𝐺𝐺𝛾𝛾�𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 (3.10) 

 

Here, 𝐺𝐺 is the shear modulus or modulus of rigidity and denotes the relationship between shear stress 

and shear strain. For a Hookean elastic solid where stress is directly proportional to strain, this modulus 

is constant. This indicates that energy applied by an external force is stored entirely within the material. 

Conversely, a purely viscous material demonstrates a response wherein the stress is directly proportional 
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to the strain rate (shear rate), as opposed to the deformation, as previously outlined in Equation (3.6). 

For harmonic oscillations, this results in a shear rate function according to Equation (3.11) as the 

derivative of Equation (3.9). 

𝛾̇𝛾(𝑡𝑡) =  −𝛾𝛾�𝜔𝜔 sin(𝜔𝜔𝜔𝜔) 

 

or as expressed in its equivalent exponential form: 

 

𝛾̇𝛾(𝑡𝑡) =  𝑖𝑖𝑖𝑖𝛾𝛾�𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖  (3.11) 

 

When substituting the shear rate in the stress equation with the shear rate of a harmonic oscillation the 

following term is obtained. 

 

𝜏𝜏 =  𝜂𝜂 𝑖𝑖𝑖𝑖𝛾𝛾�𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 (3.12) 

This indicates that for purely viscous materials stress is 90° out of phase from strain, meaning that energy 

dissipates completely within the material. However, in viscoelastic materials such as screen-printing 

pastes, viscous and elastic behavior is combined. In such cases, the phase lag or phase shift is typically 

denoted by 𝛿𝛿. The relationship between stress and strain in these material categories is expressed in 

Figure 3.10. The excitation response of a viscoelastic material can be divided into these two components 

due to the clearly distinguishable response of viscous and elastic parts. These disparate responses are 

represented within the storage modulus 𝐺𝐺′ for elastic behavior and the loss modulus 𝐺𝐺′′ for viscous 

behavior according to Equation (3.13). 

 

𝜏𝜏(𝑡𝑡) = 𝐺𝐺′𝛾𝛾� cos(𝜔𝜔𝜔𝜔) + 𝐺𝐺′′𝛾𝛾� sin(𝜔𝜔𝜔𝜔) 

 

with storage modulus 𝐺𝐺′ 

𝐺𝐺′ =  
𝜏̂𝜏
𝛾𝛾�

cos 𝛿𝛿 

 and loss modulus 𝐺𝐺′′ 

𝐺𝐺′′ =  
𝜏̂𝜏
𝛾𝛾�

sin 𝛿𝛿  

 if 

𝜏𝜏(𝑡𝑡) =  𝜏̂𝜏 cos(𝜔𝜔𝜔𝜔 + 𝛿𝛿) (3.13) 
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Figure 3.10: Stress and deformation behavior in oscillatory amplitude tests of a pure elastic, a pure viscous and a viscoelastic 
material. 

 

Viscoelastic materials exhibit a load range in which this viscoelasticity is independent of stress or strain. 

Within this range, structural changes are almost completely reversible. Therefore, this area is referred 

to as the linear viscoelastic region (LVR) [158]. The ratio of loss modulus 𝐺𝐺′′ to storage modulus 𝐺𝐺′ 

within the LVR provides information about the general behavior of material and is defined as the loss 

factor or damping factor 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (see Equation (3.14)). This factor can be utilized to evaluate whether a 

viscoelastic body manifests predominantly elastic (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  < 1) or predominantly viscous (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  > 1) 

properties. 

 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  
𝐺𝐺′′

𝐺𝐺′
 (3.14) 

 

Furthermore, the end of the LVR is defined as the yield point (𝛾𝛾y strain-based yield point, 𝜏𝜏y stress-

based yield point). Beyond this point, deformation is associated with an irreversible or only partially 

reversible change in the material’s internal structure. In the context of ceramic screen-printing pastes, 

the yield point is widely regarded as a metric for the strength of the three-dimensional ceramic-binder 

network. Studies have already shown that this network strength is largely dependent on the solid- and 

binder content of a paste. In principle, an increase in solids or binder content results in a shift of the 

yield point towards higher shear stresses or strains, indicating higher network strength. However, it is 

important to note that the ratio of these two components also influences network strength, such that 

exceeding extreme ratios can result in a weakening of the network. Furthermore, the value of the yield 

point is also sensitive to the method of analysis. Experiments with controlled shear stress often lead to 

less frequency-dependent yield points than strain-based experiments. For instance, in a strain amplitude 

sweep conducted at a fixed frequency, the strain amplitude is gradually increased and the material’s 

stress response is used to calculate storage and loss modulus. Conducting the same strain amplitude 
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sweep at a higher frequency typically results in the material behaving “stiffer”, meaning that a given 

strain amplitude now imposes a higher stress. Consequently, the material is subjected to a greater 

internal force at the same level of strain, leading to earlier structural breakdown. This results in a yield 

point appearing at lower strain amplitudes if higher frequencies are used. In contrast, stress amplitude 

sweeps apply a controlled increase in stress while the resulting strain/deformation is measured. When a 

higher frequency is used, the material still becomes stiffer, but since the stress is fixed, the induced strain 

is smaller. As a result, the structure is less likely to yield prematurely at these higher frequencies. This 

renders yield point analyses via presetting the shear stress more consistent across frequencies than strain-

controlled tests. However, it should be noted that both control modes have their own advantages. Stress-

controlled tests are most relevant for force-limited operations such as pumping or gravity-driven flow, 

where it is essential to understand the critical stress needed to initiate movement. Conversely, strain-

controlled tests are more suitable for displacement-driven processes such as printing or spreading, where 

the material is subjected to a prescribed deformation path. Strain-controlled tests also offer enhanced 

sensitivity to microstructural changes and are safer for fragile materials or materials with unknown 

yielding behavior, as they prevent uncontrolled overloading. While stress-controlled measurements may 

appear to offer more direct access to yielding thresholds, strain-controlled tests provide greater 

resolution of the deformation pathway and the progressive breakdown of structure. Therefore, strain-

based measurements are usually considered advantageous for thixotropic materials, as they enable more 

precise observation of the structural rebuilding process. Furthermore, there exist several calculation 

methods for the yield point. In this thesis, the offset method was applied for the calculation using 

amplitude sweep results. The yield point is determined as the point at which the measurement curve 

deviates from the tangent of the 𝐺𝐺′ curve in the LVR by 3 % was determined as the yield point, as 

illustrated in Figure 3.11.  

However, the point of irreversible deformation can also be marked by a maximum of the 𝐺𝐺′′ curve. In 

an oscillatory amplitude sweep test, a significant increase in the loss modulus indicates that the network 

structure does not collapse abruptly in the entire shear gap. Instead, initially only micro cracks appear, 

which eventually cut through the entire sample volume when the maximum is passed and the loss 

modulus decreases normally. 
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Figure 3.11: 𝐺𝐺′ and 𝐺𝐺′′ of a paste during strain-based oscillatory amplitude sweep test. Yield point 𝛾𝛾𝑦𝑦 determination via offset 
method, flow point 𝛾𝛾𝑓𝑓, linear viscoelastic region (LVR) and yield range are indicated.  

 

Additionally, materials that initially exhibit dominant elastic behavior within the LVR possess the ability 

to transition into dominant viscous behavior or flow. The point at which the transition occurs is defined 

as the flow point (𝛾𝛾f strain-based flow point, 𝜏𝜏f stress-based flow point). It is the cross-over point of 

storage and loss modulus (𝐺𝐺′ = 𝐺𝐺′′) in an amplitude sweep test. The area between the yield point and 

the flow point can be described as the yield range. As suggested and reported on in more detail by Wei 

et al., the transition behavior can be quantified with the Flow Transition Index (FTI) according to 

Equation (3.15). FTI values close to 1 would indicate abrupt yielding of a brittle material, whereas 

FTI >> 1 is describing a more flexible material and gradual yielding [159]. Since strain responses show 

a certain dependence on the frequency as already mentioned above, it is advisable to also calculate FTI 

values using shear stresses, even if the difference is found to be minimal [160].  

 

𝐹𝐹𝐹𝐹𝐹𝐹 =
𝛾𝛾f
𝛾𝛾y

     , 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.  

 

𝐹𝐹𝐹𝐹𝐹𝐹 =
𝜏𝜏f
𝜏𝜏y

     , 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. (3.15) 

 

With access to the quantifiable elastic (solid-like) and viscous (liquid-like) behavior of screen-printing 

pastes through storage and loss modulus, their rheological behavior as responses to various load 

scenarios can be easily and thoroughly characterized. 
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In the following, dedicated rheological measurement methods are presented that enable a detailed and 

meaningful characterization of screen-printing pastes. All rheological measurements were carried out 

using the modular compound rheometer Physica MCR 301 (Anton Paar Germany GmbH, Germany), 

which was later upgraded to the Physica MCR 302e. All rheological data were collected using serrated 

parallel plates with a plate diameter of 25 mm. This configuration was chosen to increase the contact 

between plate and sample and to minimize wall-slip effects, which would lead to the viscosity appearing 

lower than it actually is. Additionally, with this configuration it is possible to use larger shear gaps when 

compared to the more commonly used cone-plate geometry. With the cone-plate geometry, depending 

on the cone angle 𝛼𝛼, the measuring gap is fixed and cannot be adjusted. For example, for 𝛼𝛼 = 2° the gap 

is fixed to 70 µm. In principle, however, the measuring gap should be at least 10 times larger than the 

maximum particle size within the sample. Therefore, in this thesis the adjustable gap spacing of the 

plate-plate geometry was set to 0.5 mm to accommodate potentially occurring agglomeration. One 

advantage of the cone-plate geometry, however, is that the shear rate remains constant across the entire 

measuring gap, whereas with the plate-plate geometry it decreases from the inside to the outside towards 

larger radii. In this case, the software automatically applies correction factors when calculating 

rheological parameters. Figure 3.12 shows a schematic comparison of these two geometries.  

 

 

Each measurement was performed at temperature of 20 °C, maintained via a temperature control unit 

(Julabo F25-EH, JULABO GmbH, Germany). Prior to each measurement, a pre-shearing step was 

conducted at a shear rate of 1 s-1 for a duration of 60 s. This was followed by a resting period for the 

same duration, during which no shear was applied. This was done to pre-condition every sample equally 

and to nullify potential stresses within the paste that may occur as a result of placing and compressing 

the sample in between the parallel plates.  

A visual illustration showing the range of values that the damping factor 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, the phase angle 𝛿𝛿 and 

the flow transition index FTI can take is included in the appendix. 

Figure 3.12: Schematic representation of the cone-plate and plate-plate measuring systems. Cone-plate geometry with radius 
r, cone angle 𝛼𝛼, minimum measuring gap h and constant shear rate 𝛾̇𝛾. Plate-plate geometry with radius r, constant shear gap h 
and non-constant shear rate 𝛾̇𝛾. Figure adapted from [157]. 



Experimental methods 

52 
 

Zero shear viscosity 

In paste preparation it is crucial to ensure that the ceramic powder is finely dispersed prior to the 

incorporation of the binder component. This is due to the potential of binders to possess stabilizing 

capabilities. If agglomerates are already present when the binder is added, they are typically unable to 

be removed again and remain within the paste structure, affecting its rheological behavior and negatively 

impacting further processing. Therefore, to ensure high dispersion quality of the pre-suspensions, 

viscosity measurements at very low shear rates were conducted to assess the effectiveness of dispersing 

agents and their required concentrations. These pre-suspensions comprise only the ceramic powder, 

dispersed within a pre-solved dispersant-solvent mixture. The measurements were conducted by 

applying a shear rate γ̇ of 0.1 s-1 to the pre-suspensions for a duration of 50 s with viscosity being 

recorded at intervals of 10 s. Since ceramic suspensions tend to show thixotropic characteristics and a 

decrease of viscosity over time is to be expected, the first value is discarded and an arithmetic mean of 

the remaining four values is calculated and used for evaluation. Here, a lower viscosity value would 

indicate a higher dispersion quality. 

  

Viscosity curves 

Typically, screen-printing pastes exhibit shear-thinning behavior, also referred to as pseudoplasticity, 

which is defined as a decrease in viscosity with an increase in applied shear stress. To assess this 

property, viscosity curve measurements were performed at shear rates ranging from 0.1 s-1 to 1000 s-1 

with a logarithmic increase of 22 points per decade in rotational mode. In these measurements, the 

acquisition time was reduced from an initial 10 s to 1 s, following a logarithmic slope. This configuration 

was used to ensure the acquisition of reliable data at low shear rates, while maintaining a high level of 

resolution. To further quantify the extent of shear-thinning behavior, a shear-thinning index (STI) was 

calculated. This index, represented by Equation (3.16), quantifies the ratio of viscosity at low shear rates 

to the viscosity at high shear rates, thereby providing a comprehensive assessment of pseudoplastic 

behavior.  A high STI indicates extensive shear-thinning behavior. 

  

𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝜂𝜂0.1

𝜂𝜂1000
 (3.16) 

 

 

Oscillation amplitude sweep test 

Amplitude sweep tests were conducted in a strain range of 0.1 – 1000 %, with a logarithmic increase of 

6 points per decade at an oscillation frequency ω of 10 rad/s. In addition to strain γ, shear stress τ and 

temperature T, the storage modulus G’, loss modulus G’’ and the phase angle δ were recorded to assess 

the viscoelastic properties of each paste. To gain further understanding about the yielding behavior of 

the pastes, yield and flow points were calculated from these measurements using the built-in 

RheoCompass software of the rheometer device.  
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3-intveral-thixotropy test (3ITT) 

Pastes that exhibit a transition from solid- to liquid-like behavior were analyzed using the 3-interval-

thixotropy test to quantify their thixotropic properties. The recovery of the internal paste structure is 

imperative during the final phase of the screen-printing process, when the screen is separated from the 

coated substrate and paste leveling occurs (see Chapter 2.1.3). This test for thixotropic behavior is 

comprised of three intervals. During the initial interval, the resting behavior of the pastes is established 

as a baseline and the sample is subjected to minimal shear stresses or deformations. For this, load settings 

are selected from within the linear viscoelastic region, as determined by the amplitude sweep test and in 

this case were set to a strain γ of 1 % at an angular frequency ω of 10 rad/s. This procedure is essential 

in ensuring that during this measurement interval the internal structure does not undergo any structural 

changes and that the viscoelastic properties remain independent from the applied load. In the subsequent 

interval, the screen-printing process is simulated, with the sample undergoing high shear in a rotational 

mode. This results in a partial or complete alteration of the paste network structure. Shear rates 

exceeding 1000 s-1 commonly occur during screen printing but are highly dependent on the printing 

configurations and the characteristics of the screen. According to Equation (3.17), rough estimates 

regarding shear rates during screen printing can be made and rates of approximately 3000 s-1 were 

calculated from the parameters predominantly used for the coatings investigated in this thesis. This shear 

rate was applied for a duration of 5 s, which is analogous to the duration of the printing process.  
 

𝛾̇𝛾 =
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚𝑚𝑚𝑚𝑚ℎ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
 (3.17) 

In the third and final interval, the same load settings are applied as in the first interval to again simulate 

rest conditions after the printing process. This approach enables the measurement of a quasi-undisturbed 

rebuilding of the structure as a response of a sample, which can then be analyzed. With this test 

procedure, a few characteristics can be used to evaluate the thixotropic capabilities of a paste. One 

significant aspect to consider is the duration required for structural recovery. This is indicated as the 

time within the third interval until the storage modulus once again reaches higher values than the loss 

modulus and solid-like behavior becomes dominant. Another commonly used evaluation criterium is 

the maximum value of the storage modulus that is reached in the third interval upon structure rebuilding 

and its deviation from the initial state in interval I. The discrepancy between these two values offers 

insight into the irreversible degradation of the paste network that occurs during the printing process. A 

complete overview of measurement settings for all intervals is listed in Table 3.6. 
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Table 3.6: Measurement parameters for each interval of the 3-interval-thixotropy test (3ITT). Intervals I and III were measured 
in oscillation mode. Interval II was measured in rotational mode. Serrated parallel plates with a diameter of 25 mm and a shear 
gap of 0.5 mm were used. 

Interval I II III 
Angular frequency ω 10 rad/s - 10 rad/s 
Strain γ 1 % - 1 % 
Shear rate γ̇ - 3000 s-1 - 
Meas. pt. duration 5.0 s 0.5 s 5.0 s 
Amount of meas. pts. 10 10 until equilibrium 
Temperature T 20 °C 20 °C 20 °C 

 

3.2.9 Thermo-optical analysis 

In this thesis, the TOMMIplus thermo-optical measurement system was utilized to analyze the bending 

and shrinkage behavior of half cells during the co-sintering step. A comparison of co-sintering 

measurements with substrate reference measurements enables the formulation of conclusions regarding 

the sintering onset of the electrolyte layers and the support, respectively. Additionally, other phenomena, 

such as the spalling of layers, can be documented and the temperatures at which this spalling occurs can 

be ascertained. The measuring setup consists of a specialized high-temperature furnace coupled with a 

CMOS camera (complementary metal-oxide semiconductor) and a light source so that the lateral sample 

silhouette can be recorded during the sintering process.  

 

3.2.10 Air leakage rate 

Given that gas tightness of the electrolyte is a critical property that directly correlates with cell 

performance, the gas leakage of the electrolytes manufactured for this thesis was examined in a series 

of half cells. The cells were evaluated using the HTL 260 air leak testing device (Pfeiffer Vakuum 

GmbH, Germany). During testing, the half cells are positioned with the electrolyte facing downwards 

on the device’s intake manifold. Sealing is achieved by silicon gaskets on both sides of the cell. During 

the measurement process, a vacuum is created on the electrolyte side. In the event of a leak within the 

cell, air is able to diffuse from the support side through the electrolyte into the vacuum area, subsequently 

increasing the pressure on the electrolyte side. This pressure change over a defined period of time yields 

the specific leak rate which is additionally normalized to a defined area. Leakage rates are expressed in 

the unit hPa∙dm³∙s1∙cm2. Internal standards of the Jülich Type III cell and Zhang's predecessor cell for 

both oxidized and reduced states are shown in Table 3.7. Although the GDC based cell by Zhang 

contains a 3-layer electrolyte, the values presented in this table are referring to a single layer screen-

printed GDC electrolyte. 
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Table 3.7: Internal air leakage rate values for the Jülich Type III cell and the GDC based cell developed by Jun Zhang [77]. 

 
Jülich Type III  

[hPa∙dm³∙s1∙cm2] 

Cell developed by Zhang 

[hPa∙dm³∙s1∙cm2] 

Oxidized 8.00 × 106 3.54 × 106 

Reduced 2.00 × 105 3.54 × 105 

 

3.2.11 Electrochemical characterization 

Electrochemical characterization of the cells investigated in this thesis were mainly carried out by Dr 

Iurii Kogut at the Karlsruhe Institute of Technology (KIT IAM-ET). The general measurement setup 

and test bench configuration used for the electrochemical characterization are described in detail in [161] 

and only essential details relevant for this thesis are summarized here for clarity. 

Measurements were conducted with the cells placed in a horizontal configuration. For sealing, gold 

gaskets were used on the air side to ensure gas tightness during operation. The air electrode was 

contacted using a 1 cm² gold mesh placed on the electrode surface, while gold point contacts were used 

for the air-side reference electrodes. For the fuel electrode, a 1 cm² nickel mesh served as the current 

collector, complemented by smaller nickel meshes to serve as fuel-side reference electrodes. An 

overview of the contacting geometry and gasket positioning is provided in Figure 3.13. 

In this setup, clamping forces are applied on the rim of the gold gasket and the center of the air electrode. 

On the fuel side, the clamping force is applied only to the center of the cell area. This clamping 

configuration results in an unfavorable und non-uniform load distribution across the cell area, which is 

particularly relevant for solid oxide cells containing ceria-based layers, as these can exhibit special 

mechanical sensitivity under localized stresses and reducing conditions. 

Prior to electrochemical measurements, the cells were subjected to a standard reduction protocol to 

ensure full reduction of the fuel electrode under controlled conditions. First, the cells were heated to 

900 °C at 3 K/min with 0.1 L/min air on the electrode side and 0.1 L/min N2 on the fuel electrode side. 

Figure 3.13: Schematic of the cell clamping and contacting configuration used for electrochemical measurements at KIT 
IAM-ET. 
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At 900 °C, the cells dwelled for 2 hours to ensure sufficient sealing by the gold gasket on the air side. 

After cooling down to 800 °C at 3 K/min the cells dwelled again for 2 hours. Afterwards, 100 % H2 was 

gradually introduced on the fuel side while increasing both gas flows on air and fuel side to 0.25 L/min. 

Before any measurement, the cell was kept in this state for 1 hour to ensure sufficient reduction of the 

cell. Table 3.8 provides the detailed reduction steps and gas flow ramping conditions. 

 
Table 3.8: Standard reduction protocol for electrochemical characterization conducted by Dr Iurii Kogut at KIT IAM-ET. 

Step 
Air Flow Rate [ml/min] 

(Air Electrode) 

H2 Flow Rate [ml/min] 

(Fuel Electrode) 

N2 Flow Rate [ml/min] 

(Fuel Electrode) 

Duration 

[min] 

1 125 0 150 10 

2 145 20 150 30 

3 165 40 150 25 

4 205 80 150 20 

5 250 160 90 15 

6 250 250 0 60+ 

 

Typically, the following tests were conducted after the reduction protocol to establish a baseline 

electrochemical behavior for each cell. First, an initial I-V curve measurement was performed in SOFC 

mode, sweeping from 0 to + 2 Acm-² and back down to 0 Acm−² in steps of 0.02 Acm-² with a hold time 

of 20 seconds per step. This measurement had a total duration of 4000 seconds (1 hour, 6 minutes, 40 

seconds), resulting in a total hold under 100 % H2 at 800 °C for at least 3.5 hours during initial 

stabilization. After this, the sample often remained under these conditions for an extended period before 

the first electrochemical impedance spectroscopy (EIS) measurement and a second I–V curve were 

recorded. Typically, 5.5 % humidity was then applied to the fuel electrode side, followed by a 

conditioning step in SOFC mode at 1 Acm-² for 24 hours to further stabilize the cell.  

I–V and OCV measurements were typically conducted across a temperature range of 650 – 800 °C with 

varying H2O content in the fuel gas. The humidity levels investigated included 78.4 %, 60 %, 50 %, 

40 %, 20 %, 10 % and 5.5 % H2O to systematically study the impact of fuel gas composition on cell 

performance and open-circuit voltage.   
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4 Development of screen-printed gadolinium-doped ceria electrolyte 

layers 

4.1 Motivation 

The following chapter discusses the development of a screen-printed layer of gadolinium-doped cerium 

oxide (GDC). Within the ElChFest project, it was intended to build on the findings of the dissertation 

by Jun Zhang, which deals with the initial development of these layers at IMD-2. However, at the 

beginning of this work, it became apparent that these previously reported results could not be 

reproduced. A change in the powder manufacturer was identified as the decisive difference. Initially, it 

was unclear to what extent this change caused the observed deviations because the relationships between 

powder properties, screen-printing paste rheology, paste composition and resulting layer properties had 

not been sufficiently investigated. Additionally, GDC is a relatively difficult material to process, making 

production of dense layers more challenging. Defects such as agglomerates, holes and the formation of 

undesirable secondary phases frequently occurred in the preliminary work, which significantly impaired 

the structural integrity and reproducibility of the manufactured layers [77]. This became evident in stack 

tests, that revealed significant gas leakage and reoxidation of the cells during testing. Comprehensive 

investigations carried out as part of this work identified unsuitable dispersing agents as one of the main 

causes of secondary phase formation. Another central challenge was the difficulty of reliably adapting 

findings from literature in order to optimize the new paste formulation. Only the analyses carried out 

here revealed that conventional characterization approaches, such as specifying viscosities at a 

seemingly arbitrary shear rate value (e.g. 100-1), are insufficient for adequately describing the complex 

flow behavior of screen-printing pastes. Similarly, common specifications of paste compositions in 

weight or volume percent (e.g., solid, binder and dispersant content) have proven to be incomplete as 

they do not account for critical parameters such as particle size distribution, specific surface area and 

agglomeration tendency of the used powder [150, 162 - 169] 

Based on these findings, particular attention was paid to the selection and adjustment of the paste 

composition and optimization of the screen-printing process to significantly improve the layer quality. 

The developments and results presented in the following are based on these considerations and aim to 

improve the fundamental understanding of the relationship between material properties, formulation 

parameters and the structure of screen-printed layers. 

Most of the following information have already been communicated in the full-length research article 

“Influence of powder characteristics on the rheology of ceria-based screen-printing pastes for solid oxide 

cell applications” published in the Journal of the European Ceramic Society, Volume 45, Issue 15, pp. 

117570, 2025, licensed under CC BY 4.0. Specifically, the contents of Chapter 4.3.1, Chapter 4.4, 

Chapter 4.5 and Chapter 4.7 represent the findings published in the research article mentioned [170]. 
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4.2 Powder characterization 

4.2.1 Influence of the milling technique on PSD and SSA 

As already prefaced in Chapter 3.2.1, the particle size distribution plays an important role in the 

processing and later properties of ceramic materials. It is not only affecting paste rheology, as will be 

explained in Chapter 4.5.1, it is also influencing microstructure development during sintering (see 

Chapter 4.2.2), layer uniformity and general processability. Milling the powder is therefore an important 

step in production of ceramics, as it is here where the median particle size and distribution width is 

adjusted according to subsequent requirements.  

In this work, pastes were prepared in two different ways, which differ significantly in the technique used 

for powder milling. In the TM-DPS route, low-intensity milling is carried out using PE-bottles in a 

tumbling mixer. The PM-MPS route utilizes high-energy ball milling with YSZ lined steel containers in 

a planetary ball mill. More information about the milling procedures are presented in Chapter 3.1.3. 

Figure 4.1 A displays the as-received PSD of the commercially available 10GDC-M powder by 

Fuelcellmaterials, which is the only GDC powder used in this work. Although the PSD shows a median 

particle size of ~ 0.1 µm when analyzed via static light scattering, SEM analysis revealed that the 

primary grain size is roughly 0.07 µm (70 nm), which also explains the relatively high specific surface 

area (SSA) of 39 m²/g. Therefore, to adjust the SSA and primary grain size the powder was subjected to 

calcination prior to being processed into a paste. Figure 4.1 B shows the PSD of the powder after being 

calcined at either 1130 °C, 1230 °C or 1340 °C for 3 h each. Generally, higher calcination temperatures 

also lead to larger grain sizes, now showing very broad left-skewed distributions with particle sizes 

ranging between 0.3 µm and 800 µm. Subsequent milling of the calcined powders resulted in distinct 

PSDs, depending on the applied milling technique. Figure 4.1 C presents the PSDs of powders processed 

with the tumbling mixer, while Figure 4.1 D shows those obtained via planetary ball milling. Milling 

with the tumbling mixer (TM-DPS route) consistently resulted in bimodal distributions with a primary 

peak at approximately 0.1 µm and a smaller secondary peak around 1 µm. In contrast, planetary ball 

milling (PM-MPS route) proved more effective in reducing particle size and narrowing the PSD. Here, 

the PSDs appear monomodal, showing only one distinctive peak at 0.1 µm. Additionally, a temperature-

dependent trend can be observed. Powders calcined at higher temperatures generally resulted in more 

right skewed and broader distributions after milling, while powders calcined at lower temperatures 

appear narrower, regardless of the milling technique used.  

For reference, Figure 4.2 compares an SEM image of the as-received powder in A with one of the 

powders calcined at 1230 °C in B and subsequently milled using the tumbling mixer in C. On average, 

the initial primary particle size of 0.07 µm increased to approximately 0.1 – 0.2 µm as a result of the 

pre-treatments. Simultaneously, nitrogen adsorption measurements showed a reduction in specific 

surface are from the original 39 m²/g to 7 m²/g for this powder and to values between 6 m²/g and 16 m²/g 



Development of screen-printed gadolinium-doped ceria electrolyte layers 

59 
 

for the others, depending on the pre-calcination temperature and milling method. Table 4.1 summarizes 

the key characteristics of all powders discussed.  

 

 

Figure 4.1: A Particle size distribution (PSD) of the as-recieved 10GDC-M powder. B PSDs of the powder after calcination at 
1130 °C, 1230 °C and 1340 °C for 3h, showing temperature-dependent coarsening. C PSDs of the calcined powders after 
milling with a tumbling mixer, resulting bimodal distributions. D PSDs of the calcined powders after planetary ball milling, 
showing narrower, monomodal distributions. 

Figure 4.2: Scanning electron micrographs taken with an InLens detector. A Commercially available powder 10GDC-M 
(Fuelcellmaterials) with a primary grain size of approximately 0.07 µm. B Powder calcined at 1230 °C for 3 h. C Powder 
calcined at 1230 °C for 3 h and subsequently milled in a tumbling mixer, resulting in a primary grain size of roughly 
0.1 – 0.2 µm, aggregated into larger agglomerates. 
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Table 4.1: Overview of key characteristics of all powders discussed, including traditional d10 / d50 / d90 values, as well as 
specific surface area (SSA) and bimodality coefficient 𝜑𝜑, skewness 𝛾𝛾1 and excess kurtosis  𝛾𝛾2 of the particle size distribution 
(PSD). 

Powder d10 / d50 /d90 

[µm] 

Bimodality 

coefficient 𝜑𝜑 

Skewness 𝛾𝛾1 Excess 

Kurtosis 𝛾𝛾2 

SSA 

[m²/g] 

10GDC-M 0.07 / 0.11 / 0.18 0.89 2.50 5.01 39.19 

GDC-1130 2.24 / 38.59 / 175.74 0.58 1.22 1.09 1.93 

GDC-1230 19.78 / 219.30 / 385. 31 0.77 1.59 1.27 0.63 

GDC-1340 6.26 / 86.62 / 254.67 0.59 1.70 1.72 0.27 

TM-1130 0.07 / 0.10 / 0.27 0.76 1.28 0.14 6.60 

TM-1230 0.07 / 0.11 / 0.27 0.71 0.92 -0.78 9.34 

TM-1340 0.06 / 0.10 / 0.76 0.77 1.70 1.72 3.65 

PM-1130 0.07 / 0.10 / 0.16 0.56 0.42 -1.60 15.67 

PM-1230 0.07 / 0.11 / 0.20 0.53 0.39 -1.60 7.50 

PM-1340 0.07 / 0.12 / 0.22 0.78 1.24 -0.05 7.31 

 

While metrics such as d10, d50 and d90 values are commonly used to quantify particle size distributions, 

they often fail to capture the full complexity of a distribution’s shape. Especially bimodality or 

asymmetry are not quantifiable when solely relying on percentile values. This limitation becomes 

evident when comparing PSDs that exhibit similar percentile values but differ in their overall 

distribution profile. To address this, the bimodality coefficient φ was introduced (see Chapter 3.2.1) as 

a more detailed descriptor, incorporating both skewness and excess kurtosis to better characterize the 

shape and modality of a distribution. Figure 4.3 illustrates this by comparing two PSDs with comparable 

d10, d50 and d90 values, yet noticeably different modality.  

Figure 4.3: Comparison of two particle size distributions. Although d10, d50 and d90 values are very similar, the distributions 
differ in shape. This difference is more accurately described using other distribution descriptors such as the bimodality 
coefficient 𝜑𝜑, skewness 𝛾𝛾1  and excess kurtosis  𝛾𝛾2 . A Distribution with a 𝜑𝜑 = 0.89 exhibits a clearly bimodal profile. B 
Distribution with a 𝜑𝜑 = 0.56 is quantified as monomodal. 
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This highlights the added value of the bimodality coefficient in distinguishing between seemingly 

similar, but ultimately different distributions and provides a new metric for potential correlation with 

rheological properties of screen-printing pastes. 

 

4.2.2 Sintering behavior of GDC and co-doped GDC 

In this chapter, the sintering behavior of different GDC powders, intended for use as the electrolyte 

layer, is systematically examined and compared to that of the YSZ powder used in the standard 

electrolyte for Type III Jülich cells. To control and align the sintering kinetics and behavior of GDC 

with those of YSZ, various processing routes were explored. These included calcination of the as-

received 10GDC-M powder (Fuelcellmaterials, a Nexceris company, USA) at different temperatures 

(1130 °C, 1230 °C, 1340 °C), followed by subsequent milling to modify particle sizes and specific 

surface areas. Additionally, as described in Chapter 3.1.1, co-doping strategies were employed by 

introducing 0.5 mol% of either Co2O3 or NiO to the pre-treated GDC powders to influence densification 

behavior and grain growth. The impact of these modifications was evaluated through dilatometric 

analysis, focusing on key parameters such as the onset of shrinkage, total shrinkage, maximum shrinkage 

rate and the temperature at which this maximum rate occurs. These insights are essential for 

understanding and tailoring the electrolyte microstructure to achieve sufficiently dense layers during co-

sintering of half-cells. 

Figure 4.4 A presents the sintering onset temperatures of all investigated powders in order from lowest 

sintering onset to highest sintering onset temperature. Figure 4.4 B showcases the shrinkage rate profiles 

of the same powders. Values for sintering onset, maximum shrinkage, maximum shrinkage rate and 

temperature of maximum shrinkage rate are summarized in Table 4.2. 

 

 

Figure 4.4: A Sintering onset temperature of all investigated powders in order from lowest sintering onset to highest sintering 
onset temperature. B Shrinkage rate profiles of the identical investigated powders. Half-cell co-sintering temperature is 
indicated by the dotted line. 
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The as-received 10GDC powder exhibited the lowest sintering onset temperature, initiating shrinkage 

at approximately 633 °C with a relatively high total shrinkage of -27.99 %. However, this early onset 

was accompanied by a broad and less defined shrinkage rate profile, indicating a wider distribution of 

particle sizes or a high degree of agglomeration, both of which are typical for as-synthesized powders. 

Calcination followed by milling significantly altered the sintering behavior.  
 

Table 4.2: Summary of dilatometric analysis parameters for the investigated GDC and YSZ powders, including sintering onset 
temperature, maximum shrinkage, maximum shrinkage rate and the temperature of the maximum shrinkage rate. Included are 
values for as-received GDC (10GDC), GDC powders calcined at various different temperatures (GDC1130, GDC1230, 
GDC1340) and co-doped powders with 0.5 mol% Co2O3 (GCDC1230) and 0.5 mol% NiO (GNDC1130 and GNDC 1230). For 
reference, the standard YSZ powder used for Type III Jülich cells is also included. 

Powder 

Sintering Onset 

Temperature  

[°C] 

Maximum 

Shrinkage  

[%] 

Maximum 

Shrinkage Rate 

[%/K] 

T. at Maximum 

Shrinkage Rate 

[°C] 

10GDC 633 -27.99 -0.20 790 

GDC1130 1151 -19.99 -0.18 1345 

GDC1230 1168 -21.86 -0,19 1383 

GDC1340 1256 -15.23 -0.18 1533 

GNDC1130 990 -25.64 -0.27 1107 

GNDC1230 1090 -15.17 -0.16 1276 

GCDC1230 1007 -19.10 -0.37 1070 

YSZ1230 1236 -20.67 -0.24 1384 

NiO:GDC (45:55) 750 -21.20 -0.14 1002 

 

With increasing calcination temperatures, the sintering onset shifted to higher temperatures. This trend 

can be attributed to increased grain growth and reduction of surface area during calcination, resulting in 

a more thermally stable powder that requires higher temperatures to initiate densification. However, the 

difference between GDC powders calcined at 1130 °C and 1230 °C appears to be minor. This indicates 

that the subsequent milling step after calcination helped to recover some sintering activity by reducing 

agglomerates, grain sizes and narrowing PSDs. Though the effect of equalization was less pronounced 

at the highest calcination temperature (1340 °C), where grain growth may have become significant 

enough to retard densification. Interestingly, the maximum shrinkage rate is very similar across the 

calcined powders, ranging from – 0.18 %/K to – 0.19 %/K. However, the temperature at which this 

maximum rate occurred increased significantly, particularly for powder calcined at 1340 °C, which 

reached its peak shrinkage rate at 1533 °C. This is above the typically employed co-sintering 

temperature of 1400 °C used for half-cell fabrication. Furthermore, the calcination and milling process 

led to a narrowing of the shrinkage rate profile, concentration densification over a smaller temperature 

range. The total shrinkage of the calcined powders however decreased with increasing calcination 

temperature, with powders calcined at 1130 °C and 1230 °C maintaining shrinkages of around – 20 %, 
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while the 1340 °C powder showed a significantly reduced shrinkage of approximately – 15 %. This 

reduction in total shrinkage, combined with the elevated peak shrinkage temperature above the co-

sintering temperature, limits the suitability of this powder for the intended application as a powder for 

electrolyte production. 

Among the calcined and milled GDC variants, the powder calcined at 1230 °C demonstrated the most 

comparable densification behavior to the standard YSZ powder. The maximum shrinkage for GDC1230 

reached – 21.86 %, closely matching the – 20.67 % observed for YSZ. Moreover, the temperature at 

which the maximum shrinkage rate occurred was virtually identical between the powders with 1383 °C 

for GDC1230 and 1384 °C for YSZ, suggesting favorable alignment in peak densification kinetics. 

However, notable differences remain. The maximum shrinkage rate of YSZ was slightly higher 

(- 0.24 %/K) compared to GDC1230 (- 0.18 %/K), indicating a more rapid densification process for 

YSZ once sintering is initiated. Additionally, YSZ exhibited a higher sintering onset temperature of 

1236 °C, whereas GDC1230 began shrinking at a significantly lower temperature of 1168 °C. This 

earlier onset in GDC could lead to mismatched shrinkage stresses or undesirable porosity gradients 

evolving during co-sintering, especially in tightly bonded multilayer structures.  

Co-doping strategies employing 0.5 mol% of either Co2O3 or NiO introduced further modifications to 

the sintering behavior of GDC powders, demonstrating clear differences compared to the solely calcined 

and milled GDC variants. As previously described in Chapter 3.1.1, these co-dopants are intended to 

enhance sintering activity by promoting mass transport and facilitating densification at lower 

temperatures. The impact of co-doping on sintering onset was particularly pronounced. The GDC 

powder calcined at 1230 °C and co-doped with Co2O3 (GCDC1230) exhibited a significantly reduced 

sintering onset of approximately 1007 °C, marking a reduction of over 160 °C compared to the undoped 

GDC1230. This effect was also evident, though to a lesser extent, in the NiO co-doped powders, where 

GNDC1230 shows a sintering onset at 1090 °C. However, GNDC1130 shows also a reduction in 

sintering onset of approximately 160 °C when compared to the undoped counterpart GDC1130. These 

reductions in sintering onset indicate that both co-dopants effectively lower the activation energy 

required for densification, with Co2O3 showing a presumably stronger influence. In addition to lowering 

the sintering onset, co-doping led to a further narrowing of the shrinkage rate profiles, concentrating 

densification over a smaller temperature window. Notably, the maximum shrinkage rates achieved 

during sintering were also influenced by co-doping. The Co2O3 co-doped GCDC1230 demonstrated the 

highest maximum shrinkage rate with -0.37 %/K among the investigated powders. NiO co-doping 

similarly enhanced the maximum shrinkage rates compared to undoped powders, although the extent 

was less pronounced than with the Co2O3. Interestingly, GNDC1230 exhibited a slightly lower 

maximum shrinkage rate than its undoped GDC1230 counterpart, despite the co-doping.  

However, the temperatures at which the maximum shrinkage rate occurred were consistently reduced in 

the co-doped samples compared to undoped GDC. GCDC1230 reached its peak shrinkage rate at 

1070 °C, followed by GNDC1130 at 1107 °C and GNDC1230 at 1276 °C. These temperatures are below 
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the typical co-sintering temperature of 1400 °C, indicating that effective densification of the electrolyte 

layer can potentially be achieved even at reduced sintering temperatures when utilizing co-doped GDC 

powders.  

While the enhanced sintering kinetics and lower onset temperatures observed for the co-doped GDC 

powders may be beneficial for aligning sintering behavior, it is important to consider potential 

challenges associated with accelerated densification at temperatures significantly below the intended 

sintering temperature. Rapid grain boundary movement and densification starting at lower temperatures 

can reduce the available time for pore elimination, leading to the potential entrapment of residual 

porosity within grains. This risk is particularly pronounced when the temperature of the maximum 

shrinkage rate is far below the co-sintering temperature, as the driving force for further densification 

diminishes once the system passes beyond that temperature. Consequently, grain growth may proceed 

without sufficient pore mobility, resulting in closed and entrapped pores that limit the achievable final 

density. Therefore, careful optimization of the heating profile, dwell times and overall sintering 

temperature might be needed to prevent premature grain growth that could hinder complete densification 

during co-sintering of an SOC half-cell. 

To further understand the microstructural evolution during sintering and its correlation with the observed 

dilatometry results, the sintered pellets used for the dilatometry measurements were polished and 

thermally etched to reveal their grain structures. Representative micrographs of the YSZ reference, as-

received GDC, the calcined and milled powders (GDC1130, GDC1230, GDC1340), as well as the co-

doped powders GCDC1230 and GNDC1230 are shown in Figure 4.5. 

 

In addition to qualitative comparison of grain morphologies, quantitative analysis of the particle size 

distributions and d50 values as the mean particle size obtained from these images was performed to assess 

Figure 4.5: Polished and thermally etched surface microstructures of the investigated electrolyte pellets used for dilatometry 
measurements, including YSZ, as-received GDC, GDC powders calcined at 1130 °C, 1230 °C and 1340 °C, as well as co-doped 
GDC powders with 0.5 mol% NiO (GNDC1230) and 0.5 mol% Co2O3 (GCDC1230). All images were taken at the same 
magnification for direct comparison. 
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grain growth behavior. Porosity values for each pellet were also determined, enabling a direct 

comparison with the observed densification characteristics.  

This quantitative image analysis shows that porosity is lowest for GDC1130 (0.42 %) and GNDC1230 

(0.70 %), followed by GDC1230 (0.89 %) and GCDC1230 (1.35 %). The as-received GDC and the 

standard YSZ pellet exhibit more moderate porosity levels with values of 2.28 % and 4.23 % 

respectively. Notably, GDC1340 demonstrates the highest porosity at 7.32 %, correlating with its 

significantly reduced total shrinkage and low shrinkage rates at 1400 °C observed in the dilatometry 

measurements. Quantitative grain size analysis shows d50 values ranging from 0.31 µm (GDC1340) to 

1.17 µm (GCDC1230), with the co-doped GCDC1230 exhibiting the largest grain size among the 

investigated samples, suggesting pronounced grain growth most likely facilitated by the additional 

Co2O3 doping. GNDC1230 also shows a relatively large d50 of 0.56 µm, while the remaining samples 

remain within a narrow range between 0.38 µm – 0.50 µm. In terms of pore morphology, porosity 

predominantly localizes at grain boundaries and triple grain junctions for all samples. However, YSZ, 

as-received GDC and particularly GCDC1230 show also isolated intergranular pores, indicating 

potential pore entrapment during grain growth. In general, all co-doped samples, as well as GDC1130 

and GDC1230 show uniformly roundly shaped pore shapes, while YSZ, as-received GDC and 

GDC1340 exhibit more elongated pore shapes. Here, GDC1340 is displaying the highest extent of pore 

elongation, consistent with incomplete densification observed in dilatometry measurements and the 

elevated porosity values. Overall, these microstructural observations correlate well with the previously 

discussed dilatometry data, confirming that the reduced porosity in calcined and co-doped powders are 

proof of their enhanced sintering behaviors. The significant observable grain growth in GCDC1230 and 

GNDC1230, paired with low porosity values, suggests accelerated mass transport and grain boundary 

mobility induced by the dopants. This is consistent with the high shrinkage rates and low sintering onset 

temperatures observed. Conversely, the high porosity and elongated pores in GDC1340 indicate 

insufficient densification, aligning with its limited shrinkage, low maximum shrinkage rates and high 

sintering onset temperatures. 

In addition to microstructural investigations, the influence of co-doping on the lattice parameter of GDC 

was examined to gain insight into the dopant incorporation behavior and its potential correlation with 

the enhanced sintering kinetics observed. As previously described in Chapter 3.1.1, nitrate precursors 

were used for introducing Co and Ni ions to the GDC powder, followed by calcination at 400 °C to 

transform the nitrates into their respective oxides. However, the precise processing step at which the 

dopant ions incorporate into the GDC lattice remains unclear in literature reports, warranting further 

investigation. To address this, XRD measurements combined with Rietveld refinements were performed 

on pure GDC, GCDC1230 after calcination at 400 °C, GCDC1230 and GNDC1230 after sintering at 

1400 °C for 5 h. The diffractograms presented in Figure 4.6 revealed clear differences in peak positions 

and lattice parameters. Pure GDC exhibited a lattice parameter of 5.4199 Å, whereas the co-doped 

samples showed slightly reduced lattice parameters after sintering of 5.4175 Å for GCDC1230 and 
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5.4149 Å for GNDC1230. The sample subjected only to the calcination step at 400 °C showed a slight 

peak broadening, possibly indicating lower crystallinity or the formation of a very thin and diffuse CoO 

or Co2O3 layer around the GDC grains, although no distinct Co peaks could be detected. 

 

 

The observations suggest that the incorporation of Co and Ni dopants into the GDC lattice 

predominantly occurs during high-temperature sintering rather than the initial low-temperature 

calcination step. The clear shift in diffraction peaks and the reduction in lattice parameters observed 

after sintering indicate that the dopant ions are effectively incorporated into the fluorite structure of 

GDC. Considering the ionic sizes, Ce4+ (101 pm) is substantially larger than both Ni2+ (83 pm) and Co3+ 

(68.5 pm) or Co2+ (79 pm), suggesting that substitutional incorporation on the Ce4+ sites is the most 

plausible mechanism [171]. Interstitial incorporation is unlikely as the fluorite structure of GDC offers 

only limited interstitial sites and would also typically result in lattice expansion, which is not the case 

here. 

Interestingly, the lattice parameter of GNDC1230 is slightly smaller than that of GCDC1230 despite 

Ni2+ having a larger ionic radius than Co3+ in sixfold coordination. This apparent contradiction can be 

explained by differences in oxidation state and coordination environment within the GDC lattice, as well 

as differences in defect chemistry. Ni incorporation may promote additional oxygen vacancy formation 

or local lattice distortions that contribute to an overall contraction of the lattice parameter. Moreover, 

the valence state of Co can vary between Co2+ and Co3+ and its actual state in the lattice is potentially 

influenced by the local oxygen partial pressure during sintering. When compared with the dilatometry 

results, the enhanced sintering kinetics and lower sintering onset temperatures observed for the co-doped 

samples are consistent with the dopants being present within the lattice, facilitating mass transport 

during sintering through increased defect concentrations and enhanced diffusion pathways. Additionally, 

Figure 4.6: A X-ray diffraction patterns of pure GDC, GCDC130 after calcination at 400 °C and GCDC1230 and GNDC1230 
after sintering at 1400 °C for 5 h. All samples exhibit pure compositions without detectable secondary phases. B Magnified 
view of the 2θ range 105° - 120°, highlighting the shift in peak positions among these samples. Lattice parameters are indicated. 
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the potential for liquid phase formation at grain boundaries during sintering may further accelerate 

densification, although no signs of a liquid phase were observed in SEM analysis. 

 

4.3 Dispersant selection and concentration determination 

The choice and concentration of the dispersant is important when regarding stability, homogeneity and 

processability of ceramic suspensions. In the case of screen-printing pastes, improper selection or 

concentration of the dispersant can lead to issues such as particle re-agglomeration, poor print quality 

and formation of secondary phases during sintering caused by chemical incompatibility. During post-

stack test analysis of the prototype cell, such impurities were observed in the screen-printed GDC 

containing layers (fuel electrode and electrolyte) as shown in Figure 4.7. Here, secondary phases 

containing gadolinium and phosphorus (GdPO4 and GdP5O14) could be identified. After ruling out other 

sources of contamination, ICP-OES analysis of the dispersant used (Nuosperse FX9086) indicated it as 

the only potential source of phosphorus. 

 

 

Due to the contamination most likely stemming from the dispersant and the switch in powder supplier 

as mentioned earlier, a new dispersant system had to be selected. This was done to ensure stable 

dispersion of GDC in the terpineol-based paste system, while avoiding the formation of a secondary 

phase. Because terpineol is a non-polar solvent, electro kinetic measurements such as zeta potential 

analysis were not applicable, as they rely on the presence of a polar solvent to form a strong enough 

electric double layer. Instead, a screening approach was adopted based on rheological characterizations. 

As already explained in Chapter 3.2.8, zero shear viscosity measurements were performed to identify a 

suitable dispersant and its concentration. Here, lower viscosities imply a higher dispersion quality. For 

Figure 4.7: Backscattered electron (BSE) image of a cross-section through a prototype full cell after stack testing. 
Accompanied by EDS elemental maps for O, Zr, Y, Ce, Gd, P and Ni. A distinct co-localization of Gd and P is visible in 
specific regions oft the GDC containing screen-printed layers, indicating potential formation of secondary Gd-P-rich phases. 
Distribution of other elements corresponds to the expected compositions. Analysis was carried out by Luzie Wehner (IMD-1). 
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this, suspensions containing 75 wt% of GDC and varying dispersants at two initial concentrations of 

1 wt% and 3 wt% were prepared. The dispersant system resulting in the lowest viscosities was selected 

for further optimization. In this optimization, more suspensions with dispersant concentrations between 

1 wt% and 9 wt% were prepared and tested.  

For the initial screening, 9 different dispersants were tested. However, the following results only include 

dispersants that were soluble in terpineol. Figure 4.8 A shows the result of that screening experiment. 

Here, the dispersant Hypermer KD2 was selected for more detailed investigations, as it resulted in the 

lowest viscosities with both tested concentrations. In the subsequent optimization step, dispersant 

concentrations ranging from 1 wt% to 9 wt% were tested again using zero shear viscosity measurements. 

As shown in Figure 4.8 B, the lowest viscosity was achieved at a concentration of 5 wt%. However, this 

value is specific to the particular powder batch used and does not necessarily translate across powders 

with differing specific surface areas. To ensure a more transferable formulation, the dispersant 

concentration was recalculated based on the powder’s measured specific surface area. This resulted in 

an optimal Hypermer KD2 concentration of 13 mg/m² ceramic surface area. This is aimed to offer a 

more robust and reproducible basis for paste recipes, especially when working with powders of varying 

particle sizes. 

 

 

 

 

 

Figure 4.8: Zero shear viscosity measurements of suspensions containing 75 wt% GDC with varying dispersants and 
concentrations. A Initial screening results for different dispersants at concentration of 1 wt% and 3 wt%, showing Hypermer 
KD2 as the most effective dispersant. B Concentration-dependent viscosity of suspensions with Hypermer KD2, tested between 
1 wt% and 9 wt%. Lowest viscosity was achieved at 5 wt%. 
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4.4 Influence of rheological behavior on dried layer properties 

In this work, layers of five different pastes were evaluated based on their dry layer thickness ddry and 

geometric accuracy via the fidelity factor FPE. Values for these parameters were obtained by conducting 

differential scanning measurements of printed and dried layers using the CT 300T optical inspection 

system as described in Chapter 3.2.7. For this, the layers were printed onto stainless-steel substrates 

using a polyester screen with a screen opening of 40 mm x 40 mm, a mesh with 48 threads/cm and a 

thread thickness of 55 µm. Print settings were kept constant with a squeegee speed of 110 mm/s, 

squeegee pressure of 1.5 bar (0.15 MPa) and a snap-off distance of 1.6 mm. All layers were dried at 

60 °C for at least 24 h before measuring. Table 4.3 summarizes the solids and binder content of each 

paste, alongside their rheological parameters damping factor tan 𝛿𝛿, yield point 𝛾𝛾y and flow point 𝛾𝛾f 

when applicable. Furthermore, the aforementioned layer evaluation characteristics are also listed. While 

rheological properties such as viscosity η, storage modulus 𝐺𝐺′ and loss modulus 𝐺𝐺′′ are typically used 

for paste characterization in literature, their correlation with the evaluation criteria was unexpectedly 

weak. Values for storage and loss modulus were taken as averages from within the linear viscoelastic 

region during an amplitude sweep test. This lack of statistical significance is illustrated in Figure 4.9 

through Figure 4.11 respectively, where no clear trends could be identified using regression analysis. 

Therefore, the following in-depth discussion focuses solely on the yield point and damping factor. 

 

 

 

 

 

 

 

Figure 4.9: A Loss modulus 𝐺𝐺′′ taken as an average value from the linear viscoelastic region of 5 pastes vs dry layer thickness 
ddry (R² = 0.26) and B fidelity factor FPE (R² = 0.29). There is no significant correlation between the loss modulus G’’ and the 
evaluation parameters as indicated by the R² values. 
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Table 4.3: Solids and binder content of 5 different pastes and their rheological parameters loss factor, yield point 
and flow point, if applicable. Indication of an average layer thickness and an average dimensional accuracy of 
printed and dried layers. Layers were produced under identical conditions. 
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Although one might expect a direct relationship between solid content and layer thickness, the data 

presented here suggests that relying solely on the description of solid and binder contents in wt% is 

insufficient for fully describing a paste and predicting its print outcome. For example, paste P4 which 

has the lowest solid content, produces the thinnest layer at 50 µm. However, this apparent correlation 

between solid content and layer thickness breaks down when comparing pastes P2 and P3, which have 

the same composition but differ in layer thickness of about 10 µm. Moreover, paste P3 yields a layer 

thickness comparable to that of P4, despite containing 8 wt% more solids. These observations indicate 

that other factors significantly influence the deposition outcome that must be considered alongside basic 

compositional values.  

 

Figure 4.11: A Viscosity η measured at shear rates of 1000 s-1 of 5 pastes vs dry layer thickness ddry (R² = 0.05) and B fidelity 
factor FPE (R² = 0.06). There is no significant correlation between the viscosity and the evaluation parameters as indicated by 
the R² values. Viscosities were measured at 20 °C. 

Figure 4.10: A Storage modulus 𝐺𝐺′ taken as an average value from the linear viscoelastic region of 5 pastes vs dry layer 
thickness ddry (R² = 0.00) and B fidelity factor FPE (R² = 0.01). There is no significant correlation between the storage modulus 
G’ and the evaluation parameters as indicated by the R² values. 
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4.4.1 Damping factor tan 𝛿𝛿 

A clearer and more meaningful correlation emerges when focusing on the aforementioned rheological 

properties of the pastes damping factor tan 𝛿𝛿 and yield point 𝛾𝛾y first, rather than on the composition of 

the pastes. As shown in Figure 4.12, the damping factor exhibits a strong relationship with both the 

measured dry layer thickness and the fidelity factor. The corresponding R² and Pearson r values exceed 

0.9 in all cases, indicating a high degree of linear correlation. This already hints towards rheological 

behavior being a more direct predictor of print outcome. Regarding layer thickness depicted in Figure 

4.12 A, an increase in the damping factor is associated with thinner dried layers. This trend can be 

attributed to the increase in dominating viscous behavior, which in turn reduces the elastic solid-like 

behavior of the paste and enhances the ability to flow. This increased flowability may lead to more 

efficient particle packing or increased paste bleeding, both of which can result in thinner printed layers. 

Another possible explanation involves the screen flooding process prior to printing. In pastes with higher 

damping factors, potentially a reduced quantity of paste is filled into the screen mesh openings. The 

volume of paste retained in each mesh opening is influenced by surface tension and adhesion effects, 

which are affected by rheological behavior. A lower damping factor may promote the formation of more 

concave menisci within the mesh opening, reducing the paste volume and resulting in thinner printed 

layers. 

 

 

A similar trend is observed when correlating the damping factor with the fidelity factor as shown in 

Figure 4.12 B. Here for example, paste P1, which has the lowest damping factor produces layers with 

the highest dimensional accuracy. Interestingly, paste P4 does not result in the lowest fidelity, despite 

producing the thinnest layers. This suggests that with this paste a denser packing without significant 

bleeding might be possible. 

Figure 4.12: A Influence of the damping factor 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 on the dry layer thickness ddry (R² = 0.97) and B on the fidelity factor 
FPE (R² = 0.90) with regression lines using 5 different screen-printing pastes. Damping factor were calculated from 𝐺𝐺′ and 𝐺𝐺′′ 
values obtained from the linear viscoelastic region during amplitude sweep tests. 
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4.4.2 Yield point 𝛾𝛾y and yielding behavior 

When analyzing the relationship between yield point and the layer evaluation criteria, Figure 4.13 A and 

B demonstrates a clear correlation that pastes yielding at higher deformation values tend to produce both 

thicker dry layers and layers with higher dimensional accuracy. In general, a higher yield point 

corresponds to a stronger particle-binder network, which is able to resist plastic deformation more 

effectively under applied stress [172]. Here, a more robust internal structure implies stronger 

interparticle and binder interactions at rest, making the paste more resistant to structural breakdown 

induced by the printing process. Furthermore, a stronger network may undergo less irreversible 

deformation during the printing process and may be able to recover more of its initial structure 

afterwards. This structural resilience appears to contribute favorably to improved fidelity and increase 

layer thickness, as indicated by the data presented. 

 

 

However, it is important to note that yielding does not occur instantaneously but rather as a process that 

evolves more or less gradually over a deformation range. This transitional behavior is better captured 

by examining the flow transition index (FTI), which reflects the extent of deformation between yield 

point and flow point, as already outlined in Chapter 3.2.8. For pastes that exhibit both a yield and a flow 

point, the FTI may provide additional insights into how gradually or abruptly the paste transitions from 

more solid-like behavior to liquid-like behavior. As shown in Figure 4.14, pastes with a high FTI, that 

transition more gradually into flow, tend to produce thicker dry layers that simultaneously exhibit higher 

fidelity.  

 

 

 

Figure 4.13: A Influence of the yield point𝛾𝛾𝑦𝑦 on the dry layer thickness ddry (R² = 0.99) and B on the fidelity factor FPE 
(R² = 0.93) with regression lines using 5 different pastes. Yield points were obtained at the end of the linear viscoelastic region 
during amplitude sweep tests. 
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These results can be better understood by considering the thixotropic nature of these pastes, which was 

investigated using the 3-interval-thixotropy-test (3ITT). Thixotropy refers to a material’s ability to 

undergo structural breakdown under shear and then gradually rebuild its internal structure once the 

external stress is removed. The 3ITT specifically examines the paste’s quasi-undisturbed structural 

recovery following a controlled deformation phase which is aimed to mimic conditions experienced 

during the printing process. Particularly interesting here is that the observed flow transition behavior 

appears to act in opposition to the thixotropic recovery behavior. When comparing the 3ITT results 

shown in Figure 4.15 with the FTI values, a clear relationship emerges. Here, vertical lines and 𝛥𝛥𝛥𝛥 

indicate the time within the 3rd interval where structural recovery defined by 𝐺𝐺′ = 𝐺𝐺′′ occurs. Pastes that 

exhibit a more gradual transition into flow, indicated by a higher FTI, tend to recover significantly faster 

after printing. For example, paste P1 shows the most gradual behavior into flow but regains its elastic-

dominant behavior in just 5 seconds after the shear period ends. Conversely, paste P5 with the most 

abrupt yielding behavior fails to recover into its elastic-dominant structure even after 386 s. From a 

printability standpoint, this means that pastes capable of quickly regaining a more solid-like structure 

after printing are more likely to produce layers with greater thickness and higher dimensional accuracy. 

Their more rapid transition back to a rigid state seems to facilitate the stabilization of the printed features 

and prevent excessive deformation after deposition. 

 

 

 

 

 

Figure 4.14: A Strain-based and stress-based FTI vs dry layer thickness ddry and B fidelity factor FPE of 3 testes pastes, that 
had a showed a transition behavior into flowing. FTI were calculated from yield and flow points that were obtained during 
amplitude sweep tests. 
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4.5 Influence of powder characteristics and paste composition on rheological 

properties 

Having established how the rheological properties damping factor and yielding behavior correlate with 

printing outcomes such as layer thickness and fidelity, the next logical step is to explore what governs 

these key rheological behaviors. Therefore, this subsection shifts focus on the paste composition itself, 

examining how variations in formulation influence rheology. Understanding these compositional 

dependencies was essential for tailoring paste formulations that achieve the desired rheological 

properties and print performance. 

 

4.5.1 The ceramic powder 

As already stated in Chapter 4.1, the initial layers developed by Jun Zhang for the tri-layer electrolyte 

prototype cell, while showing excellent performance, ultimately could not be reproduced in this work. 

Through the course of this work, it was discovered that the change in powder manufacturer was the 

decisive factor responsible for this. However, this critical insight was only able to come to light and be 

quantified through a more detailed analysis of the powder characteristics, going beyond the more 

traditional metrics. By applying the bimodality coefficient as a more refined measure (see Chapter 

Figure 4.15: Results of the 3ITT for Paste P1 (red), Paste P2 (green) and Paste P5 (blue). Recording of the measured 
values in the first and third interval using oscillation. Simulation of the printing process in the second interval 
using rotation (no measured values for storage and loss modulus). Vertical lines and ∆𝑡𝑡 indicate the time within 
the 3rd interval where structural recovery (𝐺𝐺′′ =  𝐺𝐺′) occurs. Measured at 20 °C with a serrated plate-plate system 
(25 mm). 
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3.2.1), it was possible to identify subtler aspects of the particle size distribution, that would have 

otherwise been overlooked.  

To investigate this, a total of nine screen-printing pastes were analyzed. This list comprises the five 

pastes previously discussed (see Table 4.3), along with four additional pastes which compositions can 

be found in Table 4.4. 

 
Table 4.4: Solids and binder content of 4 additional pastes and their rheological parameters loss factor and yield point used to 
assess the influence of powder characteristics on rheological parameters. 
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Traditionally, powder characterization relies heavily on summary metrics like d10, d50 and d90 of a 

particle size distribution, with the d50 value as the mean particle diameter being the most commonly 

reported parameter in studies relating to rheology in suspension-based processes. However, as shown in 

Figure 4.16 A and B, correlating this d50 value with the two previously determined most influential 

rheological properties damping factor and yield point reveals no meaningful trend. This suggests that in 
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these cases, the median particle size itself has no distinguishable influence on these rheological 

properties. Similarly, no clear relationship is observed when trying to correlate solid content as another 

traditionally used metric with yield point and damping factor as shown in Figure 4.16 C and D, within 

the investigated range.  

 

These results emphasize the limitations of relying solely on conventional particle size or paste metrics 

and reinforce the need for more advanced descriptors. For example, when the powders are analyzed in 

more detail using the bimodality coefficient, skewness and kurtosis, clear linear correlations emerge. As 

shown in Figure 4.17 A-C, these parameters exhibit strong linear correlations with the damping factor 

(R² = 0.75, 0.87 and 0.89 respectively). As the asymmetry of the PSD increases, the damping factor also 

increases, which results in progressively more dominating viscous behavior of the paste. Although these 

correlations are weaker than those seen in the previous chapter between rheological properties and print 

outcomes, this is expected. Rheological behavior is influenced by a combination of interacting factors 

Figure 4.16: d50 of PSD vs damping factor tan δ A and yield point γy B. Solid content in wt% vs damping factor  
𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 C and yield point 𝛾𝛾𝑦𝑦 B of 9 different pastes. There is no clear correlation observable. 
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and here only one of such factors is being isolated. This effect becomes especially evident in pastes or 

data points that lie directly above each other in Figure 4.17. In these cases, multiple pastes with different 

compositions were produced from the same powder, also resulting in slightly different rheological 

properties although the overarching trend stays the same. Interestingly, while the shape of the particle 

size distribution appears to significantly affect the damping factor, it does not show a meaningful 

correlation with the yield point as illustrated in Figure 4.17 D-F. This suggests that the damping factor 

is more sensitive to PSD asymmetry, while the yield point seems to be more influenced by other 

structural or compositional elements. 

 

 

The influence of PSD asymmetry becomes even more apparent when examining amplitude sweep tests 

of three pastes with identical compositions (64 wt% solids and 3 wt% binder), but different PSD profiles. 

As shown in Figure 4.18, the green and blue curves represent pastes formulated with monomodal 

powders (bimodality coefficients φ = 0.53 and 0.55), while the red curve corresponds to a paste made 

from a bimodal powder with φ = 0.82. Despite having the same composition, the pastes behave very 

differently. The monomodal powders produce pastes with dominant elastic behavior (𝐺𝐺′ > 𝐺𝐺′′) within 

the linear viscoelastic region, whereas the paste with the bimodal powder exhibits dominant viscous 

behavior (𝐺𝐺′ < 𝐺𝐺′′). Since the asymmetry of the bimodal PSD is most likely stemming from residual 

agglomerates, it is hypothesized that these agglomerates cause this destabilization of the three-

dimensional network. This destabilization would then lead to the paste behaving more like a suspension 

Figure 4.17: A-C Damping factor 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 vs. powder characteristics bimodality coefficient 𝜑𝜑 (R² = 0.75), skewness 
𝛾𝛾1 (R² = 0.87) and excess kurtosis 𝛾𝛾2 (R² = 0.89), showing a linear regression. D-F Yield point 𝛾𝛾𝑦𝑦 vs. powder 
characteristics bimodality coefficient, skewness and excess kurtosis without a linear regression. Values of the 
rheological parameters were obtained from the amplitude sweep test. 
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with untangled polymer chains that shows dominant viscous behavior. PSD analysis revealed that the 

agglomerates are typically 10 to 100 times larger than the average particle.  

 

 

This trend is further supported by specific surface area measurements. As shown in Figure 4.19 A, a 

clear linear correlation exists between specific surface area and the damping factor. Here, low surface 

areas, as a sign of insufficient deagglomeration during powder processing, lead to higher damping 

factors.  

Figure 4.18: Results of amplitude sweep tests for pastes with monomodal powder (green and blue) and a paste with 
a similar composition but bimodal powder (red). Measured at 20 °C with a serrated plate-plate system (25 mm) 
and an angular frequency of 10 rad/s. All three pastes contained 64 wt.% of ceramic particles and 3 wt.% of binder. 

Figure 4.19: A Specific surface area SSA vs. damping factor 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 with a linear fit (R² = 0.66). B Specific surface 
area SSA vs. yield point 𝛾𝛾𝑦𝑦 without a linear fit. Values of the rheological parameters were obtained from the 
amplitude sweep test. 
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This correlation reinforces the hypothesis that residual agglomerates contribute to more pronounced 

viscous behavior. However, analogous to the PSD metrics, specific surface area shows no meaningful 

correlation with the yield point as shown in Figure 4.19 B. This re-establishes that the factors influencing 

yield stress are distinct from those affecting the damping factor. 

4.5.2 The polymer binder 

Since no meaningful correlation between the powder PSD and the yield point could be observed, it 

becomes evident that other factors must be responsible for governing the structural strength of the paste. 

Therefore, the influence of the polymer binder, as the second major component in screen-printing pastes 

and responsible for network formation, was investigated. 

When assessing the binder’s influence, particularly when trying to compare pastes produced with 

different powders, it is more insightful to consider the binder-to-ceramic surface area ratio rather than a 

simple weight-based binder content. This approach accounts for the actual interaction sites between 

polymer chains and the ceramic particle surface, which are necessary to form a cohesive three-

dimensional network. Figure 4.20 A illustrates the relationship between this ratio and the damping 

factor. Although a regression is indicated, the relatively low R² value of 0.39 suggests only a weak 

correlation. Still, the observed trend shows that an increase in binder per ceramic surface area may 

promote a shift to more viscous dominating behavior. 

This trend becomes clearer in direct comparison of two pastes with similar particle size distributions but 

differing binder contents, as shown in Figure 4.20 B. Here, the paste with less binder exhibits elastic-

dominated behavior in the linear viscoelastic region (𝐺𝐺′ > 𝐺𝐺′′). The paste with the higher binder content 

shows dominant viscous behavior (𝐺𝐺′ < 𝐺𝐺′′). This supports a hypothesis that once the binder content 

exceeds critical concentrations relative to the available ceramic surface, the particle network loses 

Figure 4.20: A Binder content per ceramic surface area vs. damping factor 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 with a linear fit (R² = 0.39). B 
Results of amplitude sweep tests for two pastes with monomodal powder and low binder content (blue) and 
significantly higher binder content (red). Measured at 20 °C with a serrated plate-plate system (25 mm) and an 
angular frequency of 10 rad/s. 
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structural strength. The system begins to behave more like an unstructured polymer solution or melt, 

where insufficient anchoring points result in reduced elastic character [173]. 

In contrast to the relatively weak influence on the damping factor, the binder-to-surface area ratio shows 

a much stronger and clearer correlation with the yield point. As shown in Figure 4.21 A, the R² value of 

0.81 points to a strong relationship in which an increase in binder content relative to ceramic surface 

area leads to a shift of the yield point towards lower deformation values. This suggests that the strength 

of the network diminishes as binder content increases, potentially due to reduced particle-particle 

connectivity 

This relationship is reinforced by a comparison of two pastes made with the same powder, but different 

binder contents, shown in Figure 4.21 B. The paste with the lower binder content (green curve) yields 

at higher strains, indicating a more flexible network structure. However, its yielding behavior is also 

different. Both storage and loss moduli initially increase, which is hypothesized to indicate microcracks 

forming within the structure, that only completely penetrate the measuring gap at higher deformations, 

characterized by the kinking of the curves after passing through their respective maximum [157]. 

Interestingly, while this paste yields at a higher strain, its critical yield stress (2300 Pa) is actually lower 

than that of the paste with more binder (2600 Pa). This apparent contradiction underscores the distinction 

between resistance to deformation (strain) and resistance to applied force (stress) in evaluation yielding 

behavior. A higher critical strain, as shown by the paste with less binder, indicates greater tolerance to 

deformation, which implies a more ductile and flexible network.  

 

However, its lower critical stress implies that less force is needed to initiate flow. Conversely, the paste 

with higher binder content yields at lower strains but withstands greater stress, suggesting a stiffer and 

more brittle network. While both critical stress and strain are informative, it is argued that critical strain 

Figure 4.21: A Binder content per ceramic surface area vs. yield point γy with a linear fit (R² = 0.81). B Results of 
amplitude sweep tests for pastes made from the same powder and a higher binder content per ceramic surface area 
(blue) and a lower binder content per ceramic surface area (green). Here, vertical lines indicate the position of the 
respective yield points. Measured at 20 °C with a serrated plate-plate system (25 mm) and an angular frequency 
of 10 rad/s. 
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is more practically relevant in the context of screen printing. Here the paste is subjected to rapid and 

substantial deformations, well beyond the linear viscoelastic range. The applied stresses typically far 

exceed the measured yield stresses. This means that the ability of the paste to resist large strains without 

structural breakdown seems to play a decisive role in print quality. As demonstrated through this work, 

this tolerance to deformation is closely tied to print fidelity and structural integrity before and after 

printing. 

 

4.6 Microstructure development of single GDC layers co-sintered on fuel electrode 

supports 

In this chapter, the microstructure evolution of single screen-printed GDC electrolyte layers during co-

sintering on NiO-8YSZ supports for half-cell fabrication is investigated. Building upon dilatometric 

analysis and microstructure characterization of pellets (see Chapter 4.2), this chapter aims to determine 

whether the observed sintering behavior and microstructural trends of the different GDC powders can 

be directly translated to screen-printed layers under realistic co-sintering conditions. All half-cells 

investigated in this section were fabricated by screen-printing single GDC electrolyte layers onto NiO-

8YSZ substrates that were calcined at 1230 °C, followed by co-sintering at 1400 °C for 5 h under 

conditions relevant for standard half-cell processing. Figure 4.22 displays representative polished cross-

sections of the investigated half-cells alongside quantified porosity values of the respective GDC 

electrolyte layers. Overall, a clear variation in final porosity was observed, depending on the GDC 

powder used for paste preparation. The results indicate that, when compared to pellet sintering, porosity 

in the co-sintered screen-printed layers remains significantly higher across all compositions. This can 

be attributed to lower green densities typically achievable in screen-printed layers compared to 

uniaxially pressed pellets. Furthermore, the potential constrained sintering imposed by the more rigid 

NiO-8YSZ support can inhibit densification within the GDC layer. However, porosity trends versus 

calcination temperature show that for both calcined and co-doped samples, an increase in pre-calcination 

temperature of the GDC powder generally correlates with increased final porosity in the co-sintered 

layers. This aligns with the dilatometry trends previously discussed in Chapter 4.2. Here, higher 

calcination temperatures lead to reduced sintering activity, higher sintering onset temperatures and lower 

total shrinkage. Although direct dilatometry data for all powders used for the presented screen-printed 

layers are not available, reasonable interpretation of the observed trends still suggest consistency 

between the lower sintering activity and higher porosity observed in the co-sintered layers. However, 

notable unexpected deviations could be observed. GNDC1340 for example exhibits an exceptionally 

high porosity of 27.0 %, which is considerably higher than the undoped GDC1340 layer (12.6 %), 

despite the expectations of enhanced sintering kinetics due to co-doping with NiO. Moreover, the 

porosity in GNDC1340 appears predominantly elongated and potentially interconnected, indicating the 

formation of open porosity networks rather than isolated pores. This suggests that factors beyond 
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intrinsic powder sintering behavior, such as interactions with the support or printing setup may play a 

dominant role under co-sintering conditions. Similarly, GCDC1340 also exhibits higher porosity values 

with 17.6 % than its undoped GDC1340 counterpart. Although here, porosity seems to be less elongated 

and more roundly shaped and closed off.  

 

 

Furthermore, GDC1340 exhibited a slightly lower porosity than GDC1230 (13.4 %), despite its lower 

observed sintering activity analyzed in the dilatometry measurements. Although when taking the 

standard deviation into account, both porosities are virtually identical. However, this counterintuitive 

result further highlights the dominant influence of co-sintering with the NiO-8YSZ support [174]. It 

could be hypothesized that the slower sintering kinetics of GDC12340 might align more closely with 

the later stage shrinkage of the support. Contrary to this hypothesis, GCDC1130 with presumably the 

highest sintering activity at the lowest temperatures exhibits by far the lowest porosity with only 2.8 %. 

This could indicate that the early-stage sintering behavior of the electrolyte might be more critical for 

densification than alignment with substrate sintering behavior. Here, the high sintering activity already 

starting at lower temperatures might facilitate almost complete pore removal before substantial substrate 

shrinkage even begins.  

Nonetheless, these observations suggest that the interactions of support and electrolyte might be crucial 

for the evolution of final microstructure after co-sintering. Furthermore, it should be considered that 

differences in paste formulation, driven by varying specific surface areas and particle size distributions 

of the employed powders may also contribute to the observed porosity differences and some of these 

counterintuitive results. For example, paste with higher binder contents could potentially result in lower 

densities after debindering. This may affect pore structure formation and densification during early 

stages of sintering. This further emphasizes that sintering behavior trends derived from dilatometry 

measurements might not always be directly translatable to screen-printed layers, especially when the 

Figure 4.22: Polished cross-sections of screen-printed GDC electrolyte layers co-sintered on NiO-8YSZ supports at 1400 °C 
for 5 h. Meausred porosity from image analysis is shown for each composition. Differences in microstructure and porosity 
demonstrate the influence of powder pre-treatment and co-doping on densification during differential sintering. 
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sintering behavior of the support and its interplay with the electrolyte layer is not considered. Therefore, 

a more detailed analysis of these interactions, including their dependence on calcination and sintering 

temperatures and dwell time will be provided in Chapters 5.3 to 5.5. Here, tri-layer electrolyte half-cell 

sintering behavior, shrinkage and microstructure evolution under various sintering conditions will be 

systematically discussed. 

While the precise mechanisms driving the observed microstructure evolution remain complex and not 

fully resolved, it is evident that compared to the GDC layer with the untreated as-received GDC powder, 

significant improvements in layer density were achieved through powder modifications. Overall, nearly 

all co-sintered GDC layers exhibited satisfactory microstructures with only a few exceptions showing 

notably higher porosity. Importantly, no delamination was detected in any sample, indicating that despite 

inherent shrinkage mismatches between electrolyte layers and supports, adhesion was maintained under 

the used sintering conditions. These results emphasize that although co-sintering is challenging, careful 

optimization of powder characteristics and sintering behavior can enable the production of sufficiently 

dense layers, suitable for solid oxide cells. 

 

4.7 Potential defects in screen-printed layers 

4.7.1 Insufficient paste leveling 

A common phenomenon that can occur in screen printing is insufficient paste leveling immediately after 

the printing process. This can result in a range of defects, each with its own unique appearance and 

potential underlying causes. Three of these defects linked to abnormal leveling behavior were 

investigated in this thesis and will be discussed in the following. 

 

Paste bleeding 

Paste bleeding describes the undesirable spreading of a paste beyond the intended area or the seeping 

into structures located beneath the printed layer (e.g., open pores within the substrate) [175, 176]. This 

occurred during the initial phases of paste optimization in this thesis and when trying to replicate the 

layers of the prototype cell, using information from the publications of Jun Zhang. The most severe 

consequence occurring during this work regarding paste bleeding was the seepage of electrolyte paste 

into the porous fuel electrode, which prevented the formation of a clearly defined electrolyte layer. It 

was assumed that the capillary forces of the fuel electrode surface may cause the paste to partially 

penetrate that structure. A possible cause for this could be identified in the damping factor tan 𝛿𝛿 of the 

pastes. Pastes with a damping factor of tan 𝛿𝛿  ≫  1 (highly dominant viscous behavior) within the linear 

viscoelastic region appeared to bleed more readily into the fuel electrode structure. In pastes with 

dominant elastic behavior (tan 𝛿𝛿  <  1) paste bleeding did not occur. To illustrate this phenomenon, 

Figure 4.23 compares two half-cells produced with different electrolyte pastes. The electrolyte shown 



Development of screen-printed gadolinium-doped ceria electrolyte layers 

85 
 

in Figure 4.23 A was printed with an electrolyte paste that had a damping factor of tan 𝛿𝛿  =  3. Here, 

the electrolyte can barely be distinguished from the NiO – GDC fuel electrode and the formation of the 

electrolyte layer appears uneven. The resulting average layer thickness after sintering was 

2.3 µm  ±  0.5 µm. When comparing this to the electrolyte of the half cell in Figure 4.23 B, the effect 

of the damping factor becomes clear. The electrolyte in B was printed with a paste that had a damping 

factor tan 𝛿𝛿  <  1, indicating dominant elastic behavior. Here, the average resulting layer thickness after 

sintering is 10.3 µm ±  0.2 µm. The layer has a higher thickness, is easy to distinguish from the fuel 

electrode and appears more uniform. This is also evident in the standard deviation of the layer 

thicknesses. Although the electrolyte showcased in Figure 4.23 B is significantly thicker, the standard 

deviation of the thickness is lower, indicating a more even application. 

 

 

The connection between paste bleeding and the damping factor has already been statistically 

demonstrated in Figure 4.12. In that case, printing was conducted on dense metal substrates and the 

effects were mainly evident in the layer thickness and fidelity factor. It was shown that a higher damping 

factor results in thinner layers and lower geometric accuracy of the print image. However, as shown 

here, this correlation also appears to exist for printing on porous substrates, although it manifests itself 

differently, namely in the form of the printed layer penetrating into the porous substrate structure. 

 

Screen imprints 

Another defect that appeared throughout this work is visible indentations or imprints of the screen mesh 

into printed layers, which remain even after the sintering process. Figure 4.24 shows an SEM image of 

such a screen imprint in the electrolyte surface of a sintered half-cell. Here, the negative impact becomes 

apparent. The imprint seems to tear open the electrolyte, exposing the underlying layer. Laser 

microscope analysis revealed that the depth of such a tear can be a multiple of the actual layer thickness. 

This hints towards the possibility of the screen-printing process being able to damage underlying layers 

Figure 4.23: BSE-SEM images of half-cell cross-sections. Printed GDC electrolyte layers of two different pastes are 
showcased that were sintered at 1400 °C. A: GDC paste with a damping factor 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 = 3, resulting in an average layer 
thickness of 2.3 µ𝑚𝑚 ±  0.5 µ𝑚𝑚 . B: GDC paste with a damping factor of 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿  <  1 , resulting in a layer thickness of 
10.3 µ𝑚𝑚 ±  0.2 µ𝑚𝑚. 
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as well. Therefore, it can be assumed that screen imprints cause the electrolyte to not be gas tight. 

However, it is unclear how many of these defects have to occur to cause a significant amount of gas 

leakage to diminish the cell performance or to render the cell unusable.  

 

There are two possible causes for the appearance of screen imprints, which can also have a combined 

effect. One origin of this defect lies in the use of screens made with unsuitable mesh materials. In this 

work, screens with polymer meshes and metal wire meshes were used. Generally, the use of polymer 

screens resulted in screen imprints. This is most likely due to the larger thread thickness used in polyester 

screens compared to stainless-steel screens. The latter also allow for larger mesh openings to be achieved 

due to their higher stiffness and smaller thread thickness. Furthermore, the thread junctions in these 

screens are more point-shaped rather than oval or square, so that less surface area has to be closed again 

by paste flowing after the printing. Therefore, the use of stainless-steel screens is particularly 

recommended for printing electrolyte layers, especially as they also allow for thinner layers to be 

printed.  

Another potential cause for the formation of screen imprints can also be found in the rheological 

properties of the pastes. Here, the yield point could be identified as the critical parameter [177]. Figure 

4.25 shows laser microscope images of GDC electrolyte surfaces made from two different pastes. The 

electrolyte surface in Figure 4.25 A clearly shows repetitive and deep imprints. In contrast, the 

electrolyte surface in Figure 4.25 B is free of such defects. The difference between these two GDC 

pastes is the height of the yield point. From the rheological investigations it is indicated, that imprints 

are probably a result of a paste that is too stiff and does not yield enough during the printing process. 

The paste that was used in A only begins to yield at a deformation of 60 %, whereas the paste in B 

already begins to yield at a deformation of 43 %. As explained before, these differences in yielding are 

Figure 4.24: BSE-SEM image of a porous GDC electrolyte surface, showing a screen imprint. The torn electrolyte layer 
exposes the underlying NiO-GDC fuel electrode. 
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due to the different binder-to-ceramic surface area ratios, which was higher for the paste that exhibited 

screen imprints, subsequently shifting the yield point to higher deformation values. 

 

 

Texturing 

Textures or insufficient leveling is a phenomenon that, in principle, does not have immediate negative 

consequences for the functionality of the final solid oxide cell. However, layers with greatly varying 

thicknesses can lead to inhomogeneous sintering behavior and thus to undesirable deformations during 

sintering. Applying further layers to a significantly uneven layer can also be challenging, as the distance 

between screen and the cell is no longer consistent across the entire surface [178]. In this work, a link 

between the squeegee speed and the occurrence of textures could be observed. Therefore, a parameter 

study was carried out using a stainless-steel screen. Here, the squeegee speed was varied between 

20 mm/s and 220 mm/s. All the other printer settings were not changed. To investigate the influence of 

paste rheology, two different GDC electrolyte pastes were printed directly onto NiO – YSZ supports. 

One of these pastes had a damping factor tan 𝛿𝛿  <  1, meaning that it exhibited predominantly elastic 

behavior within the linear viscoelastic range and therefore also shows a transition into flow. The other 

paste had a damping factor tan 𝛿𝛿  >  1  and did not have a flow point. Figure 4.26 displays the 

topography of the sintered GDC electrolyte layers, produced for this investigation, in respect to the 

squeegee speed during printing. At speeds of 20 mm/s and 55 mm/s both pastes show signs of textures. 

For electrolytes produced with a squeegee speed of 20 mm/s some screen imprints can be observed. 

They also seem to appear more frequent when using a paste that has no transition behavior into flow. At 

squeegee speeds of 75 mm/s and higher, none of these pastes show imprints. Other texturing effects also 

Figure 4.25: Laser microscope images with depth profile scans of screen-printed GDC electrolyte surfaces on fuel electrode 
supports, sintered at 1400 °C. A: Layer shows prominent screen imprints due to a yield point at a high deformation of approx. 
60 %. B: Paste has a yield point at lower deformations due to a lower binder-to-ceramic surface ratio and the resulting layer 
shows no screen imprints. 
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seem to be reduced and layers appear more even. This indicates that regardless of paste rheology, a high 

enough velocity is needed, inducing a certain amount of shear stress, to apply layers without excessive 

texturing effects. 

 

4.7.2 Drying cracks 

Drying cracks are macroscopical cracks that appear on the cell surface during drying of screen-printed 

layers, as shown in Figure 4.27. During this work, this defect did not appear frequently. However, 

investigations indicate that it can be potentially linked to pastes recovering too quickly after the printing 

process. Pastes with very fast recovery times of lower than 10 s, as measured in the 3ITT, exhibited 

cracks after drying at 60 °C. Therefore, it is proposed that these cracks appear due to the internal 

structure of the paste already rebuilding very quickly during the initial stages of drying, leading to the 

formation of strong bonds between particles, binder and solvent. If then the solvent begins to evaporate, 

it presumably pulls on the already rigid binder and ceramic network. This would result in relatively 

strong forces that could lead to these drying cracks. Altering the drying temperature had no influence 

on the formation of this defect. However, as these cracks were not a prominent issue during this work, 

further investigations were not carried out. To gain a clearer understanding of the mechanisms at play, 

rheological characterizations at elevated temperatures, for example 60 °C should be conducted [177]. 

Figure 4.26: Topography of GDC electrolytes, printed on NiO – YSZ substrates and subsequently sintered at 1400 °C. The 
influence of squeegee speed on the formation of textures using two different GDC pastes is displayed. Top row: Paste without 
a flow point. Bottom row: Paste with a flow point. 
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4.7.3 Silicon contamination during the manufacturing process 

During manufacturing, defects manifesting as macroscopical “dark spots” firstly appear after half-cell 

co-sintering at 1400 °C. The distribution and size of these spots is irregular and seems to follow no 

pattern. Furthermore, cells that were printed and sintered identically on the same day show differences 

in defect frequency and appearance. For example, Figure 4.28 displays three different half cells 

consisting of the green NiO-YSZ substrate, the green NiO-GDC fuel electrode layer and the opaque, 

translucent GDC electrolyte, that were manufactured under the same conditions but exhibiting different 

degrees of defect frequency.  

Microscopic examinations using an SEM in Figure 4.29 and Figure 4.30 show that these dark spots are 

holes with a surrounding halo, that exhibits an altered microstructure compared to the ordinary 

microstructure. The microstructure between the halo and the large open pore in the center appears 

significantly denser than the regular GDC microstructure, with only a few accumulated pores in certain 

areas. Porosity appears to be increased just outside of the halo. Topography measurements revealed that 

these holes can exceed the thickness of the electrolyte layer thickness, reaching depths of 4 to 20 µm. 

EDS analyses also identified the presence of silicon in the immediate vicinity of these defects.  

 

 

Figure 4.27: Topography image taken with the optical inspection system CT300 T of a dry GDC electrolyte layer. Layer 
shows visible drying cracks and insufficient paste application, as well as pinholes. 
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The aforementioned halo contains silicon and gadolinium rich acicular grains. This presents two 

significant concerns for electrolyte layers in SOCs. First, if this defect occurs frequently enough, it can 

be assumed that the electrolyte is not gas-tight, potentially allowing reaction gases to mix during 

operation. This would significantly decrease cell performance and, in the worst case, render the cell 

unusable. However, it is unclear how frequently this defect must occur to significantly impact cell 

performance.  

 

 

Secondly, Si contamination could reduce the oxygen ion conductivity when forming secondary phases 

with GDC or other cell components, which is already a well-established phenomenon in solid oxide 

cells [179]. Depending on their origin, Si contaminants can be grouped into different categories, which 

also has an influence on appearance and effects of subsequent defects or degradation symptoms. For 

Figure 4.28: Photographs of three similar half-cells with one GDC electrolyte layer manufactured on the same day. The cells 
show varying degrees of defect frequency. Defects appearing as dark spots on the cell surface 

Figure 4.29: BSE-SEM micrograph of the open pore at the center of defect caused by external silicon contamination during 
the manufacturing process. Microstructure surrounding the pore is almost completely densified. 
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instance, Si can already enter the cell via impurities contained in the raw materials. Additionally, Si can 

also enter the cell during operation. For example, biogas or natural gas used as fuel may contain Si 

impurities, as well as ambient air when used on the air side. Furthermore, Si can also enter the gas stream 

as organic siloxanes, which are components of sealants, lubricants, piping and fittings of the gas delivery 

systems. In addition, the glass sealant used for sealing the cell to the interconnector can release silicon 

to the cell or gas stream. On the fuel side, silicon has been observed to form silica or other silicate phases 

on the surface of nickel particles, a phenomenon known as catalyst poisoning. This typically results in 

a decrease in electrochemical activity and an increase in polarization resistance, caused by a reduction 

of accessible triple-phase-boundaries and pores getting clogged, restricting reaction gases from entering 

the porous electrode structure. 

With these contamination pathways, silicon is usually found on the surface of particles or at grain 

boundaries in larger parts of the cell. In contrast, the Si contamination presented here is much more 

localized and confined to individual, clearly separable, almost pinpoint areas. This is already a strong 

indicator that the silicon does not originate from the raw material in this case, but rather from an external 

source in the manufacturing process. Additionally, the presence of silicon impurities in the raw materials 

could be ruled out using ICP-OES analysis. No significant amount of silicon was found in any of the 

paste components (GDC powder, dispersant, terpineol and ethyl cellulose). Furthermore, the irregular 

distribution of defects suggests that they are unlikely to originate from a homogeneous paste. It is much 

more likely that these silicon contaminants enter the cell during cleaning before and after printing or 

sintering. The following three potential sources could be identified and subsequently eliminated in this 

work: 

• Debris from a passivating SiO2 layer forming around MoSi2 heating coils used in furnaces for 

conventional sintering. 

Figure 4.30: SE-SEM images with corresponding EDS maps for Si, Ce and Gd. Micrographs show an open pore surrounded 
by an Si-rich halo. The microstructure within the ring shows Si- and Gd-rich grains. Between the halo and the center pore, the 
microstructure exhibits significantly more dense area. 
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• Silicon carbide or silica particles adhering to the NiO-YSZ support during the debindering and 

pre-sintering step when using SiC setter plates. 

• Silicon containing dust particles or siloxanes if compressed air is used to clean the cells prior 

to screen printing. 

Regarding sintering, the position of the cell within the furnace and the furnace's volume would influence 

the defects' distribution and thus cause quasi-irregularities when comparing different cells. 

Contamination caused by MoSi2 heating elements during ceramic sintering in conventional furnaces is 

a well-known phenomenon [100]. With this type of heating element, a SiO2 layer forms around the coils 

and grows over time. Once a critical thickness is reached, the layer can spall off and fall onto unprotected 

samples during sintering [180]. Footage acquired during this work by a thermo-optical measuring device 

(TOMMIplus furnace), which was equipped with MoSi2 heating elements, indicates that this spalling 

occurs at temperatures around 90 °C. At this temperature, particles appear on the cell surface and 

disappear at around 1170 °C, probably due to them reacting with GDC. Completely covering the cells 

during every sintering step is crucial for eliminating the risk of Si contaminants falling onto the sample. 

It is therefore recommended that completely closed alumina or YSZ crucibles are used to cover and 

protect the cells from all sides. To prevent SiC or SiO2 from adhering to the electrolyte side of the cell 

during calcination of the support, it is advised to substitute the SiC plates with YSZ plates, that 

additionally show an advanced stability in air at high temperatures. Furthermore, to avoid contamination 

during cell cleaning, impure compressed air was substituted with technical grade canned air to remove 

dust particles from the cell surface prior to and following the printing process. 

To understand why this type of defect has a strong impact predominantly in GDC based SOCs rather 

than in YSZ state-of-the-art cells, one has to consider the reactivity of silicon with GDC. As indicated 

by the EDS analysis in Figure 4.30, it seems that mainly the gadolinium reacts with silicon to form the 

aforementioned Gd-Si rich grains. According to FactSage™ calculations by Zhi et al. [181] alongside of 

experimental data found in [182 - 184], Gd2O3 and SiO2 are capable of forming solid solutions at any 

ratio. Here, depending on the amount of silica, solid solutions of Gd2O3 + Gd2SiO5, Gd2Si2O7 + Gd2SiO5 

or SiO2 + Gd2Si2O7 would form at equilibrium and are stable at processing temperatures of 1400 °C. In 

contrast, literature shows that in the ternary system Y2O3-ZrO2-SiO2, especially at low SiO2 

concentrations, the tetragonal phase of YSZ is largely stable at processing conditions. Furthermore, 

experiments presented in literature showed that SiO2 is most likely to accumulate at the YSZ grain 

boundaries instead of forming solid solutions. However, prolonged exposure to high temperatures, for 

example during SOC operation, silica at the grain boundaries might cause yttria to leach out of the YSZ 

crystal structure. Nevertheless, literature suggests that YSZ is relatively inert towards silica at processing 

conditions [179]. GDC on the other hand tends to have much more rapid and extensive interactions with 

silica, probably induced by the generally higher cation mobility in GDC when compared to YSZ. 

However, since these contamination pathways during the manufacturing process also hold true for the 

production of the Jülich YSZ-based cells, it might be beneficial to apply the proposed mitigation 
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strategies here too. Even if the contamination is not impacting the cell directly after manufacturing, 

silica will inevitably cause a loss in performance later on during cell operation. 

 

4.8 Conclusion 

The sintering behavior of Gd-doped ceria (GDC) and yttria-stabilized zirconia (YSZ) powders was 

systematically investigated to understand their densification kinetics and shrinkage behavior relevant 

for solid oxide cell fabrication. Dilatometry measurements revealed that GDC powders generally exhibit 

lower sintering onset temperatures compared to the more refractory YSZ powder, which shows higher 

onset temperatures. Powder modifications, such as higher pre-calcination temperatures resulted in 

reduced sintering activity of GDC, leading to higher sintering onset temperatures and lower total 

shrinkage, aligning it more with the sintering behavior of the YSZ. Additional co-doping of GDC with 

NiO or CoO resulted in increased sintering kinetics while shifting the GDC lattice parameter to lower 

values.  

Building upon these insights, the microstructure evolution of single screen-printed GDC electrolyte 

layers during co-sintering on NiO-8YSZ supports was investigated to determine whether sintering trends 

observed in pellets could translate to realistic screen-printed layers. Results showed that porosity in co-

sintered screen-printed layers remains significantly higher across all compositions compared to pellet 

sintering, primarily due to lower green densities achievable in screen-printed layers and constrained 

sintering imposed by the more rigid NiO-8YSZ support. Nevertheless, porosity trends versus calcination 

temperature remained consistent with dilatometry findings, as higher pre-calcination temperatures 

generally resulted in increased final porosity due to reduced sintering activity. 

However, notable deviations were observed, indicating that factors beyond intrinsic powder behavior, 

such as support interactions and the screen-printing process itself, play a significant role in shaping the 

final microstructure. For instance, co-doped samples like GNDC1340 exhibited unexpectedly high 

porosity, while the early-stage sintering behavior of the electrolyte appeared critical for densification, 

as shown by the low porosity of GCDC1130 due to its high sintering activity at lower temperatures, 

facilitating pore removal before substantial substrate shrinkage began. 

Importantly, this study also highlighted that the paste composition and rheological properties have a 

substantial impact on the dried layer thickness and geometric accuracy in screen-printing processes. 

Among the rheological parameters investigated, the damping factor showed a negative correlation with 

layer thickness and accuracy, while the yield point displayed a positive correlation. Interestingly, 

viscosity and values for loss and storage moduli did not exhibit significant correlations with printing 

outcomes. Further investigation revealed that particle size distribution asymmetry strongly affects the 

damping factor, likely due to agglomerates disrupting the paste’s 3D network structure. Traditional 

metrics like d10, d50 and d90 values were insufficient to capture these relationships, whereas a bimodality 



Development of screen-printed gadolinium-doped ceria electrolyte layers 

94 
 

coefficient derived from skewness and excess kurtosis proved to be a more meaningful characterization 

tool for predicting paste behavior. 

 

Binder content, when assessed relative to the ceramic particle surface area rather than as a weight 

percentage alone, also demonstrated robust correlations with the yield point, indicating that excessive 

binder can weaken the paste’s network structure and shift the yield point to lower deformation values. 

These findings emphasize the necessity of precise powder characterization and tailored paste 

formulations to optimize screen-printing outcomes, as rheological properties directly influence green 

layer uniformity and densification during sintering. Notably, while solid content within the tested range 

did not significantly impact the damping factor or yield behavior, the combined effects of particle size 

distribution, surface area and binder-particle interactions are critical in defining the paste’s performance. 

 

These results collectively demonstrate that while trends in sintering behavior derived from dilatometry 

provide a foundational understanding, they may not always directly translate to screen-printed layers 

under co-sintering conditions due to the additional complexity introduced by paste rheology and 

substrate interactions. The interplay between sintering kinetics, powder characteristics, paste 

composition and the sintering constraints of the substrate defines the final microstructure and functional 

performance of electrolyte layers in solid oxide cells. 

Importantly, despite inherent challenges, nearly all co-sintered GDC layers in this study exhibited 

satisfactory microstructures without delamination. Moving forward, further rheological studies, 

including frequency-dependent measurements and temperature-adapted rheology, will be essential to 

deepen the understanding of paste behavior during drying. 

 

In summary, this integrated investigation demonstrates that achieving high-quality electrolyte layers for 

solid oxide cells requires a holistic approach that considers powder-specific sintering behavior, 

rheological properties of pastes and substrate interactions during co-sintering.  
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5 Fabrication of solid oxide cells with a tri-layer electrolyte 

5.1 Motivation 

Fuel electrode-supported solid oxide cells (FESCs) present notable advantages in terms of reduced 

ohmic losses and mechanical robustness. However, the fabrication of such fuel electrode-supported cells 

is considerably more challenging than electrolyte-supported configuration due to the complexity of 

achieving and maintaining electrolyte integrity and functionality on a porous substrate [174, 185]. The 

incorporation of a tri-layer electrolyte architecture further amplifies these challenges. The layered 

structure introduces additional interfaces, each susceptible to interdiffusion phenomena and differential 

sintering during thermal treatment. These factors can potentially induce microstructural defects, 

interfacial porosity and residual stresses, compromising the mechanical stability and electrochemical 

performance of the cells.  

In this chapter, the motivation is to address these fabrication challenges systematically by investigating 

feasible processing routes for manufacturing tri-layer electrolyte FESCs. Different printing and sintering 

sequences are explored to evaluate their impact on microstructural evolution and overall integrity of the 

tri-layer electrolyte. Special emphasis is placed on the sintering behavior of fully co-sintered tri-layer 

electrolyte half-cells, the most cost-effective processing route, employing thermo-optical analysis to 

monitor shrinkage behavior and understand its correlation with observed warping of sintered cells. From 

this, residual stresses that are linked to different thermal expansions of the layered structure are also 

examined in bi-layer and tri-layer electrolyte samples. By connecting these processing parameters with 

microstructural features of the half-cells, this chapter aims to provide a comprehensive understanding 

of the critical factors influencing the successful fabrication of tri-layer electrolyte FESCs. 

 

5.2 Overview of the processing route 

This chapter aims to provide a brief overview of the fuel electrode-supported cell manufacturing strategy 

employed in this work, focusing on the layer deposition sequence and the key thermal processing steps 

applied to the half-cell structure and support. As paste formulation and screen-printing methodology are 

described and discussed in detail throughout Chapter 4, this chapter will only focus on the sequence of 

fabrication and the variations introduced in substrate calcination and electrolyte processing. A visual 

summary is provided in Figure 5.1. 

In this work, all cells were fabricated using the in-house tape-cast fuel electrode support composed of 

NiO-8YSZ. This support is also used in the production of the Jülich Type III cell where it is calcined at 

1230 °C prior to fuel electrode deposition. Initially, the substrates used in this work were also calcined 

at this temperature. However, due to insufficient densification of the electrolyte, the influence of 

different substrate calcination temperatures on electrolyte densification was investigated. For this, 
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supports were calcined at 1050 °C, 1100 °C, 1150 °C and 1200 °C, alongside the standard 1230 °C for 

3 h. Furthermore, the influence of residual stress development of the electrolyte and overall sintering 

behavior of the half-cell during co-sintering was analyzed and will be discussed in the subsequent 

chapters. Ultimately, a calcination temperature of 1100 °C is recommended for tri-layer electrolyte cells 

using this specific type of substrate, as it provided the best compromise between mechanical stability 

for subsequent screen printing and handling, as well as sufficient shrinkage during co-sintering to 

promote densification of the electrolyte layers. 

After substrate calcination, one layer of NiO-GDC fuel electrode is printed onto the support and calcined 

at 1000 °C for 1 h. Following fuel electrode deposition and calcination, the tri-layer electrolyte was 

applied. Here, six variations were produced, which will be introduced in the following. All approaches 

maintained the same general layer sequence of GDC-YSZ-GDC but differed in terms of layer thickness, 

thermal treatment and deposition techniques. 

 

 

Type A (fully screen-printed and co-sintered) 

Here, the entire tri-layer electrolyte was deposited by sequential screen printing with in-between drying. 

A single layer of GDC was printed onto the fuel electrode, followed by one YSZ layer and a final GDC 

layer. The entire half-cell was then co-sintered at 1400 °C for 5 h, followed by a flattening step. This 

so-called ‘ironing’ includes heating the sample to temperatures 50 K below the co-sintering temperature 

and applying a load of 1.5 – 2 kg per 50 mm × 50 mm cell for 30 min. During cooling down, the load is 

still applied to the cells and is only removed afterwards. In the fabrication of the Jülich Type III cell, 

Figure 5.1: Overviev of the general processing route for the fuel electrode-supported tri-layer electrolyte cells investigated in 
this work. The different tri-layer electrolyte configurations are shown with detailed information on the respective fabriaction 
methods and sintering sequences. 
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this ironing step is included within the co-sintering step. However, this ironing step must be conducted 

separately when dealing with the tri-layer configuration, as SiC plates are used to apply the load and are 

chemically not compatible with GDC. Therefore, after co-sintering, lightweight YSZ plates are placed 

on top of the already sintered cells as a barrier between GDC and the SiC ironing plates. This is 

electrolyte configuration serves as the standard electrolyte configuration throughout this work and is 

usually referred to unless stated otherwise. 

 

Type A.1 (fully screen-printed with increased YSZ thickness) 

This variant is identical to Type A, except that the YSZ layer is printed four times instead of once to 

increase its thickness. Each layer is dried before the next layer is applied. The entire tri-layer electrolyte 

is co-sintered at 1400 °C for 5 h, followed by ironing.  

 

Type B (fully screen-printed with separate GDC barrier layer sintering) 

In this case, the bottom GDC layer is screen-printed, followed by four consecutive YSZ layers. Here, 

this bi-layer configuration is then co-sintered at 1400 °C for 5 h, followed by ironing. Only after this, 

the final GDC barrier layer is printed onto the already sintered YSZ layer and sintered at 1300 °C for 

3 h.  

 

Type C (fully screen-printed with separate YSZ and GDC barrier layer sintering) 

Here, a single GDC layer is screen-printed and sintered at 1400 °C for 5 h and ironed. Subsequently, 

one YSZ and one GDC layer are printed as barrier layers and sintered at 1300 °C for 3 h. However, this 

approach proved unsuccessful. None of the fabricated cells survived this manufacturing process. Despite 

attempts to optimize the sintering strategy in terms of increasing holding times, reducing heating rates 

or adjusting the sintering temperature, adhesion between YSZ and the pre-sintered GDC layer was 

insufficient. It is suspected that the lack of substrate shrinkage introduced too much mechanical 

constraint that prevented effective sintering of the YSZ and GDC layer. 

 

Type D (hybrid electrolyte with sputtered GDC barrier layer) 

This variant involves screen printing the first GDC layer and one YSZ barrier layer, followed by co-

sintering at 1400 °C for 5 h and subsequent ironing. The top GDC barrier layer was not screen-printed 

but instead deposited as an approximately 500 nm thin layer via sputtering. 

 

Type E (hybrid electrolyte with sputtered GDC and YSZ barrier layers) 

In this final configuration, only a single GDC layer is screen-printed and co-sintered at 1400 °C for 5 h. 

After the subsequent ironing step, both the YSZ and the GDC barrier layers are deposited by magnetron 

sputtering. This configuration replicates the electrolyte structure that was initially developed by Jun 
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Zhang in IMD-2 as the tri-layer electrolyte prototype cell which serves as one of the technological 

benchmark for this work. 

After successful electrolyte deposition and sintering, the final step in cell production is the deposition 

of the air electrode. In this work, both LSC and LSCF electrodes were used. Both types of air electrodes 

are screen printed identically to the processing protocol of the Jülich Type III cell. LSC electrodes are 

sintered at 900 °C for 3 h, whereas LSCF electrodes are sintered at 1080 °C for 3 h. 

 

This chapter provides the processing context for the experimental results discussed in the following 

chapters, where the impact of these fabrication variations on microstructure, sintering behavior, 

densification and residual stress development is evaluated. 

 

5.3 Co-sintering behavior of tri-layer electrolyte half-cells 

Half-cell co-sintering is a critical step in the production of fuel electrode-supported solid oxide cells. It 

is during this consolidation step that the final microstructures of the electrolyte and its interfaces are 

formed, which greatly influence the cell performance. Especially for tri-layer electrolyte cells, co-

sintering of multi-layer ceramics poses significant challenges due to the necessity of simultaneously 

densifying layers with different sintering kinetics, shrinkage rates and coefficients of thermal expansion 

(CTE). Insufficient alignment of these factors can lead to layer delamination, warpage and bending, as 

well as incomplete densification, which negatively affects mechanical stability and electrochemical 

performance. Therefore, this chapter aims to investigate the co-sintering behavior of the newly 

developed tri-layer electrolyte half-cell Type A, to gain insights into how this process can potentially be 

optimized and to identify limiting factors. Additionally, it was aimed to lower co-sintering temperatures 

to reduce overall energy consumption and cost, as well as to mitigate interdiffusion between YSZ and 

GDC electrolyte layers which was later identified to be the main challenge of this cell architecture and 

processing strategy.  

To investigate the sintering behavior of the half-cell, thermo-optical analyses were carried out under 

various conditions. While this method is unfortunately not able to provide quantitative shrinkage data 

due to software issues related to the recognition of bended shapes, it enables real-time observation of 

the cell bending and movements during thermal treatment. With this, it was attempted to identify at 

which temperatures the electrolyte and support begin to sinter, depending on the conditions and how the 

behavior of individual layers might influence the sintering of adjacent layers during co-sintering.  

For this, first the NiO-8YSZ fuel electrode support (calcined at 1230 °C) was examined separately to 

build a baseline. Then, a systematic study was conducted with a sample matrix containing half-cells 

manufactured using different support calcination temperatures of 1050 °C, 1100 °C, 1150 °C and 

1200 °C, combined with varying co-sintering conditions of sintering at 1350 °C for 10 h, 1375 °C for 

7 h and 1400 °C for 5 h. Preliminary experiments already identified 1350 °C to be the lowest possible 
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co-sintering temperature with this cell architecture. Attempts to sinter at 1300 °C, using different heating 

rates and dwell times, always led to electrolyte delamination. For each thermo-optical examination, two 

half-cells are placed inside the furnace, to increase comparability. Half-cells with substrates calcined at 

1050 °C and 1100 °C were always analyzed together, as well as half-cells with substrates calcined at 

1150 °C and 1200 °C. Additional shrinkage measurements and analysis of residual cell camber after 

sintering completed the evaluation of the co-sintering behavior of these half-cells. All investigated cells 

were prepared on the same day, using the same pastes and screen-printing parameters for the individual 

layers.  

 

When examining the sintering behavior of the already calcined (1230 °C) NiO-8YSZ support on its own 

at 1400 °C for 5 h, substantial shrinkage was observed to start at approximately 1350 °C. This is 

congruent with observations by Wolfgang Schafbauer, who developed the NiO-8YSZ support, as 

reported in his thesis [51]. However, it should be noted that in his work, the 8YSZ is supplied from a 

different manufacturer to that used for the substrate currently. Furthermore, throughout the entire 

sintering process, the substrate exhibited no warpage and remained flat, indicating a uniform shrinkage 

which suggests a homogeneous tape microstructure and consistent green density. As this serves as the 

baseline for evaluating the half-cell co-sintering experiments, it can be assumed that any warpage or 

bending occurring is assumed to be linked to differential sintering phenomena. These phenomena 

originate from sintering behavior mismatches between the support and the electrolyte layers or fuel 

electrode.  

When comparing the sintering behavior of the substrate with that of the half-cells, distinct differences 

emerge. First, the co-sintering of half-cells at 1400 °C for 5 h will be discussed. Figure 5.2 summarizes 

the observations during this experiment.  

The first noticeable movement manifests as a concave bending of the half-cells during the heating stage. 

This is attributed to the sintering of the tri-layer electrolyte. As the electrolyte shrinks and starts to 

densify, the top of the half-cells pulls together which would result in this observed concave warping, 

where the edges lift off while the center stays on the ground. Interestingly, this warpage starts to develop 

at temperatures just below or slightly above the temperature at which the respective support was 

calcined. This already hints toward a substantial impact of substrate calcination temperature. As this 

movement is attributed to electrolyte sintering, it is hypothesized that it already begins to shrink at even 

lower temperatures. However, considering the temperature at which this warping occurs, electrolyte 

shrinkage seems to be impeded by the stiffness of the significantly thicker substrate.  
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Therefore, it is assumed that only when the initial substrate calcination temperature is reached, the 

viscosity of the substrate is low enough for significant and observable electrolyte shrinkage to occur. 

This bending increases until it reaches its maximum at 1390 °C, after which the edges start to bend down 

again towards an overall flat shape of the half-cell. Although a bit higher than the previously reported 

sintering onset at 1350 °C of the calcined support, this movement is hypothesized to originate from 

substrate shrinkage. The slightly higher temperature at which this occurs can be explained by the 

superimposed electrolyte shrinkage, that counteracts this downward motion. Only when the sintering 

kinetics of the substrate are fast enough does the substrate shrinkage appear to dominate and initiate this 

downward motion. Interestingly, substantial substrate shrinkage appears to occur at the same 

temperature for all half-cells, regardless of substrate calcination temperature. At the beginning of the 

Figure 5.2: Overview of the sintering behavior of tri-layer electrolyte half-cells when co-sintered at 1400 °C for 5 h. 
Investigated half-cells were fabricated using substrates that were calcined at either 1050 °C, 1100 °C, 1150 °C or 1200 °C to 
analyze its influence on the overall sintering behavior and subsequent properties. 
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dwelling time at 1400 °C, the half-cells are still bent concavely. However, during dwelling at 1400 °C, 

the shape transitions from being concave to convex. This would indicate that the support has an overall 

higher shrinkage potential than the electrolyte and that this mismatch results in the half-cells not being 

flat after sintering. During cooling, no changes in warpage occur and the shape observable at the end of 

the dwelling time remains as residual curvature. This curvature appears to be more pronounced if the 

substrate was calcined at lower temperatures.  

Partially similar observations can be made when investigating the sintering behavior of half-cells when 

co-sintering at 1350 °C for 10 h, which is the lowest tested temperature. Again, the concave warping, 

attributed to electrolyte shrinkage, begins to manifest at temperatures around the respective substrate 

calcination temperatures, as summarized in Figure 5.3.  

 

Figure 5.3: Overview of the sintering behavior of tri-layer electrolyte half-cells when co-sintered at 1350°C for 10 h. 
Investigated half-cells were fabricated using substrates that were calcined at either 1050 °C, 1100 °C, 1150 °C or 1200 °C to 
analyze its influence on the overall sintering behavior and subsequent properties. 
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However, since temperatures of 1390 °C for the onset of substrate shrinkage are never reached during 

this co-sintering process, the associated downwards motion only starts to occur after roughly 40 minutes 

at 1350 °C during the dwelling time. This can be explained by substantially slower sintering kinetics 

caused by the lower temperature. Further evidence for this can be found in the residual curvature at the 

end of the dwelling time. Although the dwelling time was twice as long when compared to the previously 

discussed co-sintering at 1400 °C for 5 h, the residual convex curvature is not as pronounced. Here it is 

assumed that due to the lower co-sintering temperature, the maximum possible shrinkage of the substrate 

is never reached. Nevertheless, half-cells with lower calcined substrates again appear to contain a more 

pronounced residual curvature. 

Table 5.1 summarizes the discussed characteristics of electrolyte and substrate sintering behavior for all 

co-sintering and substrate calcination temperature combination investigated in this work. Also, during 

co-sintering at 1375 °C for 7.5 h, the 1390 °C necessary for substrate shrinkage is not reached. Here, the 

substrate only appears to shrink significantly and visibly after around 10 min at 1375 °C. Another 

indication for slower sintering kinetics can be found when analyzing the time it takes for the half-cells 

to reach a flat position again. The values in Table 5.1, clearly show that at low co-sintering temperatures, 

generally a longer time is required until the substrate has shrunk to such an extent that the half-cells are 

flat. Additionally, it appears that for the same co-sintering temperature, this duration until flatness is 

reached is longer if the substrate was calcined at higher temperatures. This can potentially be attributed 

to less overall shrinkage potential of the substrate when already calcined at higher temperatures. 

 
Table 5.1: Summary of the sintering behavior of tri-layer electrolyte half-cells as a function of support calcination temperature 
and co-sintering conditions, showing electrolyte sintering onset, substrate sintering onset and time until cells appear flat during 
dwelling. 

Co-sintering 
Support calcination 

temperature [°C] 

Sintering onset 

electrolyte [°C] 

Sintering onset 

substrate  

Time until flat during 

dwelling [min] 

1350 °C 

10 h 

1050 1063 

After 40 min on 

1350 °C 

298 

1100 1099 395 

1150 1137 322 

1200 1199 328 

1375 °C 

7.5 h 

1050 1064 

After 10 min on 

1375 °C 

95 

1100 1107 171 

1150 1145 177 

1200 1187 237 

1400 °C 

5h 

1050 1059 

1390 °C 

54 

1100 1077 70 

1150 1144 68 

1200 1192 85 
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To further evaluate and quantify the impact of substrate calcination and half-cell co-sintering conditions 

on the sintering outcome, the residual curvature after sintering was assessed using the optical white light 

inspection system (see Chapter 3.2.7). The results for this are presented in Figure 5.4. Here it was 

observed that cells produced with a combination of a substrate calcination temperature of 1050 °C and 

co-sintering conditions of 1400 °C for 5 h, exhibited the most pronounced convex bending. In general, 

lower substrate calcination temperatures consistently resulted in higher residual curvature. In contrast, 

cells with supports calcined at 1200 °C and co-sintered at 1350 °C for 10 h appeared nearly flat, 

suggesting a better sintering match between electrolyte and substrate under these conditions. 

Additionally, most cells displayed a characteristic localized dip near the center, although the exact 

position of this feature varied between the samples. Furthermore, cells marked with a red “X” in this 

figure indicate samples where the electrolyte chipped off prior to the curvature assessment, while green 

checkmarks denote intact samples. Interestingly, none of the electrolyte delamination occurred during 

the cooling phase of sintering. Instead, the electrolytes chipped into fine flakes seemingly spontaneous 

after several days at room temperature. This indicates that meaningful residual stresses may be present 

in the electrolyte after sintering which are potentially influenced by the combination of sintering 

conditions and substrate calcination temperatures. Residual stresses within the electrolyte layers are 

investigated in more detail in Chapter 5.4. 

 

 

Following the evaluation of residual curvature, the total shrinkage after sintering was assessed to further 

understand the sintering behavior. The cells were flattened via ironing prior to shrinkage measurements 

to ensure consistent geometry for comparison. The results, presented in Figure 5.5, show the longitudinal 

shrinkage as a function of substrate calcination temperature for each co-sintering procedure. The highest 

Figure 5.4: Residual curvature of fuel electrode supported tri-layer electrolyte half-cells after co-sintering at different 
temperatures and dwell times, in combination with varying substrate calcination temperatures. Each image represents a 3D 
scan of a sintered half-cell, with curvature indicated by the color scale on the right. Green checkmarks denote successful 
sintering; red crosses indicate electrolyte chipping post sintering. Measurements were conducted using the white light optical 
inspection system CT 300T equipped with an DHS 10000 sensor head. 
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linear shrinkage (~ 15 %) was achieved using a combination of a substrate calcination temperature of 

1050 °C with co-sintering at 1400 °C for 5 h. Notably, this combination also resulted in the most 

pronounced convex cell bending, indicating a link between cell curvature during sintering and shrinkage. 

In comparison, the standard manufacturing procedure (support calcination at 1200 °C and co-sintering 

at 1400 °C for 5 h) resulted in a shrinkage of only approximately 12 %. This is consistent with 

observations by Schafbauer. Interestingly, they obtained similar shrinkage values when only the 

substrate was sintered under these conditions after calcination at 1230 °C. This indicates that the overall 

shrinkage of the half-cell is most likely predominantly governed by the substrate’s shrinkage behavior 

[174]. The data further shows that comparable or even higher shrinkage can be achieved at lower co-

sintering temperatures (1350 °C) if substrates are calcined at lower temperatures. For example, co-

sintering at 1350 °C using a support calcined at 1050 °C resulted in a shrinkage of roughly 14 %, 

surpassing the shrinkage achieved under standard processing conditions. These results highlight that 

sufficient shrinkage, which is critical for achieving dense electrolyte layers, can be maintained even at 

reduced co-sintering temperatures when appropriately adjusted substrate calcination conditions are 

utilized. Therefore, from these results it is recommended to use substrate calcination temperatures of 

1100 °C for tri-layer electrolyte cells using this specific type of substrate, as it provides the best 

compromise between mechanical stability for subsequent screen printing and handling, as well as 

sufficient shrinkage during co-sintering and resulting in an acceptable amount of cell curvature. 

 

 

Figure 5.5: Longitudinal shrinkage of co-sintered fuel electrode-supported tri-layer electrolyte half-cells as a function of 
substrate calcination temperature for different co-sintering procedures. Half-cells were flattened prior to shrinkage assessment 
to ensure consistent geometry.  
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5.4 Residual stresses in bi- and tri-layer electrolytes 

In multilayer ceramic systems, such as sintered solid oxide cells, residual stresses inevitably develop 

during processing due to thermal gradients, differential sintering behavior and mismatches in thermal 

expansion between layers [186, 187]. While these stresses are not necessarily directly responsible for 

failure modes such as delamination, spalling or cracking, they establish the initial mechanical state of 

the electrolyte and can significantly impact its response to subsequent chemical or thermal stimuli. In 

particular, reducing ceria-based electrolytes, which is accompanied by chemical expansion, can lead to 

cracking or structural degradation. Therefore, in this work the residual stress state of the electrolyte in 

as-sintered half cells manufactured using various processing conditions was investigated. By 

establishing this baseline stress state through ex situ room-temperature measurements, it was aimed to 

gather information about the influence of sintering parameters and processing sequence on the 

mechanical preconditioning of the electrolyte and its potential impact on structural integrity. 

For this, two sets of experiments were performed. The first set focused on medium-format 5 cm x 5 cm 

sintered half-cells, some of which exhibited partial delamination of the electrolyte layers. In these cells, 

the electrolyte barrier layers did not cover the entire cell area and were rotated 45° which resulted in a 

diamond shaped area. Cells investigated include both bi-layer electrolyte samples (GDC-YSZ) and tri-

layer (GDC-YSZ-GDC) electrolyte architectures. In the bi-layer samples, residual stress measurements 

targeted the YSZ barrier layer and the exposed bottom GDC layer in areas where the YSZ layer 

delaminated. In the tri-layer electrolyte samples, only the GDC layers were evaluated. This includes the 

top GDC barrier layer and the bottom GDC electrolyte layer in regions where the YSZ and top GDC 

layers chipped off. Additionally, the bottom GDC layer was also investigated in areas that had never 

been covered by the upper layers. Figure 5.6 provides an overview of these samples indicating the areas 

that were investigated for analysis. All measurements were conducted using the sin²Ψ method. Here, 

the cells were co-sintered at 1400 °C for 5 h on a support that was calcined at 1230 °C for 3 h. This set 

of experiments was conducted in order to investigate the influence of processing sequence on the 

residual stress state. Since these cells were already fairly flat after sintering, they were not flattened 

(ironed) before the stress measurements to not alter their stress state.  
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A second set of experiments was carried out on smaller 2.5 cm x 2.5 cm tri-layer electrolyte half-cells 

in order to systematically study the effect of sintering conditions on the residual stress state. For this, a 

matrix of processing conditions was explored by varying the calcination temperature of the support 

(1050 °C, 1100 °C, 1150 °C and 1200 °C for 3 h each) and the co-sintering temperature of the half-cell 

(1350 °C – 10 h, 1375 °C – 7.5 h and 1400 °C – 5 h). Residual stress in the electrolyte layers was 

measured using the omega stress method after the samples had been ironed to simulate real application 

conditions. Figure 5.7 presents an overview of the cells investigated in this second set of residual stress 

analysis. Here, it can be seen that some electrolytes are delaminated or chipped off after sintering. 

Especially cells that were prepared with a combination of high calcination temperatures of the support 

and low co-sintering temperatures are affected by this. 

Figure 5.6: Overview of the samples investigated in the first set of residual stress measurements. Bi-layer (GDC-YSZ) and tri-
layer (GDC-YSZ-GDC) electrolyte 5 cm x 5 cm half-cells were examined. The investigated layer and specific area are 
indicated by red frames and arrows. Electrolyte layers were partially delaminated.  
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Table 5.2 provides the results of the first set of residual stress measurements performed on the bi- and 

tri-layer electrolyte samples. All measured layers exclusively exhibit compressive stresses. In the 

sintered bi-layer electrolyte, the intact YSZ layer (A) contains the highest compressive stress of 

– 674.4 MPa ± 20.7 MPa. The underlying GDC layer (B), when measured on the chipped sample, shows 

significantly lower compressive stresses of only - 278.6 MPa ± 24.5 MPa. For samples with the tri-layer 

electrolyte, the highest residual compressive stresses were measured in the center of the bottom GDC 

electrolyte layer (D) (- 942.7 MPa ± 73.0 MPa). However, within the same layer but outside the area of 

barrier layers (E), compressive stresses were only – 88.3 MPa ± 9.2 MPa. The top GDC barrier layer 

(C) exhibits compressive stresses of – 150.4 MPa ± 25.6 MPa. 

 
Table 5.2: Results of residual stress measurements via XRD sin²𝛹𝛹  method, carried out by Dr. Sohn (IMD-2) using the 
Empyrean diffractometer with Bragg-Brentano geometry.  

Electrolyte architecture Measured layer Residual stress [MPa] 

Bi-layer A YSZ - 674.4 ± 20.7 

Bi-layer B Bottom GDC - 278.6 ± 24.5 

Tri-layer C Top GDC - 150.4 ± 25.6 

Tri-layer D Bottom GDC (within barrier area) - 942.7 ± 73.0 

Tri-layer E Bottom GDC (outside barrier area) - 88.3 ± 9.2 

 

One likely explanation for the significantly higher compressive residual stress observed in the YSZ of 

the bi-layer electrolyte is the difference in thermal expansion coefficients (CTE) between the materials. 

GDC generally has a slightly higher CTE (12.7 µm m-1 °C-1 in air between 30 °C and 800 °C) compared 

Figure 5.7: Overview of samples for residual stress measurements on 2.5 cm x 2.5 cm tri-layer electrolyte half-cells 
manufactured using varying sintering conditions. Different support calcination temperatures were combined with varying co-
sintering temperatures to investigate the effect of sintering on residual stresses.  
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to 8YSZ (10.2 µm m-1 °C-1 in air between 30 °C and 800 °C) [104]. Upon cooling down from the 

sintering temperature, the GDC layer contracts more than the YSZ layer. Since those electrolyte layers 

are already mechanically bonded at that time, this differential contraction places the YSZ layer most 

likely under in-plane compressive stresses. For the same reason, GDC would exhibit lower compressive 

stresses. Compensating tensile stresses are likely to be found in the NiO-YSZ substrate because of its 

comparatively large thickness (~ 200 – 300 µm) or the fuel electrode as it is the layer with the highest 

CTE (13.2 µm m-1 °C-1). A summary of reported CTE values for all layer compositions can be found in 

Table 5.3.  The neutral axis is therefore suspected to be either located close to the fuel electrode but 

within the support, or at both of the fuel electrode interfaces.  

 
Table 5.3: Summary of CTE values for all investigated layer compositions. Values were taken from literature. 

Composition CTE [µm m-1 °C-1] Source 

8YSZ 10.2 [104] 

NiO-8YSZ 12.2 [104] 

10GDC 12.7 [104][188][189] 

NiO-10GDC (50:50) 13.5 [188][190] 

NiO 14.5 [188] 

 

In addition to the thermal expansion mismatch, differential and constrained sintering can also generate 

residual stresses within the electrolyte layers. As already discussed in Chapter 5.3, the cells transform 

from early stage convex bending to concave bending in later sintering stages. This is a clear indication 

that sintering onset and shrinkage rate mismatches are present in the system. At early stages, the 

electrolyte already starts to densify while the support lags behind, creating mismatch strains that can 

lead to internal stress buildup. As sintering progresses and the support densifies, the electrolyte is 

potentially already close to its shrinkage maximum and not able to fully compensate the support 

shrinkage. This would lead to additional compressive stresses within the electrolyte layers. While the 

potential to bend allows for partial stress relaxation, a full stress release is unlikely. This is supported 

when further investigating the influence of constrained or differential sintering in regard to the stress 

state of the bottom GDC layer in the tri-layer electrolyte more closely. The significant difference in 

compressive residual stress observed within that layer between covered and uncovered regions is most 

likely attributed to differences in mechanical constraint during sintering. In the covered region, the 

bottom GDC layer is confined between the fuel electrode and the support below and the additional 

electrolyte layers above (YSZ and top GDC). This constraint potentially inhibits stress relaxation during 

sintering and cooling, resulting in high biaxial compressive stress. Due to this constraint, these stresses 

are even higher than the compressive stresses in the YSZ of the bi-layer electrolyte cell. Conversely, in 

the uncovered region, the same bottom GDC layer has an exposed surface which is relatively free to 

deform. This allows for some of the stress to relax either by surface bending or creep and explains the 
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lower stress state in the uncovered area of the bottom GDC electrolyte layer [191, 192]. Unfortunately, 

the YSZ layer of the tri-layer electrolyte could not be measured in sin²Ψ due to the thickness of the top 

GDC layer. However, because of the additional constraints induced by the top GDC layer, it is 

hypothesized that the stress state of the sandwiched YSZ layer in the tri-layer electrolyte is higher than 

that of the bi-layer electrolyte.  

Further information on this can be obtained when analyzing the results of the second set of experiments. 

In contrast to the first set of experiments, the omega stress method was employed here to measure a 

stress gradient through the uppermost micrometers of the tri-layer electrolyte. Figure 5.8 A presents the 

residual stresses of the YSZ and Figure 5.8 B the stresses of the top GDC layer, co-sintered at 1350 °C 

and 1400 °C, as a function of substrate calcination temperature. When examining the results for the YSZ 

layer, there appears to be a correlation between the residual stresses and substrate calcination 

temperature, as well as co-sintering temperature. Co-sintering at higher temperatures appears to result 

in higher compressive stresses. At the same time, the residual stress also appears to increase with 

increased substrate calcination temperature. The observed trend of lower residual compressive stresses 

in the YSZ layer for cells co-sintered at lower temperatures can be attributed to the reduced overall 

shrinkage occurring during sintering. Lower co-sintering temperatures are synonymous to slower 

densification kinetics and less shrinkage of both the electrolyte layers and the support, thereby 

diminishing the dimensional mismatch caused by differential shrinkage between layers. Since shrinkage 

mismatches were already identified as one potential cause for residual stress buildup, the reduced 

differential strain at lower temperatures leading to smaller residual compressive stresses in the YSZ 

layer further supports this hypothesis. 

This shrinkage mismatch between electrolyte and support can be partially alleviated by lowering the 

substrate calcination temperature prior to co-sintering. Substrates calcined at lower temperatures remain 

more porous and retain greater shrinkage potential during co-sintering. This allows the support to 

densify more concurrently with the electrolyte layers, promoting more synchronized shrinkage behavior 

and reducing mechanical constraint. As a result, the differential shrinkage is reduced. In contrast, 

supports calcined at higher temperatures are already more densified and shrink less during co-sintering, 

acting as a more rigid constraint and intensifying the mismatch between support and electrolyte. This 

constraint subsequently promotes greater residual compressive stress in the YSZ. Therefore, both higher 

substrate calcination temperature and higher co-sintering temperatures lead to increased overall 

differential strain and consequently higher residual compressive stresses in the YSZ layer. 

Interestingly, one cell co-sintered at 1400 °C with a substrate calcination temperature of 1200 °C 

deviates from this trend. As this combination of processing conditions is very close to the standard 

manufacturing procedure used in the first set of experiments, it is possible to compare this data point 

with the results from the measurement of the bi-layer electrolyte. Contrary to the previously stated 

expectation that a sandwiched architecture would lead to higher residual stresses, the stress state of the 

YSZ layers when comparing bi-layer and tri-layer architectures are virtually the same with 674.4 MPa ± 
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20.7 and 672.5 MPa ± 30.7 respectively. However, there are multiple factors to consider when trying to 

interpret the data. The tri-layer electrolyte samples were flattened prior to the stress measurement. This 

is typically done by heating the already sintered and bent cells up to a temperature of 50 K below the 

co-sintering temperature and subsequently applying a load of 1.5 – 2 kg per cell for 0.5 h (see Chapter 

5.2). This combination of an applied load at elevated temperatures most likely induces creep within the 

materials, potentially resulting in some stress relaxation. Especially the GDC layers are most likely to 

undergo stress relaxation through creep. In particular, the top GDC barrier layer appears to have relaxed 

almost entirely, as evidenced by its near zero residual stress after ironing as depicted in Figure 5.8 B. 

This suggests that surrounding GDC layers may absorb and redistribute part of the mechanical 

constraint, thereby preventing and reducing compressive stress buildup in the sandwiched YSZ layer. 

As YSZ itself has a much lower capability to creep, it retains more of its sintering-induced stress. 

However, the additional confinement in the tri-layer structure did not lead to higher compressive stress 

due to the stress-relieving effect of the more deformable GDC layers.  

 

  

In addition to the potential creep related stress relaxation of the GDC layers, another factor that may 

contribute to the apparent similarity in residual stress between the sandwiched YSZ and the YSZ in the 

bi-layer electrolyte is interdiffusion between GDC and YSZ during co-sintering. At high sintering 

temperatures, significant interdiffusion between adjacent GDC and YSZ layers was observed in the tri-

layer electrolyte. This was evidenced by asymmetries in the recorded X-ray diffraction reflexes. As 

showcased in Figure 5.9 A, YSZ reflexes consistently showed a broadening at the left peak flank, while 

GDC peaks exhibited a broadening at the right peak flank toward higher angles. Such peak asymmetries 

indicate intermixing of those two phases across the interface, which alters the local lattice parameters of 

Figure 5.8: Residual stress in the tri-layer electrolyte as a function of substrate calcination temperature for two co-sintering 
temperatures (1350 °C and 1400 °C), measured by Mirco Ziegner (IMD-1) using the omega stress method. A Residual stress 
in YSZ layer. B Residual stress in the top GDC layer. 
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these materials. For YSZ, this interdiffusion appears to shift the lattice parameter towards larger values, 

which opposes the lattice contraction typically caused by compressive stresses. As a result, the true 

compressive stress in the YSZ layer may be underestimated in these XRD stress measurements due to 

this superimposed chemical strain. Since data fitting assumes that the peak shifts solely originate from 

mechanical strain, the overlapping effects of interdiffusion complicate the accurate identification of peak 

positions and subsequent quantification of residual stress. Although it is not possible to precisely 

deconvolute the chemical and mechanical contributions to the observed peak positions, acknowledging 

this possible interference provides further context for the seemingly unchanged stress levels in the tri-

layer architecture and suggests that the true mechanical stress state in the YSZ may in fact be higher 

than measured. Additionally, this effect of interdiffusion is assumed to be more pronounced in the tri-

layer electrolyte, as YSZ is sandwiched between GDC on both sides, as opposed to being positioned 

next to only one layer of GDC, as is the case in the bi-layer architecture. 

 

 

The tilt-dependent diffraction patterns of the bottom GDC layer shown in Figure 5.9 B offer further 

evidence for interdiffusion between GDC and YSZ in the tri-layer electrolyte architecture. As the tilt 

angle increases, corresponding to a lower information depth and thus probing regions closer to the 

GDC/YSZ interface, both the asymmetry and the shift in peak positions of the GDC reflexes become 

more pronounced. This hints toward a composition gradient across the GDC layer, which is most likely 

attributed to interdiffusion happening during manufacturing. Such an interdiffusion gradient results in a 

variation of the lattice parameters, which complicates the interpretation of peak positions and renders 

accurate residual stress determination highly uncertain. Consequently, all stress values presented here 

Figure 5.9: Implications of interdiffusion between GDC and YSZ in tri-layer electrolyte samples. Diffraction patterns 
generated by Mirko Ziegner (IMD-1) using a parallel beam geometry. A Diffraction pattern showing asymmetric broadening 
of YSZ and GDC peaks. YSZ peaks show a broadening at the left peak flank, GDC peaks show a broadening at right peak 
flanks as indicated by the arrows. B Tilt-angle-dependent diffraction patterns of the bottom GDC electrolyte layer. With 
increasing tilt, peak asymmetry becomes more pronounced and peak positions shift significantly towards higher diffraction 
angles. 
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must be regarded with caution. The large error indicated in Figure 5.8 reflects this uncertainty and the 

limitations caused by the superimposed effects of mechanical strain and compositional changes. 

Therefore, the precise magnitude and distribution of the electrolyte stress state remains largely 

unresolved due to the influence of interdiffusion. 

Nevertheless, Table 5.4 aims to summarize all the discussed potential mechanisms at play and their 

hypothesized effect on the residual stress state in YSZ and GDC electrolyte layers.  

 
Table 5.4: Summary of the mechanisms potentially influencing the residual stress development in YSZ and GDC layers within 
the bi- or tri-layer electrolyte. 

Mechanism Effect on residual stress in YSZ Effect on residual stress in GDC 

Thermal expansion mismatch 

GDC > YSZ 

• Compressive stress in YSZ due 

to constrained cooling 

• Lower in plane compressive 

stress (if tensile stress in 

support) 

Electrolyte densifying earlier 

than support during sintering 

• Increased compressive stress from support shrinkage in later 

stages of sintering 

Lower calcination 

temperature of support / 

higher shrinkage potential 

during co-sintering 

• Lower compressive stress due to more synchronized shrinkage 

between support and electrolyte 

Higher co-sintering 

temperature 

• Increased constraint and compressive stress due to higher 

shrinkage mismatch between individual electrolyte layers and the 

support 

Tri-layer electrolyte 

architecture 

• Expected higher compressive 

stress due to increased 

constraint 

• Potential lower stress in top 

GDC layer due to stress 

redistribution but increased 

stress in bottom GDC layer 

due to increased constraint 

Ironing post sintering at 

elevated temperatures  

• Some stress relief through 

stress distribution facilitated by 

creep of GDC layers 

• Significant stress relaxation, 

especially in top GDC layer 

due to creep 

Interdiffusion between GDC 

and YSZ 

• Measured peak shifts towards 

lower angles partially masking 

compressive stress 

(underestimation) 

• Measured peak shifts 

towards higher angles 

partially amplifying 

compressive stress 

(overestimation) 
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5.5 Half-cell and full cell microstructures 

The microstructure of the tri-layer electrolyte in the investigated fuel electrode-supported SOCs is a 

decisive factor for cell performance, as it directly influences ionic conductivity, gas tightness and 

interfacial resistances. Therefore, this chapter investigates factors such as substrate calcination 

temperature and co-sintering conditions on the microstructure of the electrolyte, with particular focus 

on porosity formation within the YSZ and GDC electrolyte layers, as well as the YSZ/GDC interface 

using 3D-reconstruction techniques. Furthermore, the cell structures of the different cell types 

introduced in Chapter 5.2 are discussed. Additionally, the formation of interdiffusion zones at the 

GDC/YSZ interface during these different cell manufacturing processes is discussed as well as their 

implications for densification and interface integrity.  

 

SEM cross-sections of oxidized Type A half-cells are presented in Figure 5.10 and were analyzed to 

evaluate the tri-layer electrolyte microstructure and interface quality when produced using different 

substrate calcination temperature and co-sintering temperature combinations. Across all investigated 

samples, a dense and well-adhered interface between the NiO-GDC fuel electrode and the bottom GDC 

electrolyte layer is observed. No pore fringes or delamination are visible at this electrochemically highly 

active area.  

However, a notable observation is that for samples co-sintered at lower temperatures (1350 °C – 10 h 

and 1375 °C – 7.5 h) in combination with high substrate calcination temperatures (1150 °C and 

1200 °C), the YSZ barrier and GDC barrier layers are no longer present. These layers spalled off during 

cooling to room temperature, likely in the temperature range between 100 °C and 20 °C after removal 

from the furnace. This spallation is most likely attributed to insufficient densification of these layers 

under these sintering conditions, in combination with the potentially pronounced interface porosity 

between GDC and YSZ. This interfacial porosity likely critically lowers the effective fracture toughness 

of the interface, causing it to fail mechanically and not be able to withstand the stresses arising during 

cooling. For all other samples processed under the remaining sintering conditions, the tri-layer 

electrolyte structure remained intact after co-sintering. Variations in porosity within the electrolyte 

layers, particularly in the GDC layers are observed depending on the substrate calcination temperature 

and co-sintering temperature. However, due to mechanical damage during polishing of these cross-

sections, the porosity of the top GDC barrier layer could not be reliably quantified and is therefore not 

reported and discussed further. Porosity values for the YSZ barrier layer and bottom GDC layer are 

presented separately in Figure 5.11 A and B respectively. Here porosity is shown as a function of 

substrate calcination temperature for each co-sintering temperature. 
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The quantified porosity analysis reveals that the YSZ layer is consistently more dense than the bottom 

GDC layer across all processing conditions. Due to the electrolyte spallation observed for cells using 

substrates calcined at 1150 °C and 1200 °C and co-sintering temperatures below 1400 °C, no porosity 

values could be obtained for these combinations. In general, the bulk porosity of the YSZ layer remains 

low, ranging from < 1% to 3 % across all investigated sintering conditions. A clear trend is observed 

where higher co-sintering temperatures lead to lower bulk porosity within the YSZ layer. However, for 

cells using substrates calcined at 1050 °C, this trend is less pronounced due to the overall low porosity 

(< 1 %), making differences difficult to resolve in image analysis.  

Similar trends are observed for the bottom GDC electrolyte layer, though the porosity values here are 

generally higher, with average values ranging between 3 % and 11 %. The lowest porosities (~ 3 %) are 

achieved when co-sintering at 1400 °C while using substrates that were calcined at 1050 °C. These 

Figure 5.10: BSE-SEM images of Type A half-cell cross-sections. Cells were sintered on substrates calcined at varying 
temperatures (1050 °C, 1100 °C, 1150 °C and 1200 °C) using different co-sintering conditions (1350 °C – 10 h; 1375 °C – 
7.5 h and 1400 °C – 5 h). A dense and well-adhered interface is observed between the fuel electrode and the bottom GDC layer 
across all samples. 
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values are substantially lower than those achieved under standard processing conditions (substrate 

calcination at 1230 °C with co-sintering at 1400 °C), where the bottom GDC layer typically exhibits 

bulk porosities around 8 %. This demonstrates that reducing substrate calcination temperatures can 

support GDC densification even at reduced co-sintering temperatures, indicating a potential pathway for 

lowering co-sintering temperatures while maintaining dense electrolyte microstructures. These findings 

are in line with the observed shrinkage behavior that was previously reported in Chapter 5.3. 

 

 

While the bulk porosity of both YSZ and bottom GDC electrolyte layers appears reasonable under all 

investigated sintering conditions, the porosity at the GDC/YSZ interface within the tri-layer electrolyte 

is more concerning. Due to limitations in image analysis in these regions, a quantitative analysis of this 

interface porosity was not feasible for the various substrate calcination and co-sintering temperature 

combinations investigated, making the formulation of clear trends difficult. Nonetheless, pronounced 

porosity at the GDC/YSZ interface was observed across all cells. It could be cautiously argued that, for 

a given co-sintering temperature, this interface porosity appears less pronounced when lower substrate 

calcination temperatures are used. This observation suggests that if the substrate exhibits higher 

shrinkage potential during co-sintering (due to lower calcination temperatures and thus lower initial 

densification), it may constrain the electrolyte layers less during co-sintering. As a result, the differential 

sintering between the GDC and YSZ layers becomes less pronounced, potentially leading to reduced 

interface porosity. However, it is hypothesized that interdiffusion phenomena between GDC and YSZ 

are the main reason for this interface porosity formation. As from interdiffusion studies previously 

conducted by Alexander Schwiers at IMD-2 and corresponding literature for this material system, it is 

known that this pronounced porosity can result from such interdiffusion processes [120]. Specifically, 

Figure 5.11: Porosity in the tri-layer electrolyte layers as a function of substrate calcination temperature for all investigated 
co-sintering temperatures (1350 °C, 1375 °C and 1400 °C) analyzed from SEM cross-sections using the image analysis 
software Fiji (ImageJ). A Porosity in YSZ layer. B Porosity in bottom GDC layer. 
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since the diffusion of ceria into YSZ is slower than the counter-diffusion of zirconia into GDC, 

Kirkendall porosity can form at the interface during co-sintering. Given that solid-state diffusion is 

predominantly thermally activated, one would expect that lower co-sintering temperatures would limit 

interdiffusion-driven porosity formation at the interface. However, this trend is not clearly observable 

in the presented SEM images of Figure 5.10. A possible reason for this could be that although the 

variations in co-sintering temperatures employed in this study (maximum of 50 K) should produce a 

discernable difference in interdiffusion magnitude and therefore porosity, this effect is superimposed 

with the previously discussed influences of substrate calcination temperature and the associated 

substrate shrinkage and constraint behavior during co-sintering, making it difficult to discern the 

contributions of temperature dependent interdiffusion.  

Further insight into the evolution of interface porosity is gained by comparing 3D reconstructions 

(compiled by Luzie Wehner, IMD-1) of a Type A cell with a fully screen-printed and co-sintered tri-

layer electrolyte and a Type E cell that was tested at KIT (only bottom GDC layer is screen-printed, 

while YSZ and GDC barrier layers are subsequently sputtered). These reconstructions, presented in 

Figure 5.12 alongside pore structure reconstructions of the bottom screen-printed GDC layer, clearly 

show that the pronounced interface porosity is only present in Type A cells indicating that it develops 

during high-temperature co-sintering of fully screen-printed electrolytes rather than during cell 

operation. In Type E cells, no interface porosity is visible, reinforcing the hypothesis that the observed 

interface porosity in Type A cells is primarily Kirkendall porosity driven by interdiffusion. Interestingly, 

while the extensive and interconnecting interface porosity is present in Type A cells, the pores within 

the screen-printed layer itself would be isolated when not connected to the interface porosity. This 

implies that although Type A cells would not be gas-tight without the dense YSZ layer, it is the presence 

of this YSZ layer during co-sintering that contributes to the extensive pore formation within the GDC 

layer and at the interface due to interdiffusion. This is also evident when comparing pore tortuosity of 

this GDC layer between Type A (τ = 7) and Type E cell (τ = 17), alongside of bulk and interface porosity 

which are summarized in Table 5.5. Here, the evaluated porosity of the bottom GDC layer of the Type 

A cell well agrees with the porosity showcased in Figure 5.11 for the same sintering conditions.  

 

Table 5.5: Summary of pore characteristics in the bottom GDC layer of Type A and Type E half-cells. Presented are bulk 
porosity, interface porosity at the GDC/YSZ interface and pore tortuosity gathered from 3D reconstructions compiled by Luzie 
Wehner (IMD-1). 

Microstructural Parameter Type A Cell Type E Cell 

Porosity of GDC Electrolyte Layer 8 % 4 % 

Pore Tortuosity of GDC Electrolyte Layer 7 17 

Interface Porosity GDC/YSZ 10 % < 1 % 



Fabrication of solid oxide cells with a tri-layer electrolyte 

117 
 

Furthermore, the data in Table 5.5 shows that the interface porosity at the GDC/YSZ interface in the 

Type A cell is significantly higher (~ 10 %) compared to the Type E cell, where it remains below 1 %. 

This stark difference underscores that the interface porosity observed in co-sintered fully screen-printed 

electrolytes (Type A) is not an inevitable feature of the material system itself but rather the result of 

processing at high co-sintering temperatures. Given its magnitude and location, it is assumed that this 

interface porosity will contribute substantially to the overall cell resistance, acting as a bottleneck for 

ionic transport across the electrolyte layers. Consequently, this finding highlights the critical need to 

address interface porosity formation during co-sintering if further reductions in cell resistance and 

improvements in overall performance are to be achieved. 

 

 

It is further noticeable that in Type A cells, the interface porosity is more pronounced at the fuel-side 

GDC/YSZ interface than at the air-side GDC/YSZ interface. While the precise mechanism behind this 

asymmetry is not yet fully understood, it is plausible that differences in mechanical constraints during 

co-sintering play a role. The top GDC layer (air side) remains exposed to the atmosphere during 

sintering, allowing it to move and deform more freely, which could reduce pore formation at the 

Figure 5.12: 3D reconstructions of the tri-layer electrolyte microstructure in Type A cells (fully screen-printed and co-sintered) 
and a Type E cell (screen-printed bottom GDC layer with subsequently sputtered GDC and YSZ barrier layers. Reconstruction 
of the pore structure within the bottom GDC layer are shown underneath the respective half-cell reconstruction. Pronounced 
interface porosity is visible in Type A cells, while missing in Type E cells. 3D reconstruction and analysis provided by Luzie 
Wehner (IMD-1). 
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interface. In contrast, the bottom GDC/YSZ interface on the fuel side is tightly constrained between the 

densifying substrate and the other electrolyte layers, potentially leading to higher local stresses and a 

stronger driving force for interface porosity formation during interdiffusion. These observations hint 

towards interface porosity not only being a function of interdiffusion and co-sintering temperature but 

also of the mechanical boundary conditions during processing. 

This pronounced interface porosity on the fuel side is also clearly visible in Type A.1 and Type B cells, 

which feature very thick YSZ layers (~ 22 µm), as showcased in Figure 5.13. A thicker YSZ layer may 

lead to higher internal stresses during co-sintering, promoting the formation of pores at the GDC/YSZ 

interface due to constrained sintering and interdiffusion effects. Interestingly, this interface porosity is 

less evident in Type D cells, where only the bottom GDC and YSZ layers are co-sintered, analogous to 

Type B cells. This may be attributed to the GDC layer in the Type D cell being generally more porous, 

making localized interface porosity less distinguishable, or it may result from the thinner YSZ layer, 

which, being exposed to the atmosphere during sintering, can deform more freely and thus reduce stress 

concentrations at the fuel-side interface, mitigating pore formation. In these cells, the top GDC layer is 

sputtered, with no interface porosity visible. The same absence of interface porosity is observed in both 

Type E cell cross-sections, which utilize only sputtered barrier layers. 

 

 

Figure 5.13: BSE-SEM cross-section images of the various cell types manufactured and investigated in this work, illustrating 
the presence or absence of GDC/YSZ interface porosity depending on the electrolyte architecture and processing routes. Layers 
deposited by screen-printing (SP) and sputtering (PVD) are indicated for clarity. 
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To gain a deeper understanding of the extent of interdiffusion at the GDC/YSZ interfaces, quantitative 

analyses were attempted using EDS line scans at low acceleration voltages (6 kV) on various Type A 

cells and a Type A.1 cell. The focus was on determining both the interdiffusion zone length and the 

residual cerium content within the YSZ layer after co-sintering. It became evident that only in Type A.1 

cells, featuring a significantly thicker YSZ layer (~ 22 µm), the true interdiffusion zone length could be 

reliably measured. Here, a zone of approximately 5 µm at each interface was identified, within which a 

clear cerium concentration gradient was observed, decreasing to ~ 0.5 at% in the remaining bulk of the 

YSZ layer, effectively indicating negligible cerium incorporation beyond this interfacial region. In 

contrast, for Type A cells with thinner YSZ layers (4 – 10 µm), interdiffusion zones originating from 

both the fuel and air side interfaces overlapped within the YSZ layer. This led to substantially higher 

residual cerium contents throughout the YSZ, with values measured at ~ 5 at% for GDC Type A cells 

with thin YSZ layers, ~ 3 at% for GDC Type A cells with slightly thicker YSZ layers and ~ 7 at% for 

GCDC Type A cells with thin YSZ layers. EDS line scan profiles illustrating the element gradients are 

provided in the Appendix. Table 5.6 summarizes the residual cerium contents and interdiffusion zone 

lengths for each cell type investigated. Here, ‘interdiffusion zone length’ is defined as the distance from 

the interface to the point of the lowest measured cerium concentration within the YSZ layer, which is 

shortest in the GCDC Type A cell and is characterized by shallower cerium gradients compared to cells 

using regular GDC. This suggests that additional co-doping of GDC with Co2O3 (GCDC) further 

enhances cation mobility, thereby accelerating interdiffusion during co-sintering. Interestingly, no clear 

differences between air side or fuel side interfaces were observable. 

 

Table 5.6: Residual cerium content within the YSZ electrolyte layer and estimated interdiffusion zone lengths for Type A and 
Type A.1 cells after co-sintering. Residual cerium content is measured as the average at% of cerium in the YSZ layer, while 
the interdiffusion zone length is defined as the distance from the GDC/YSZ interface to the point of minimum cerium 
concentration within the YSZ. Data were obtained from EDS line scans at 6 kV conducted by Luzie Wehner (IMD-1). 

Cell Type Interdiffusion Zone Length 

[µm] 

Residual Cerium Content within YSZ Layer 

[at%] 

Type A (GDC) 

YSZ ~ 4 µm 
2.6 5 

Type A (GDC) 

YSZ ~ 10 µm 
2.4 3 

Type A (GCDC) 

YSZ ~ 4 µm 
1.9 7 

Type A.1 

YSZ ~ 22 µm 
5.0 < 1 
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5.6 Conclusion 

In this thesis, the sintering behavior and microstructural evolution of different types of fuel electrode-

supported solid oxide cells was investigated, with particular focus on the formation of fully screen-

printed and co-sintered tri-layer electrolytes. 

Here, the sintering behavior of such half-cells was found to be heavily dependent on the interplay 

between the individual sintering behaviors of the electrolyte layers and the preconditioning of the 

substrate. The substrate calcination temperature was proven to critically affect the entire half-cell’s 

shrinkage behavior during co-sintering, which in turn influences the densification of the electrolyte 

layers and the evolution of residual stresses within the cell. While sufficient substrate shrinkage can 

support electrolyte densification during co-sintering at lower temperatures, substrates calcined at already 

relatively high temperatures constrain and impede electrolyte densification leading to increased residual 

electrolyte porosity.  

Additionally, residual bending of the half-cells after co-sintering was observed to correlate with 

mismatches in shrinkage and densification kinetics between the substrate and the electrolyte layers, 

underscoring the importance of sintering behavior alignment to minimize mechanical stresses during 

processing. These stresses, together with stresses due to thermal gradients during cooling and thermal 

expansion mismatches, influence the mechanical stability of the tri-layer electrolyte, critically impacting 

interface integrity. 

Furthermore, the microstructure of the tri-layer electrolyte, particularly the porosity within the GDC and 

YSZ layers and at their interfaces, was shown to be highly sensitive to processing conditions. 

Pronounced interface porosity, primarily attributed to interdiffusion-driven Kirkendall porosity, was 

identified as a critical feature formed during high-temperature co-sintering, with its extent strongly 

dependent on the manufacturing route, as electrolytes processed via PVD techniques exhibited no 

interface porosity. Additionally, the length of these interdiffusion zones and the residual ceria content 

within the YSZ barrier layer were found to be highly dependent on YSZ layer thicknesses, additional 

doping of GDC and the applied sintering conditions. 

Overall, these investigations emphasize the complex interdependence between substrate pre-treatment, 

shrinkage behavior, electrolyte layer densification and the evolution of residual stresses and porosity in 

the final microstructure of tri-layer electrolyte fuel electrode-supported SOCs. Therefore, it is proposed 

that for successfully producing fully screen-printed and co-sintered tri-layer electrolyte half-cells with 

thin electrolyte layers, it is likely that a new substrate needs to be developed. The current Type III 

substrate requires too high co-sintering temperatures for densification, as at lower temperatures it 

heavily impedes electrolyte densification. However, these high temperatures promote interdiffusion and 

extensive interface porosity within the electrolyte, potentially decreasing the functionality and 

performance of the cell. Although applying thicker YSZ layers can mitigate critical interdiffusion, this 

approach compromises the benefits of thin electrolytes as the key advantage of FESCs. To fully unlock 



Fabrication of solid oxide cells with a tri-layer electrolyte 

121 
 

the potential of these screen-printed tri-layer electrolyte cells, the development of a substrate that allows 

sufficient electrolyte densification at significantly lower co-sintering temperatures will be essential, 

enabling the use of thin, high-performance electrolyte layers while maintaining interface integrity and 

mechanical stability. One possible solution to this could be the utilization of sequential tape casting, 

which enables co-sintering of the entire half-cell without the need for prior substrate pre-sintering. 
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6 Electrochemical characterization and performance of full cells 

6.1 Motivation 

Throughout the development of the cells presented in this thesis, achieving sufficiently high open-circuit 

voltages (OCV) has been a persistent challenge. Low OCV values were identified early on as a 

prominent issue affecting overall reliability of the cells. Consequently, OCV has been the 

electrochemical parameter investigated most extensively within this work. The focus on OCV 

measurements was driven not only by its importance as an indicator for structural integrity but also by 

the need to identify the underlying causes of the observed low OCV values. In particular, it was unclear 

whether these limitations originated from microstructural factors, interdiffusion between GDC and YSZ, 

cracking of the electrolyte during the reduction of the cell prior to measurements or a combination of all 

of these factors. Additionally, potential sealing issues within the test benches could not be excluded as 

contributing factors. OCV investigations were therefore essential to disentangle these possible causes 

and to guide targeted improvements in cell design and especially processing. 

In addition to OCV measurements, complementary electrochemical characterizations, including current-

voltage (I-V) curves and preliminary degradation studies were conducted to provide a broader 

understanding of the electrochemical behavior and stability of the fabricated cells under operation 

conditions. 

 

6.2 Open circuit voltage (OCV) 

Figure 6.1 shows the OCV values measured at 800 °C under dry hydrogen conditions for the various 

cell types discussed in Chapter 5. The values are also presented in Table 6.1. 

Although Type A cells exhibit significantly lower OCV values compared to the other cell types, 

averaging between 0.4 V and 0.7 V, cross-section SEM images confirmed that all electrolyte layers, 

including those of Type A cells appear dense and gas tight. Especially the screen-printed YSZ layers 

show almost no residual porosity and therefore act as a sufficient gas separation layer. This observation 

indicates that the low OCV in Type A cells is not due to gas leakage caused by extensive electrolyte 

porosity or open pathways. Given the dense microstructure, cation interdiffusion during high-

temperature co-sintering emerges as the more likely cause of the low OCV. In Type A cells, the thin 

YSZ electron-blocking layer (~ 3 µm) seems to be completely penetrated by cerium and gadolinium 

from the adjacent GDC layers during co-sintering at 1400 °C, leading to partial electronic conduction 

across the entire YSZ layer. Separate SEM-EDS and TEM-EDS analyses confirmed extensive diffusion, 

with minimum cerium concentrations measured at ~ 9 at% (TEM) and 5 at% (SEM) within the YSZ 

layer, indicating the partial electronic conductivity potential through the entire YSZ layer (see Chapter 

5.5). This electronic leakage effectively short-circuits the electrolyte, reducing the achievable OCV far 
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below the theoretical Nernst Voltage of 1.2 V for these conditions. In Type A.1 cells, which utilize a 

significantly thicker screen-printed YSZ layer (~ 20 µm), OCV values increase to approximately 1.09 V, 

approaching the theoretical value under these test conditions. Previous interdiffusion investigations 

presented in Chapter 5.5 showed that the interdiffusion length of cerium into YSZ is ~ 5 µm from each 

interface under the applied co-sintering conditions. Consequently, in Type A.1 cells, a central 

electronically insulating region within the YSZ layer is preserved, restoring the electron-blocking 

function of the electrolyte and enabling higher OCV values. 

 

 

A similar high OCV is observed in Type B (1.06 V) and Type D (1.04 V) cells. Type B cells also employ 

a thick (~ 20 µm) YSZ layer, while Type D cells utilize a thinner YSZ layer (~ 5 – 7 µm). Both cell 

types feature asymmetrical electrolyte structures (GDC-YSZ) during high-temperature co-sintering, 

limiting the potential cation interdiffusion observed in Type A cells. In Type B cells, the thick YSZ 

layer fully prevents cerium diffusion from crossing the electrolyte, similar to Type A.1 cells, preserving 

electronic insulation. In Type D cells, although the YSZ layer is thinner, the asymmetry during co-

sintering and reduced cerium incorporation (~ 2 at% or even lower) appear insufficient to induce 

electronic leakage, allowing for the high OCV values. 

Additionally, a slight trend of Type B cells exhibiting marginally higher OCV than Type D cells was 

observed. It is hypothesized that the post-sintering application of an additional ~ 5 µm screen-printed 

GDC layer sintered at 1300 °C in Type B may help some potential surface defects or microcracks arising 

Figure 6.1: Open circuit voltage (OCV) values measured at 800 °C under dry H2 for the different cell types manufactured and 
investigated in this work. OCV measurements for Type A to Type D cells were conducted at the single cell test bench at IMD-2 
and Type E cell OCV measurements were conducted by IAM-ET at KIT by Dr Iurii Kogut. Type A to Type B cells are fully 
screen-printed while Type D contains one sputtered GDC barrier layer and Type E contains sputtered GDC and YSZ barrier 
layers. 
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from warping during the asymmetric co-sintering. The thinner 500 nm PVD GDC layer in Type D cells 

on the other hand may be insufficient to fully cover such defects. Generally, cells with thicker electrolyte 

structure typically exhibit higher OCVs as the probability of defects pores fully penetrating the entirety 

of the electrolyte decreases with increasing layer thickness. However, the observed difference in OCV 

is small and remains within the typical variability of SOCs.  

Although Type E cells exhibit slightly lower OCV values (~ 1.02 V – 1.04 V) than the fully screen-

printed Type A.1 and Type B cells (~ 1.06 V and 1.09 V), these values remain sufficiently high for 

further electrochemical characterization and reliable operation. Within the Type E series, the transition 

from “old” to “new” cells and the use of Co-doped GDC (GCDC) electrolyte layers led to improvements 

in consistency across multiple tested twin cells. While the difference in average OCV values between 

old and new variants is not substantial, the scatter and variability between cells were notably reduced in 

the new, optimized variants. These improvements in consistency indicate that the reduction of local 

defects such as screen imprints or silicon contamination leading to holes during electrolyte optimization 

positively impacts overall gas tightness and structural reproducibility and reliability. However, the initial 

hypothesis during this thesis, that these defects would significantly reduce OCV values and were 

responsible for the low OCV of Type A cells, could not be confirmed in the measured data, suggesting 

that such defects were either too few or too small. 

Nonetheless, while not directly reflected in OCV values, these defects had a potential practical impact 

on cell handling. A higher number of new and optimized Type E cells passed ethanol leakage tests, 

survived the mounting in the test bench and the reduction protocol without cracking compared to older 

Type E variants. Thus, the improvements made in the new Type E cells primarily enhanced the 

robustness and testing yield of the cells, indirectly contributing to reliable OCV measurement and stable 

operation, even if the direct OCV improvements were minor. 

However, it should be noted that the measured OCV values may be underestimated for all cell types 

except Type A due to sealing challenges during testing. The fully screen-printed cells often exhibited 

slight residual bending after sintering and mechanical flattening, leading to imperfect contact with the 

gold gasket and potential minor gas leakage during measurement. This is most likely the reason for Type 

A.1 and Type B cells not achieving the optimal OCV of 1.2 V. Similarly, for cells with PVD deposited 

electrolyte layers (Type D and E), insufficient adhesion between the gold gasket and the dense GDC 

PVD surface occasionally limited sealing quality, which may have contributed to small gas leakage 

currents and slightly reduced measured OCV values in these cell types. Complementary photographs of 

these sealing issues are presented in the Appendix. 

In summary, OCV measurements across the investigated cell types demonstrated that while all 

electrolytes were sufficiently dense, YSZ layer thickness and control of cation interdiffusion during co-

sintering were decisive for achieving high OCV values. Type E cells, despite showing slightly lower 

OCV than fully screen-printed cells, maintained sufficiently high OCV for testing, with electrolyte 

optimization reducing variability and increasing reproducibility and robustness of the cells during 
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mounting and reduction, ensuring reliable performance without significant changes in the average OCV 

itself. 

 
Table 6.1: Average open circuit voltage (OCV) values for the different cell types manufactured and investigated in this work, 
including standard deviations where multiple cells were measured. Cells were measured at 800 °C under dry H2. OCV 
measurements for Type A to Type D cells were conducted at the single cell test bench at IMD-2 and Type E cell OCV 
measurements were conducted by IAM-ET at KIT by Dr Iurii Kogut. 

Cell Type OCV [V] Standard Deviation [V] 

A 0.600 0.263 

A.1 1.09 - 

B 1.06 - 

D 1.035 0.031 

E old 1.024 0.048 

E new 1.038 0.003 

E GCDC old 1.042 0.018 

E GCDC new 1.037 0.014 

 

 

6.3 I-V Characteristics 

Figure 6.2 shows the current-voltage (I-V) characteristics measured for the different cell types discussed 

in this work. The measurements were performed under ambient pressure conditions with dry hydrogen 

supplied at 60 NL/h on the fuel electrode and air supplied at 60 NL/h on the air electrode. Cells were 

heated to 800 °C and reduced under hydrogen prior to the I-V measurements. The observed downward 

slope in voltage at higher current densities for Type D cells can be most likely attributed to a 

measurement artifact related to the air supply of the test bench setup rather than actual cell performance. 

As a result, only the measured values at lower current densities were used for fitting and calculating the 

area-specific resistance (ASR) of these cells. Furthermore, for calculation, the active area was assumed 

to be 1 cm². However, as depicted in Chapter 3.2.11, the true active area is slightly larger than 1 cm² 

due to the additional reference air electrodes. In the setup used for these I-V measurements, the reference 

electrodes are not contacted separately and therefore only increase the active area without any distinction 

between air electrode and reference electrodes being possible. This means that the ASR values presented 

here are slightly underestimated. Since this is a systematic error for each measurement, the observable 

trends however, still hold true. 

Type A.1 cells exhibit very high ASR of 604 mΩ∙cm². Even if the entire electrolyte with a thickness of 

approximately 30 µm is considered to be entirely composed of YSZ, as the worse ionic conductor in 

this system, the ASR of 604 mΩ∙cm² is not accounted for. It is estimated that a 30 µm thick YSZ 

electrolyte would rather result in an ASR of 60 mΩ∙cm² under the investigated conditions. Therefore, it 
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can be assumed that likely even more critically seems to be the influence of the large GDC/YSZ interface 

porosity within the electrolyte which was analyzed to be roughly 12 % at the interface located at the fuel 

side. This porosity likely reduces the effective cross-sectional area for oxygen ion conduction within the 

electrolyte structure. Additionally, interdiffusion between YSZ and GDC at this interface during high-

temperature co-sintering at 1400 °C leads to the formation of mixed-phase, which typically exhibits 

lower ionic conductivity, further contributing to the high ASR in Type A.1 cells. Similar observations 

were made by the Technical University of Denmark, as reported in Chapter 2.2.1, where the high ASR 

of their cell design (0.6 Ω∙cm²), was also attributed to interface porosity and mixed-phase formation at 

the fuel electrode/electrolyte interface.  

 

 

Although Type B cells exhibit a very similar total electrolyte thickness and architecture compared to 

Type A.1 cells, the calculated ASR in Type B cells is significantly lower with approximately 

176 mΩ∙cm². In this cell type, the first two electrolyte layers (GDC and YSZ) are co-sintered at 1400 °C, 

resulting in a comparable interdiffusion zone on the fuel side as in Type A.1 cells. However, the upper 

GDC barrier layer on the air side is subsequently applied and sintered at only 1300 °C onto the already 

densified YSZ. Since YSZ is fully sintered at this stage, it is less prone to interdiffusion and the lower 

sintering temperature further limits cation mobility, resulting in a significantly shorter interdiffusion 

length and reduced interface porosity on the air side. As a result, a larger proportion of the tri- electrolyte 

Figure 6.2: Current-voltage (I-V) characteristics of SOCs with different electrolyte architectures (Type A.1, B, D, D #2, E) 
measured at 800 °C under dry hydrogen (60 NL/h) and air (60 NL/h) at ambient pressure. Values for area-specific resistance 
is provided and calculated from fits at low current densities of the I-V curves.  
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structure retains higher ionic conductivity in undisturbed GDC and YSZ regions, lowering the overall 

ASR. This suggests that asymmetric interdiffusion within the electrolyte architecture, driven by 

incremental sintering, is a major factor for reduced ASR in Type B cells, even with similar total 

electrolyte thickness. 

For Type D and E cells, the introduction of PVD layers leads to further ASR reduction. In Type D cells, 

the upper GDC barrier layer is sputtered, while in Type E cells, both YSZ and GDC barrier layers are 

applied via PVD. Using PVD for layer application prevents interdiffusion and the formation of interface 

porosity within the electrolyte structure. This results in an overall cleaner structure with less or no 

interdiffusion zones and therefore lower local resistance contributions as evident from the further 

decreased ASR values measured in these cells. Consequently, the lowest ASR of ~ 100 mΩ∙cm² is 

observed in Type E cells, where both barrier layers of the electrolyte were sputtered and no interface 

porosity or interdiffusion zone is formed. 

Furthermore, the comparison between Type D and Type B cells, despite their difference in total 

electrolyte thickness, supports the interpretation that interdiffusion zone length and interface porosity 

are the dominant factors, influencing ASR at this level, while the impact of total electrolyte thickness is 

secondary in this case. 

To enable direct performance comparison between the investigated cells, current densities at 0.7 V and 

800 °C under dry hydrogen and air were evaluated for each cell type. Current densities are summarized 

alongside ASR values in Table 6.2. 

For Type D cells, due to the aforementioned measurement artifact at higher current densities, current 

densities at 0.7 V were interpolated using linear fits from the low-current density region, resulting in 

2.15 Acm-² for Type D #1 cell and 1.83 Acm-² for Type D #2 cell at 0.7 V. For Type B cells, the voltage 

at 2 Acm-² was directly measured as 0.7 V, providing a reliable, measured current density at this voltage 

under test conditions. During the measurement of the Type E cell, voltages never dropped as low as 

0.7 V in the tested current density range. However, based on the low ASR and the slope of the I-V curve, 

it is reasonable to assume current densities exceeding 2 Acm−², likely approaching or exceeding 3 Acm−² 

at 0.7 V for this cell type. 

 
Table 6.2: Overview of measured area-specific resistance (ASR) and corresponding current densities at 0.7 V for each 
investigated cell type in SOFC operation at 800 °C under dry H2 and air. For Type D cells, values were interpolated using linear 
fits due to measurement artifacts at higher current densities. For Type E cells, values are estimated based on the I-V curve slope 
and low ASR. 

Cell Type ASR 

[mΩ∙cm²] 

Current Density (0.7 V; 800 °C, dry H2) 

[Acm−²] 

B 176 2.00 

D #1 151 2.15 

D #2 171 1.83 

E ~ 100 > 2 - 3 
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To further contextualize the findings, a comparison can be made with the state-of-the-art Jülich Type III 

YSZ-based SOCs. When testing under similar conditions at 820 °C and dry hydrogen, they achieve 

current densities of approximately 2 Acm−² at 0.7 V. A comparison of the cells investigated here with 

the reference Type III cells reveals that the GDC based cells achieve comparable or even higher current 

densities (Type B, Type D #1 and Type E cells), despite the apparent penalty caused by interdiffusion. 

This is primarily attributed to the utilization of Ni-GDC fuel electrodes in the present thesis, as opposed 

to the conventional Ni-YSZ fuel electrodes used in Type III cells. The Ni-GDC fuel electrode offers 

superior electrode kinetics and improved interface compatibility with the GDC-containing electrolyte 

architectures, effectively reducing fuel-side polarization and enabling higher current densities at a given 

voltage. Interestingly, when a Ni-GDC fuel electrode is incorporated into the Type III cell architecture 

without utilizing the tri-layer electrolyte design, the interdiffusion penalty appears much more 

pronounced. As investigated by Lenser et al. in 2017, such Ni-GDC cells only exhibited current densities 

of ~ 1.05 Acm−² at 0.7 V, which is again attributed to interdiffusion of GDC and YSZ, here at the fuel 

electrode/electrolyte interface [193]. This suggests that the penalty caused by interdiffusion is higher if 

the interdiffusion zone is located at the fuel electrode/electrolyte interface than if it is located within the 

electrolyte, as is the case for the tri-layer electrolyte architecture. 

 

Encouragingly, this high-performance operation was not achieved at the expense of stability. A 

preliminary degradation study conducted at KIT on a Type E cell demonstrated excellent stability with 

negligible performance degradation over 1000 hours of operation. Figure 6.3 A presents the I-V curves 

for this Type E cell tested under 50 % H2O/50 % H2 mixture at temperatures between 800 °C and 600 °C. 

Current density sweeps were conducted between -2 Acm−² and 2 Acm−². Here, for the measurement 

performed at 800 °C the initial total polarization resistance of 70.5 mΩ∙cm² gathered from 

complementary distribution of relaxation times (DRT) analysis is indicated and compared to a second 

I-V curve measured at the same temperature after 540 h of total operation with an analyzed total 

polarization resistance of 75.7 mΩ∙cm², indicating excellent stability under continuous high-current 

operation. A more detailed presentation of resistance evolution over time at 800 °C is provide in Figure 

6.3 B from 560 h up to 1080 h of operation at -1.5 Acm−². Here, total resistance Rtot in green, polarization 

resistance Rpol of the Ni-GDC electrode in red and ohmic resistance ROhm in blue are presented. While 

ohmic resistance remained stable around 5 mΩ∙cm², polarization resistance also remained stable or even 

slightly decreased from 67.7 mΩ∙cm² to about 67.5 mΩ∙cm². 

Furthermore, this Type E cell demonstrated a current density of 2 Acm−² at 0.77 V, confirming its high 

power density capability even in humidified fuel gas. Under SOEC conditions at -2 Acm−² the cell 

operated at a voltage of 1.06 V, indicating low overpotentials and efficient electrolysis performance in 

direct comparison to the relatively low OCV of 0.92 V at these conditions. 
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These results demonstrate that the high performance of Type E cells is durable and not only observable 

in fresh cells. The low degradation rates under elevated steam concentrations and high current densities 

highlight the advantages of using Ni-GDC fuel electrodes, which enable higher performance when 

compared to the state-of-the-art Type III Ni-YSZ based Jülich cell under similar conditions, while 

maintaining stability during extended operation. 

  

 

6.4 Conclusion 

In this study, fuel electrode-supported solid oxide cells with systematically varied electrolyte 

architectures were evaluated to assess their electrochemical performance and stability. OCV 

measurements confirmed sufficient gas-tightness of the cell structure with only minor gas leakages 

stemming from the test bench. Additionally, employing thicker YSZ electron blocking layers in the fully 

screen-printed electrolyte architecture could successfully prevent detrimental electronic leakage caused 

by GDC/YSZ interdiffusion during manufacturing. 

I-V characterization at 800 °C demonstrated that replacing conventional Ni-YSZ fuel electrodes with 

Ni-GDC electrodes in this fully screen-printed tri-layer configuration enables comparable current 

densities at 0.7 V (up to ~2 Acm−²) in reference to Jülich Type III cells (~ 2 Acm−²). When employing 

PVD techniques to manufacture the tri-layer electrolyte with clean interfaces, current densities are even 

higher (close to 3 Acm−² at 0.7 V), highlighting the effectiveness of the GDC-based approach. Although 

Type E cells with PVD-deposited barrier layers exhibited the lowest ASR and best overall 

electrochemical performance, it is notable that fully screen-printed architectures can closely compete. 

Figure 6.3: A I-V curves measured at current densities between – 2 Acm−² and 2 Acm−² at various temperatures in fuel side 
gas mixtures of 50 % H2O/50 % H2 and air. B Time evolution of ohmic deconvoluted cell resistance extracted from periodically 
performed DRT analysis between 560 h and 1080 h of operation at 800 °C under SOEC conditions at -1.5 Acm−². Both ohmic 
resistance and Ni-GDC polarization resistance remained stable over the investigated time period. 
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The observed differences in ASR were primarily linked to the presence or elimination of interfacial 

porosity and interdiffusion layers within the electrolyte architecture rather than total electrolyte 

thickness alone, with PVD-applied barrier layers successfully minimizing these detrimental effects. 

Mid-term testing of a Type E cell demonstrated excellent stability under SOEC operating conditions, 

with negligible degradation over 1000 h, indicating robust microstructural and electrochemical 

resilience. 

 

In summary, these findings demonstrate that targeted electrolyte architecture tailoring, in addition to the 

use of Ni-GDC electrodes and advanced barrier layer processing, can significantly enhance SOEC 

stability while maintaining high performance. Future studies should evaluate the degradation behavior 

of fully screen-printed cells, which show promising initial performance, to assess their long-term 

viability for practical SOC applications. Additionally, testing under more realistic fuel compositions, 

including steam variations and reversible operation will further advance these cells towards application 

readiness. Finally, a data-driven optimization of the Ni-GDC fuel electrode may yield further 

improvements. 
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7 Summary and outlook 

This dissertation investigated the manufacturing, microstructural evolution and electrochemical 

performance of fuel electrode-supported solid oxide cells (SOCs), with a focus on developing fully 

screen-printed and co-sintered tri-layer electrolyte architectures. The work addressed critical challenges 

in paste formulation, sintering compatibility and cell design to support the advancement of cost-

effective, high-performance SOC technologies. 

 

A systematic study of the sintering behavior of Gd-doped ceria and yttria-stabilized zirconia powders 

provided foundational insights into the densification kinetics of these materials. GDC powders exhibited 

earlier sintering onset and higher shrinkage than YSZ, although pre-calcination and co-doping strategies 

effectively modified their sintering behavior. These findings were essential in aligning the sintering 

properties of electrolyte layers for co-processing with fuel electrode supports. Translating pellet-based 

sintering insights into screen-printed films revealed additional complexities due to lower green densities 

and mechanical constraints imposed by the pre-sintered or calcined NiO-8YSZ substrates. Notably, 

early sintering behavior proved crucial for successful densification of screen-printed layers. 

Furthermore, strong correlations were observed between paste rheology, particularly damping factor, 

yield point, and particle distribution asymmetry and print quality. These relationships emphasize the 

importance of powder engineering and rheological tuning in achieving high-quality, defect-free 

electrolyte layers. 

 

Building on this foundation, the manufacturing and co-sintering of tri-layer electrolytes on fuel electrode 

supports was explored. The shrinkage behavior of the substrate was shown to critically influence 

electrolyte densification and the development of residual stresses during co-sintering. Substrates pre-

calcined at high temperatures impeded densification of the electrolyte, leading to higher residual 

porosity and warping of the half-cells, which is detrimental to structural integrity. Moreover, 

microstructural examination of the electrolyte revealed that porosity formation at the GDC/YSZ 

interfaces, driven by interdiffusion and Kirkendall porosity, is highly dependent on the sintering 

temperature and manufacturing route. This interface porosity was absent in barrier layers deposited by 

PVD, reinforcing the influence of processing on the microstructural outcome.  

 

The final part of the thesis evaluated the electrochemical performance of SOCs with systematically 

varied electrolyte architectures. SOE cells with Ni-GDC fuel electrodes demonstrated significantly 

higher current stability than conventional Ni-YSZ-based cells, validating the advantage of GDC for 

enhanced performance. While cells with PVD-applied barrier layers achieved the best area-specific 

resistance and electrochemical stability, fully screen-printed cells exhibited competitive performance 

and comparable initial current densities as the state-of-the-art Jülich Type III reference, confirming the 
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potential of cost-effective screen-printed architectures. The performance differences were primarily 

attributed to the presence or mitigation of interfacial porosity and interdiffusion zones rather than total 

electrolyte thickness. Importantly, mid-term stability testing confirmed the robustness of carefully 

designed tri-layer cells under solid oxide electrolysis conditions. 

 

Taken together, this work demonstrates that the successful realization of fully screen-printed fuel 

electrode-supported SOCs with tri-layer electrolytes hinges on a delicate balance between powder 

properties, paste formulation, sintering compatibility and architectural design. While high co-sintering 

temperatures facilitate electrolyte densification, they also promote undesirable interdiffusion and 

porosity, that was shown to significantly compromise performance. Thus, the development of a novel 

substrate that allows for sufficient densification at lower sintering temperatures emerges as a key future 

requirement. Such a substrate would enable the benefits of thin electrolytes to be fully utilized while 

maintaining microstructural integrity and minimizing residual stress. 

 

Additionally, future studies should focus on the long-term durability of fully screen-printed architectures 

under realistic operating conditions, including reversible operation and varying steam concentrations, 

preferably in a stack-test environment. Further exploration of temperature-dependent paste rheology, 

advanced powder preparation methods, and new co-sintering strategies would also be beneficial for the 

development of next-generation SOCs that are not only efficient and stable but also economically viable 

for hydrogen production and energy conversion technologies. 
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Appendix 

Figure A- 1: Visualized ranges of distribution descriptors such as bimodality coefficient, skewness and excess kurtosis. 

Figure A- 2: Visualized ranges of rheological properties such as damping factor, phase lag and flow transition index. 
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Table A- 1: ICP-OES analysis of all investigated dispersants. Two parallel extractions of approx. 200 μl mg per sample were 
weighed, placed in closed vessels in a microwave system (Mars5: org unpolar3) with 2 ml HNO3 / 1 ml H2O2. Each extraction 
solution was transferred, mixed with 0.5 ml HF, and brought to a total volume of 50 mL. The extraction solutions were analyzed 
undiluted, and 3 parallel dilutions of each extraction solution (100-fold) were prepared and analyzed. Analyses conducted by 
former ZEA-3. 

Dispersant P [%] Si [%] 

BYK 104 < 0.0008 < 0.0008 

Hypermer KD2 < 0.0008 < 0.0008 

Hypermer KD73 < 0.0006 0.00072 

Hypermer KD77 < 0.0006 0.00074 

BYK 101N < 0.0009 0.0019 

BYK 102 3.2 < 0.0008 

BYK AntiTerra U < 0.0008 0.0026 

Nuosperse FX9086 0.84 < 0.0008 

 

 

Figure A- 3: Dilatometry measurement results for a YSZ1230 and a 10GDC sample with the respective temperature profiles. 

Figure A- 4: Dilatometry measurement results for a NiO-GDc and a GDC1130  sample with the respective temperature profiles. 
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Figure A- 5: Dilatometry measurement result  for a GCDC1230 sample. 

 Figure A- 7: Dilatometry measurement results for a GDC1230 and a GDC1340 sample with the respective temperature profiles. 

 Figure A- 6: Dilatometry measurement results for a GNDC1130 and a GNDC1230 sample with the respective temperature 
profiles. 
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Figure A- 8: EDS line scan profiles on polished cross-sections, illustrating the element gradient at the GDC/YSZ electrolyte 
interface for different Type A cells. Analysis was conducted by Luzie Wehner (IMD-1). 
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Figure A- 9: Photographs of a Type A.1 and a Type B cell post electrochemical characterization testing.  
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