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Abstract 

 

Solid oxide fuel cells (SOFCs) have a high application potential due to the evolved demands in a 

global energy network. Characterization of thermo-mechanical aspects, in particular elastic, 

fracture and creep behavior of sealants and anode substrates, is essential to warrant reliable 

production and operation of planar SOFCs. In this respect, several mechanical parameters have 

been determined and analyzed to get insight into the mechanical behavior and possible issues for 

joining, thermal cycling and long term reliability of SOFC stacks and systems.  

For anode substrates, facture toughness and creep behavior as major mechanical aspects were 

studied. In this respect, the room and elevated temperature fracture toughness of two typical 

anode substrate variants (NiO-3YSZ and NiO-8YSZ) were characterized in oxidized and reduced 

state, some selected tests were concluded for a re-oxidized state. Elevated temperature creep 

studies concentrated on Ni-8YSZ composites with different porosities, where different loading 

configurations have been compared to assess effects of compressive and tensile stresses. The 

interpretation and analysis of the data were based on analytical and finite element analysis. 

Leakage of sealants will lead to a malfunction of the entire system, hence the structural integrity 

of sealants is crucial for a reliable operation of SOFC stacks and systems. In particular, Ag 

particle and YSZ fiber reinforced sealants, based on a glass matrix material developed in Jülich, 

were studied in stack operation relevant as-sintered and annealed state. Sealants supplied by 

Ceramics and Glass Institute (CSIC, Madrid, Spain) were also characterized and compared. 

Work concentrated on characterization of fracture stress at elevated temperatures on specimens 

mainly in a head-to-head geometry and complementary torsion tests to investigate the shear 

strength. The results of mechanical analysis were supported by advanced microstructural 

characterization and fractography to gain insight into annealing and filler reinforcement effects. 



Kurzfassung 

Hochtemperaturbrennstoffzellen (SOFCs) haben großes Anwendungspotential aufgrund der sich 

weiterentwickelnden Ansprüche in einem globalen Energienetzwerk. Die Charakterisierung 

thermomechanischer Aspekte, insbesondere des elastischen-, Versagens- und Kriechverhaltens 

von Dichtungsmaterialien und Anodensubstraten, ist wesentlich zur Gewährleistung der 

Zuverlässigkeit von Produktion und Betrieb planarer SOFCs. In dieser Hinsicht wurden 

unterschiedliche mechanische Parameter ermittelt und analysiert, um Einsicht in das 

mechanische Verhalten und mögliche Probleme hinsichtlich Zuverlässigkeit bei Fügung, 

thermischem Zyklieren und Langzeitbetrieb zu gewinnen. 

Für Anodensubstrate wurden Bruchzähigkeit und Kriechverhalten als wichtigste mechanische 

Aspekte studiert. Dabei wurde Raum- und Hochtemperatur-Risszähigkeiten von zwei 

Anodensubstratvarianten (NiO-3YSZ und NiO-8YSZ) sowohl im oxidiertem als auch 

reduziertem Zustand charakterisiert. Zusätzliche erfolgten einige ausgewählte Tests um re-

oxidierten Zustand. Hochtemperatur Kriechstudien konzentrierten sich auf Ni-8YSZ Komposite 

unterschiedlicher Porosität, wobei verschiedene Belastungskonfigurationen verglichen wurden, 

um den Effekt von Druck- und Zugspannungen zu bestimmen. Die Interpretation und Analyse 

der Daten basierte auf analytischen und Finite-Elemente- Analysen. 

Leckage der Dichtungsmaterialien führt zur Fehlfunktion des gesamten Systems, daher ist die 

strukturelle Integrität der Dichtung kritisch für den zuverlässigen Betrieb von Brennstoffzellen-

Stapeln und Systemen. Es erfolgten daher Untersuchungen an Ag Teilchen- und YSZ Faser- 

verstärkten Dichtungsmaterialien, die auf einem in Jülich entwickelten Glass-Matrix Material 

basierten, im für SOFC Stapel relevantem Fügezustand und ausgelagertem Zustand. Zusätzlich 

erfolgten Charakterisierungen und Vergleiche mit Dichtungsmaterial welches vom Ceramics and 

Glass Institute (CSIC, Madrid, Spain) zur Verfügung gestellt wurden. Die Arbeiten 

konzentrierten sich dabei auf Bruchspanngen bei unterschiedlichen Temperauren für stirnseitig 

gefügte Proben und komplementäre Torsionstests zur Untersuchung der Scherfestigkeit. Die 

Resultate der mechanischen Analysen wurden durch vertiefte Mikrostrukturuntersuchungen und 

Fraktographie unterstützt um das Verständnis von Auslagerungs- und Verstärkungsmechanismen 

zu fördern. 
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1. Introduction 
Continuously increasing population and industrial growth has increased the consumption and 

demand of energy. The total world’s energy consumption showed a steep increment within the 

last 40 years [1]. Fossil fuels are expected to remain the main energy sources in the forthcoming 

decades. However, their combustion is widely recognized as critical, since it contributes strongly 

to global air pollution and global warming [2]. Clean, efficient and environmental-friendly 

energy source are therefore desired to be investigated by engineers and scientists.  

In response to the critical need for a cleaner and efficient energy technology, fuel cells are 

considered as one of the most effective solutions to energy and environment problems that we 

face today [3]. A fuel cell is an energy conversion device that converts the chemical energy of a 

fuel gas directly to electrical energy [4, 5]. In this respect solid oxide fuel cells (SOFCs) have 

recently emerged to be a promising technology due to their reliable performance and optional 

wide applications in full-scale industrial and large-scale electricity-generating stations. Small 

SOFC based systems might be even used in mobile applications [3]. A SOFCs system utilizes a 

solid ceramic as electrolyte and operates at rather high temperatures (600-1000°C). They make it 

possible to supply clean energy with high electrical efficiencies of 45-50% and, hence, obvious 

significant environmental benefits [6, 7].  

 

Figure 1-1: Operating principle of a SOFC [8]. 
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The operating principle is illustrated in Figure 1-1. Fuel flows on the anode side of the SOFC, 

and air on cathode side. The oxygen from the air is ionized, which allows it to permeate the 

electrolyte membrane. Although in principle a SOFC has a very simple structures, it is still a 

challenges with respect to structural design and mechanical stability. After long periods of SOFC 

layer development the main focus concentrates nowadays on planar and tubular designs (Figure 

1-2) [9].  Each of these designs has its specific benefits and drawbacks. Tubular design 

demonstrated good mechanical strength and sealing convenience, while the planar design offers 

a higher power density and lower manufacturing costs and therefore attracts increasing interests 

of industry [10-12].  

 

Figure 1-2:  a) Tubular design and b) planar SOFC design [9]. 

 

The planar-designed SOFCs can be distinguished into the electrolyte-supported and the 

electrode-supported concept. The former generally uses a rather thick electrolyte (100-200 µm) 

as mechanical supporting part of the cell. Due to the relatively high ohmic resistance of the thick 

electrolyte, the typical operating temperatures of this concept are 850-1000°C [9]. Since 

electrolyte resistance is the most significant obstacle to reducing the operation temperature, a 

thinner electrolyte is preferred. Then the function of mechanical stabilization is shifted to one of 

the electrodes. In this approach, the anode is mostly favored due to its good electrical 

conductivity, hence, the ohmic resistance does not depend on its thickness [13]. The main 

component of anode-supported SOFC is a multilayered cell consisting of thin electrolyte and 

electrode layers supported by a thick porous anode substrate. 
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Since the single cell can only generate a limited amount of electricity, metallic interconnectors 

are normally used to connect single cells into a series [14]. A nickel mesh is typically inserted as 

the anode current collector [15]. To prevent the gases from mixing and to provide electrical 

insulation as well as bonding, a gas-tight sealing is essential along the edges of cell layers and 

interconnect layers as well as between individual cells [16]. Figure 1-3 illustrates the anode-

supported planar SOFC design developed at Forschungzentrum Jülich (Jülich) [15]. Mechanical, 

chemical and thermal stability still are the main challenges and issues which affect SOFC 

development.  

 

Figure 1-3: Schematic drawing of a repeating unit of a planar SOFC with a rigid glass-ceramic 
sealant [15]. 
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2. Scope of the work 
The work concentrates on thermo-mechanical aspects, in particular characterization of elastic, 

fracture and creep behavior of sealants and anode substrates for application in planar SOFCs, 

which should provide mechanical stability under typical operation conditions. Several 

mechanical parameters have been determined and analyzed to get insight into the mechanical 

behavior and possible issues for the joining sealing, thermal cycling and long term reliability of 

SOFC stacks and systems.  

The work was carried out within the project “Production and Reliability Oriented SOFC Cell and 

Stack Design (PROSOFC)”, supported financially by European Union in the 7th Framework 

Programme. In order to fulfil the tasks within the project, that have been identified in the 

consortium as critical for the reliability, different types of sealants and anode substrates have 

been investigated and compared within this work.  

The mechanical stability of the anode substrate is obviously also crucial for reliable operation of 

SOFCs. Contrary to the sealant materials, where the strength was investigated as parameter for 

the comparison with SOFC stack stress simulations, permitting an assessment of failure 

probabilities, the fracture toughness was selected as relevant parameter for the anode substrates, 

since here the aim was to compare different materials, their advantages and disadvantages and 

associated mechanisms under different conditions and temperatures, without being affected by 

the complexity of scatter of experimental data related to Weibull distribution of fracture stresses.  

In particular, facture toughness and creep behavior as the major mechanical aspects were studied. 

In this work, typical anode substrate materials (NiO-3YSZ supplied by the project partner TOFC 

and NiO-8YSZ produced in Jülich) were analyzed in as-produced, oxidized state, in reduced 

state and some selected tests for the re-oxidized state, in terms of their fracture toughness at 

room temperature and the currently typical stack operation temperature of 800°C. Creep of 

porous Ni-YSZ composite has been investigated under 4 % H2/Ar atmosphere at different 

temperatures in the range of 800 to 900°C. Different loading configurations such as compression, 

four-point bending and ring-on-ring bending have been used to assess the effect of compressive 

and tensile stresses onto the materials creep. Ni-YSZ materials with different porosities and 
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Ni/YSZ ratios were tested in order to investigate material composition and porosity effects. The 

interpretation and analysis of the data was based on analytical and finite element analysis. The 

results were systematically compared and discussed with the aid of microstructural investigations. 

Since leakage of sealants might lead to a malfunction of the entire system, the structural integrity 

of sealants is crucial for a reliable operation of SOFC stacks and systems. As application relevant 

parameters, fracture properties and elevated temperature deformation need to be assessed, 

particularly for partially crystallized glass-ceramic sealants that might suffer from instability 

issues at operation relevant temperatures due to viscoelastic deformation of the residual glass 

phase. Specimens in stack typical as-joined and annealed state, representative for stack operation, 

were studied. In this work, reinforced sealants, based on the glass matrix material “H” developed 

in Jülich, which is composed of the BaO-CaO-SiO2 ternary system, with Ag particles 

reinforcement and YSZ fiber reinforcement, were characterized. Bending tests were carried out 

at room temperature and typical stack operation temperatures on specimen in a head-to-head 

geometry in as-sintered and annealed state, yielding average fracture stresses. Torsion tests were 

used to investigate shear strength. The results of mechanical analyses were supported by 

advanced microstructural characterization to gain insight into annealing and filler reinforcement 

effects. The results are further compared and discussed with respect to literature data and their 

relevance for the application in SOFCs operated at different temperatures in the range of 600 to 

800°C, considering typical current but also envisaged future lower stack operation temperatures. 

Complementary fractographic analysis aided the interpretation of mechanical strength. 
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3. Literature review 
3.1. Production of cells 

The utilization of SOFCs systems for residential power supply and auxiliary power units still 

faces problems related to manufacturing costs of almost all system components. In recent years, 

the aim of reaching an industrialization state was the focus of the works of Risoe DTU, Topsoe 

Fuel Cells (TOFC), SOFCpower, Jülich and others [17-19]. In the last 15 years, Jülich has 

improved its anode-supported planar design. The development focused on material optimization 

issues, material combinations, microstructure and film thickness and especially manufacturing of 

cells (scales, reproducibility, etc.). For manufacturing of the porous anode substrate, warm 

pressing and tape casting have been used [20]. The typical procedure for manufacturing anode-

supported SOFCs using warm pressing at Jülich is shown in Figure 3-1. The procedure starts 

with the preparation of the anode substrate powder. The material is a mixture of NiO and 8YSZ 

(with 8% yttria-stabilized zirconia), which is produced with a special coat-mix® powder and 

followed with the binder suspension [20]. The final powder is pressed at a low pressure at around 

80°C. The substrate (~1000 or 1500 µm) is then pre-sintered (>1200°C) to remove the binder 

and prepare for the following coating steps. The anode material and electrolyte are coated by 

vacuum slip casting (VSC) and then co-sintered at 1400°C.  After the sintering step, the half-

cells are cut into the desired shape with a laser and the cathode (a La-based manganite) is 

subsequently coated by screen printing. With the final cathode sintering step at ~1100°C, the cell 

is fabrication is completed.  
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Figure 3-1: Manufacturing steps for ASCs according to Jülich technology up to 2005 [17]. 

 

However, cells manufactured with this lab-scale method always need a high proportion of 

manual work and hence the method is not appropriate for the industry application. To transfer the 

manufacturing procedure easily to industry, tape casting has been implemented to substitute 

warm pressing and screen printing replaced the VSC method. Tape casting is a very cost-

effective process due to its high efficiency. A large amount of substrates can be produced in a 

short time. This technology is already well-established and well applied in industry [21]. The 

mixture of NiO and 8YSZ power with an alcoholic solvent and a dispersant is prepared as the 

slip. The slip is casted on a plastic tape, after drying and removing the plastic tape, the substrate 

tape is prepared completely with a thickness between 300 and ~500 µm [22]. The thickness of 

the anode substrate can be reduced by the tape casting technique. Sometimes a diffusion barrier 

layer (CGO) is needed to avoid the reaction between the cathode and electrolyte depending on 

the applied cathode material [23].  

In order to further optimize cell manufacturing and reduce the number of sintering steps, a novel 

technique so-called sequential tape casting has been developed at Jülich [22]. The main 

difference between this novel tape casting and classical tape casting is that the electrolyte is 
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produced first via tape casting instead of the anode substrate. Anode function layer and substrate 

are then tape casted onto the electrolyte layer. The differences between the classical 

manufacturing technology to produce anode-supported SOFCs with an LSFC cathode and the 

novel route are illustrated in Figure 3-2. The sequential tape casting simplified the production 

into two manufacturing technologies and only three sintering steps.  

 

Figure 3-2: Schematic overview and comparison of the traditional and novel manufacturing 

route [22]. 

 

3.2.  Anode materials 

3.2.1. Working principle  

The most common anode material is a porous Ni-YSZ cermet due to its good electro-catalytic 

properties along with the low cost. These anodes are typically prepared by mixing NiO with YSZ 

usually with an additional pore former [24]. In order to simplify the production procedure, the 

anode is normally produced in an oxidized state by warm pressing or tape casting [20]. Once it is 

exposed to hydrogen gas, the NiO is reduced to Ni. The Ni metal phase provides the electronic 

conductivity and catalytic activity [25]. To achieve a high efficiency and sufficient conductivity 
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(e.g. 1000 S cm-1), a porous Ni cermet has to be created. An oxidized state with usually a 

porosity of around 13 vol% Ni leads to the necessary porosity of 30 vol% in the reduced state [6, 

26]. The gas diffuses through the pores and reacts chemically at the triple phase boundaries (TPB) 

of the electrochemically active anode layer which has usually the same composition as the anode 

substrate but a lower porosity, see Figure 3-3 [27]. 

 

Figure 3-3: Anode reaction process in a SOFC [27]. 

 

However, the good electronic and ionic conductivity also depend on the geometry of the anode, 

i.e. the required electronic conductivity can vary from 1 to 100 S cm-1 and the ionic conductivity 

should be greater than 0.1 S cm-1 [28, 29]. The electrical conductivity of Ni-YSZ cermet strongly 

depends on its Ni content. To achieve a higher electrical conductivity, the Ni content needs to be 

optimized. The conductivity of the cermet as a function of Ni content is an S-shaped (Figure 3-4) 

curve as predicted by percolation theory. The percolation threshold for conductivity is located at 

a Ni content of ~30 vol% [30, 31]. The porosity affects the performance, and the optimal 

porosity for the electrochemical operation was found to be around 40% [32]. 

Hydrocarbon fuels (e.g. CH4) are considered as the main choices to be used as SOFC fuels due to 

their world wide availability [33]. In fact, Ni is also a particularly good catalyst for decomposing 

CH4 [34]. 

Continuing efforts to improve performance and reliability of SOFCs require further development 

of materials [14], especially in terms of mechanical aspects in particular with respect to the 

substrate in the anode-supported cell design [35, 36]. The anode-supported Jülich SOFC design 
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consists of a thin (10~30 µm) anode functional layer adjacent to the electrolyte and a thick anode 

substrate (500~1000 µm) [37]. To achieve a sufficient operational performance, the anode of a 

SOFC has to meet a number of stringent criteria, such as catalytic activity towards the 

electrochemical oxidation of the desired fuel, good electronic conductivity (continuous Ni-phase), 

small mismatch in the real expansion coefficient, high permeability for the fuel gas and reaction 

products (well-sized and connected porous structure) and robustness if used as a mechanical 

support [24, 36, 38].  

 

Figure 3-4: Conductivity of Ni-YSZ cermet as a function of Ni content [30]. 

 

As outlined above, a higher Ni content leads to a good conductivity, but on expense of stability 

due to thermal expansion coefficient mismatch with YSZ cermet [39]. Ni has a higher thermal 

expansion coefficient than YSZ, which causes the a thermal expansion mismatch between anode 

and YSZ electrolyte (~10.5 · 10-6 K-1) [40]. Figure 3-5 shows the linear relationship between the 

thermal expansion coefficients of Ni-YSZ cermet and increasing Ni content [41]. The mismatch 

in thermal expansion coefficients results in stresses, which can cause cracking or delamination 

during fabrication and operation [41]. These stresses can be released through creep deformation, 
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which however also threatens the stability of the SOFCs. In this work, the effects of the anode 

composition on the mechanical properties, especially the creep behavior, was investigated.  

 

Figure 3-5: Thermal expansion coefficient of cermet anode as a function of NiO / Ni content [41]. 

 

One of the main parameters defining the actual conductivity requirement is porosity, which 

controls the gas transport [32, 42], however, although high porosity increases the conductivity, it 

can reduce the mechanical robustness. 

 

3.2.2.Anode failures   

The failure modes of SOFCs are complex and influenced by a number of factors. The origin of 

the failures are thermal or chemical stresses which arise during manufacturing and operation [43].  

The formation of damage in SOFCs is summarized in Figure 3-6.  
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Figure 3-6: A generalized scheme of formation of failures in SOFCs [43]. 

 

The internal stresses within the cell layers are mainly a result of thermal gradients, 

electrochemical reactions and mismatches of material behaviors (thermal expansion coefficient, 

etc.) under changing environments [44]. These stresses can lead to fracture, deformation and 

delamination of the cell layers. For example, the thermal expansion coefficient of Ni-8YSZ 

anode with 65% wt. Ni is around 13.1 ∙ 10-6 K-1 from RT to 800°C, while the value of dense 

8YSZ is around 10.5 10-6 K-1 [40, 41]. This thermal expansion difference results in residual 

stress in anode and electrolyte layers and leads to creep deformation at operation temperatures, 

which threatens the long-term reliability of SOFCs. Additional stress will be induced by the 

constraints imposed by the sealants and interconnect due to differences in thermal expansion, 

thermal gradients and simply mechanical loads.  

Another reason that could cause stresses is the volume change due to the re-oxidation. Re-

oxidation may occur at high temperature due to sealant damage causing a lack of fuel gas. The 

rapid oxidation causes a volume expansion of Ni particles in the YSZ matrix, which leads a 

volume increase of the anode compared to the initial oxidized state [45, 46]. Associated tensile 

stress/strain induced in the electrolyte layer leads to cracking as illustrated in Figure 3-7 [47].  
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Figure 3-7:  SOFC half-cell: (a) sintered in air (oxidized state); (b) reduced state; (c) re-
oxidized state; (d) cracked electrolyte layer after re-oxidation [47]. 

 

3.3. Sealants 

3.3.1. State of sealants for SOFC application 

There has been an increasing amount of work on sealant materials searching for enhanced 

properties leading to a large number of research works in recent years [48]. Today, efforts 

concentrate on improving performance under the rather extreme operation relevant conditions, 

where sealants need to be designed for high temperatures and high-stress applications [16, 49]. 

Joining dissimilar materials represents a great challenge due the differences in physical 

properties, such as melting points and thermal expansion coefficients (CTEs), undesirable 

interactions, robustness problems, etc. [50]. The understanding of materials, microstructure and 

mechanical properties of bonded or welded joints leads to the necessity to reassess joining 

techniques.  

With the fast development of electrochemical devices (i.e. SOFCs) and high-temperature 

separation membrane reactors, various sealants have been developed for high-temperature 

applications [51, 52]. The high operating temperature necessary for solid-state electrochemical 

operation (650°C - 1000°C) considerably limits the variety of sealing options; in principle 

organic or polymer seal cannot be employed, while inorganic materials with high melting points 
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can be easily and widely used at high temperature above 600°C [53]. An overview of 

conventional high-temperature seals is given in Figure 3-8 [15].  

 

Figure 3-8: An overview of the current sealing types for high-temperature applications [15].  

 

Choosing a sealant material for those high temperature applications can therefore be a 

challenging task. Several requirements need to be satisfied in order to achieve a successful 

combination. The basic requirements for materials to be used as sealant in SOFCs can be 

summarized as follows [8, 54-56]:  

 Chemical stability at the operation temperatures in oxidizing and reducing atmospheres 

(i.e. air, H2) 

 Chemical compatibility with the adjoining SOFC components (i.e. no poison) 

 Gas stream separation (hermetic seal) 

 Electrical insulation 

 Matching coefficient of thermal expansion with the joining components  (~10-12 · 10-6/K) 

 Long-term mechanical reliability during high temperature operation and thermal cycles 
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In the last decade, various papers and review articles have been published reporting significant 

research and development progress for sealants [57-59]. The options for sealing and joining in 

planar SOFCs can be broadly classified into three types: rigid bonded seals, compressive seals, 

and compliant bonded seals [58]. Each represents advantages and limitations.  

Rigid bonded seals 

In rigid bonded sealing, the sealant forms a joint without deformation. Since the final joint is 

brittle, it is susceptible to fracture when exposed to tensile stresses encountered during non-

equilibrium thermal events or due to thermal expansion mismatches between the sealant and 

adjacent substrates [60, 61]. Glass and glass-ceramic sealants are considered as good candidate 

materials for the SOFCs application due to their chemical stability on the reducing and oxidizing 

atmosphere, they are generally inexpensive, tailoring performance depending on composition 

design is possible and a flexible fabrication process is applicable [62, 63].  

They are characterized by a glass transition temperature (Tg). For the initial stage of the joining 

process, sufficient flow of the sealant is essential, then the glass should partially or fully 

crystallize to form a rigid and bonded seal [63, 64]. Crystallization is considered to have a 

positive effect on withstanding thermal stress [65].  

Various glass-forming systems have been studied for SOFCs sealant application. Previous work 

has shown that phosphate and borate glasses are not sufficiently stable in the humidified fuel gas 

environment due to corrosion effects [12, 54]. Silica with various modifiers added to increase 

CTE and improve adhesion and joint strength has shown the best performance. The use of 

alkaline-earths to form systems such as BaO-CaO-SiO2 and BaO-Al2O3-SiO2 can yield glass-

ceramics with higher chemical resistance and less reactivity with other stack components [66, 

67]. To achieve the proper balance of material properties, the key parameters, including Tg, CTEs, 

wetting behavior, and bulk strength must be simultaneously controlled. One of the effective 

methods is to tailor the initial glass and the heating schedule employed during the joining [56, 

58]. The compositional modifiers listed in table are commonly added to alter the initial bulk 

properties of the glass-ceramic sealants [58].  
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Table 3-1: Common compositional modifier for silicate-based glass-ceramic sealants [58]. 

Modifier Function 

Al2O3 Allows control over viscosity through the rate of crystallization 

B2O3 Reduces Tg, and viscosity and improves wetting 

BaO Reduces Tg, and raises CTE in the glass-ceramic 

CaO Reduces Tg, and raises CTE in the glass-ceramic 

MgO Reduces Tg, and raises CTE in the glass-ceramic 

La2O3 Used as a viscosity modifier and long-term CTE stabilizer 

GuO Improves surface adherence 

MgO Improves surface adherence 

 

Compliant bonded seals 

Compliant bonded seals can, unlike rigid bonded sealants, be plastically deformed, forming a 

joint at or above room temperature. Due to this compliant deformation, the thermal expansion 

mismatch stress and residual stress can be mitigated and seal-healing is possible [68]. However, 

potential issues exist such as electrical instability, poor oxidation resistance and undesired 

reaction with other components of the SOFC stack [15, 69].   

Compliant bonded sealants are mostly metal-based materials, which easily cause electrical 

conductivity or non-uniform composition distribution under the electrical field [58]. For example, 

Alkalis, i.e. sodium and potassium, are commonly added to the glass to lower the melting 

temperatures. However, it is possible that the alkalis may accumulate near the electrode due to 

the mobile ions moving under an external electrical filed, which results in a non-uniformed 

distribution in the bulk glass matrix. The higher concentration of alkalis can reduce the glass 

viscosity and hence enhance corrosion along the interfaces [70]. 

Compressive seals 

Deformable materials can be employed as seals that do not bond to the SOFC components but 

serve as gaskets instead. External forces are applied to components and cause sealing. The 

sealing surface can slide along its counterpart without a disruption in hermeticity and the 

individual stack components can expand freely without necessity of CTE matching [58]. This 
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offers possibility for stack repair by releasing the compressive load, disassembling the stack and 

replacing the damaged components. However, compressive seals require a maintenance of the 

necessary level of compressive load, which introduces a complexity in stack design, including 

load relaxation due to creep, increased weight and thermal mass [58, 59].  

Metal gaskets have been studied for compressive sealing. For example, gold and silver as non-

oxidizing noble metals can form hermetic sealing at pressure of ~ 25 MPa [71, 72]. Oxidation-

resistant alloys such as stainless steel and nickel-based superalloys are also considered as 

candidate for the compressive sealing [73]. An alternative to metal-based gaskets is the use of 

mica-based materials, which are well known for their high resistivity and uniform dielectric 

constant. Simner and Stevenson [74] have investigated forms of mica, including muscovite paper, 

muscovite single-crystal sheets and phlogopite paper, where the cleaved muscovite sheet showed 

the lowest leakage rates. Chou et al. [75-77] reported improvements of these mica-based seals by 

infiltrating the mica particulates with a wetting or melting-forming agent such as Bi(NO3) or 

H3BO3.  

 

3.3.2. Reinforcement of glass-ceramic sealants 

In order to improve the mechanical properties of sealants, adding fillers as reinforcement is 

considered to be an effective method [51]. The Ashby material selection method provides an 

appropriate tool and basic clue to optimize the choice of the filler material for a specific 

application. An Ashby chart illustrating the relationship between strength and toughness of 

different materials is shown in Figure 3-9 [78]. The fracture properties of the chosen materials 

should fit the requirement of application as a sealant. The chart guides selection of materials to 

meet the design criteria for facture stress and toughness. Nevertheless, to identify proper classes 

of materials for a specific application, the relationships of elastic modulus, thermal expansion 

and thermal conductivity needs also to be carefully considered. Two types of fillers are widely 

used, i.e. ductile or brittle material with high fracture toughness and elastic modulus. The 

mechanism of sealant enhancement can generally be described as follows.  
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Figure 3-9: Ashby chart of strength vs. toughness of materials [78]. 

 

Plenty of studies have been focused on ductile metal particles due to the wide variety of choices 

and accessibility [79]. Ductile metallic particles can absorb fracture energy and increase the 

strength of the composite by bridging the crack [79], if the particles are well-bonded to the 

matrix and the crack will pass through the particles [80]. Theoretically, the toughening effect 

should increase with the volume fraction of metallic particles, while excessive adding of metallic 

particles might cause the interconnection of particles and lead to problems related to loosing 

electrical insulation and corrosion resistance. Therefore finding limitations and controlling the 

amount and distribution of reinforcement fillers are also key points for the application. Greven 
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[78] reported on the influence of different amounts of Ni particles on the reinforcement of a 

Barium-Calcium-Silicate glass matrix. An increased amount of Ni particles in the composite 

provoked oxidation and increased the porosity, where 50 wt.% reinforcement led to full 

oxidation after joining. Although the selected fillers should be chemically stable and not lead to 

reactions with glass matrix, Cu revealed a strong reaction with Barium-Calcium-Silicate based 

glass matrix. 

Ceramic fillers such as brittle filler materials have also been widely studied [81]. The mechanism 

of enhancing the toughness is mainly related to crack deflection effects. Deflection toughening 

arises whenever interactions between the advancing crack front and particle cause a deviation of 

the crack front from planarity. The stress-intensity factor in front of the crack tip can be reduced 

effectively by this interaction. Barium-Calcium-Silicate based glass matrix with YSZ particle 

reinforcement called H-P was characterized systematically in [65]. The strength of H-P was 

reported to be 22 ± 2 MPa at room temperature and decreased with increasing temperature. A RT 

fracture toughness of 0.9 ± 0.2 MPa·m1/2 was obtained from indentation tests [82, 83] .  

The use of ceramic filler materials in an established glass sealant matrix leads to new glass-

ceramic composites that require detailed investigation, including consideration of the influence 

of filler materials on strength of the joint and non-elastic deformation at joining temperatures 

[84]. Several studies [51, 83, 84] indicated remarkable development. Jülich has developed and 

improved glass and glass-ceramic sealants to fulfill the requirements of planar SOFC stacks [85]. 

Glass H as one of the glasses developed at Jülich showed remarkable joining properties and has 

been used in stacks [9, 84]. However, the insufficient strength of this glass limits the application 

under operation relevant conditions. Therefore, the study focused on reinforcing the glass H 

matrix using various fillers.  

 

3.3.3. Failure of sealants in SOFC stacks 

Hermetic sealing is a key requirement for the operation of SOFC stacks in a system environment.  

The seals have to withstand high temperatures combined with oxidizing and reducing 

atmospheres as well as the mechanical stress caused by temperature gradients during operation 
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and thermal cycling [84]. FEM simulation verified high local stresses in the sealants (Figure 

3-10). The location of the highest principal stress corresponded with the location of leakages [84].  

 

Figure 3-10: FEM simulation of principal stress distribution with localized leakages [84]. 

 

The highest tensile stresses normally arise at room temperature due to CTE mismatch.  Glasses 

and glass-ceramic materials are well-known to be easily destroyed under tensile stresses [51]. 

Defects can act as pre-cracks and propagate rapidly under tensile stress. The characterization of 

the mechanical behavior based on the tensile / bending strength is used [86]. The strengths of 

various sealant materials at room and elevated temperatures have been reported in [49, 82]. 

However, it has been shown that sealants under operation relevant conditions are not only 

exposed to tensile but also shear stresses [87]. Previous work concentrated mainly on the shear 

strength assessed via torsional testing at room temperature [55, 88], in fact, the current work 

extents this to elevated temperature testing via an in-house developed set-up.  

3.4. Mechanical characteristics 

Ceramic materials are widely used as components in SOFCs and also as oxygen transport 

membranes, due to their favorable transport properties and chemical stability [89]. The basic 

problems such as reliability and robustness [90] are always issues for brittle ceramic materials, 

which emphasizes the need to understand and characterize necessary mechanical parameters. In 

the following sections, basic principles and theoretical backgrounds of the mechanical 
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investigations performed within the present study are introduced, and the use and limitations of 

different mechanical testing methods for ceramics is discussed.   

3.4.1. Elastic behavior 

The elastic modulus defines the elastic behavior of a material, which makes it a key input 

parameter for analytical and numerical calculations that link stresses and strains. The elastic 

modulus E describes the resistance to elastic deformation of an isotropic material when it is 

loaded uniaxially. It is defined by Hooke’s law as the ratio of stress to strain during elastic 

loading:  

𝑬 =  
𝝈

𝜺 
 (3-1) 

                                                                  
where σ is the stress and ε is the strain. 

3.4.1.1. Techniques for elastic modulus determination 

Elastic modulus can be determined using different methods. For brittle ceramic materials, 

indentation as non-destructive method as well as bending test and impulse excitation technique 

are commonly used [86].  

1) Micro-indentation test 

In indentation testing, the elastic modulus can be determined from the load-depth curve [91]. 

Indentation with a Vickers tip is the most common test, other indenter tips like Berkovich, 

Rockwell, Knoop or Shore are also widely used [92]. The elastic modulus is calculated from the 

unloading curve, which represents elastic response of the material [93, 94]. The general 

advantage of the indentation test is that it is a fast serial test and only a small specimen volume is 

required, so it can be considered as a macroscopically non-destructive test. The disadvantage is 

that the properties are representative only for the location where the test is carried out. Especially 

for highly porous materials the scatter can be very large.  

2) Bending test 

The bending test is a widespread method for analyzing materials’ behavior especially for 

ceramics where tensile testing is not an option [95]. The alignment is easily achieved and 
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specimens with simple geometric shapes can be used. The elastic modulus is usually determined 

from the load-displacement curve obtained in either a three-or four-point bending test for bar-

type specimens (Figure 3-11. (a), (b)) or for plates via ring-on-ring, ball-on-ring or ball-on-three 

balls test (Figure 3-11. (c) – (e)) [96]. The testing of plates has become very common since 

advanced materials processing often relies on tape casting techniques [22], yielding plate type 

specimens in either dense or porous state. The latter are representative for the porous substrate 

and used in SOFCs or membrane designs [97]. For tubular geometries, which are still 

occasionally used as SOFC, testing methods such as O-ring, C-ring (Figure 3-11. (g), (h) [98] or 

four-point bending of semi-cylindrical specimens [99] can be applied (Figure 3-11. (f)). The 

initial part of the load-displacement curve can be affected by contact problems related to 

roughness or biased by surface waviness. Hence, sometimes a grinding or polishing process is 

advantageous for plates or bars to yield materials representative curves which lead to a more 

precise determination of elastic modulus [100].  

 

Figure 3-11:  Different methods to test elastic modulus and strength in bending: (a) four-point 
bending, (b) three-point bending, (c) ring-on-ring, (d) ball-on-ring, (e) ball-on-three balls, (f) 

four-point bending of semi-cylindrical specimens, (g) O-ring, and (h) C-ring [86]. 

 

3) Impulse excitation test 

An advanced method to determine the elastic modulus for certain specimen geometries is the 

impulse excitation method, where the specimens’ resonance induced by a mechanical impulse is 

detected acoustically [86]. Figure 3-12 is a simple schematic of the impulse excitation technique, 

where a slight impact is induced at a side of the solid specimen.  
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Figure 3-12: A schematic of the impulse excitation technique. 

 

The resonance frequency is then used to calculate the elastic modulus. The value of the elastic 

modulus can be determined via [101]:  

𝐸 = 0.9465 ∙  
𝑚 ∙  𝑓𝑓

2 ∙ 𝑡3

𝑏 ∙ ℎ3
∙ 𝑇 ∙  (

ℎ

𝑙
)   (3-2) 

 

where m is the mass, ff  the resonant frequency, l the length, b the width, h the height and T(h/l) a 

geometry correction factor.  

The method appears to have a higher accuracy than the four-point bending test [102]. Moreover, 

it is less time consuming when testing elastic modulus as a function of temperature. Experiments 

at elevated temperatures and under different atmospheres are possible with suitable set-ups. For 

example SOFC half-cell materials have been tested up to the typical operation temperatures 

under oxidized (NiO-YSZ) and reduced conditions (Ni-YSZ) [103]. 

In addition to the elastic modulus, this method can be also used to determine Poisson´s ratio [40] 

and the damping coefficient, latter being determined from the decay of the resonance frequency. 

This parameter gives information on the occurrence of non-elastic mechanisms (phase changes, 

viscous deformation or creep) and processes (atomic defect interactions) [104].  

Problems arise in the case of materials that possess a large damping coefficient where the signal 

decays too fast and the limits of the experimental analysis can be reached. Furthermore, 

extremely thin (light) specimens can cause experimental problems due to a displacement of the 

sample during testing.  
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3.4.1.2. Porosity influence on elastic modulus 

As well known, porosity influences the elastic modulus of materials. Many studies exist on the 

effective elastic moduli of porous solids treating them as two-phase materials, with the second 

phase being a void, and several empirical equations have been derived for describing the 

effective elastic moduli as a function of porosity [105]. The linear relation, equation (3-3) in 

Table 3-2, was first used by Fryxell and Chandler [106]. The exponential relation, equation (3-4), 

has been used frequently and was initially proposed by Spriggs [107]. Hasselman [108] 

suggested a non-linear relation , equation (3-5), which considered the voids as a dispersed phase.  

Some theoretical expressions have been obtained from more fundamental analytical models, 

which encompass the effect of shape, volume, distribution and interaction of pores on the elastic 

constants [109-111]. However, analytical procedures considering the two-phases as continuum 

materials are not directly applicable in cases where the second phase is a void. Ramakrishnan 

and Arunachalam [112, 113], equation (3-6), developed a theoretical approach for determining 

the effective moduli of porous solids with randomly distributed pores on the basis of the 

composite sphere method (CSM). Phani and Niyogi [114] proposed on the same basis equation 

(3-7). 

Table 3-2: The relations between porosity and elastic modulus.  

Equations 

0(1 )E E mP   (3-3) 

 0 expE E bP   (3-4) 

0 (1 )
1 ( 1)

APE E
A P

 
   

(3-5) 

2

0
(1 )
1 E

PE E
k P



  

(3-6) 

0(1 )nE E aP   (3-7) 

 

The pores not only affect the elastic behavior of the materials, but also influence other 

mechanical properties such as fracture strength, fracture toughness, creep, etc.  
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3.4.2. Fracture strength  

Due to the importance of giving a loading/stress limit for application, fracture strength is one of 

the most commonly cited properties for ceramic materials. In the SOFC system, a high 

mechanical reliability is needed [115]. Strength characterization is necessary to validate and 

optimize the quality of the production of cells [116]. A number of techniques and methodologies 

have been developed for the measurement of fracture strengths. Compressive strength of 

ceramics is generally higher than their tensile strengths; most of these techniques equate the 

fracture strength to the maximum tensile stress at fracture.  

For bar-shaped specimens, three-and four-point bending tests (Figure 3-11 (a, b)) are the 

effective methods to determine the fracture strength, however, a careful preparation of the edges 

and surfaces is required to gain the material’s representative properties [117]. Advanced set-ups 

can permit the measurement of entire specimen series even at elevated temperatures [116].  

During the tests, some modified specimen geometries, such as head-to-head specimen of sealant, 

are widely used to mimic the real operation environment in SOFC stack, which provide more 

information [118]. Ring-on-ring, ball-on-ring, ball-on-3-balls or pressure-on-ring set-ups (Figure 

3-11 (c – h)) are widely used on plate-shaped specimens. Due to the thin plate-sharped SOFC 

cell layers, these testing methods show clear advantages.  Here the highest stress occurs within 

the central part of the specimen and the edges are under very low and negligible stress, which 

release the requirement of the edge preparation. Layered composite plates can show curvature 

effects. In the case of wavy specimens, the ball-on-three ball method was shown to be 

advantageous [117].  

To mimic the real case in the SOFC stack, a joined specimen so called head-to-head specimen 

has been successfully used to determine the fracture stress in Jülich [82, 118]. Figure 3-13 shows 

a schematic of the bending test on head-to-head specimen. A complementary statistical Weibull 

analysis yields the characteristic fracture strength and the Weibull modulus, which gives 

information on the fracture stress distribution. Characteristic strength and Weibull modulus can 

be used to determine and predict the failure probability for a given stress state [119].  
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(a) (b)   

(c)  

Figure 3-14: Shear testing methods (dimension mm): (a) asymmetrical four-point bending test; 
(b) single-lap test in compression (SL)(c) cross-bonded test (ISO13124 standard)  [122, 123]. 

 

Schwickert [124] reported on sealant-metal joints to measure the shear stress. The tests were 

performed in cooperation with the IWM in Freiburg, Germany. The simple shear test specimen is 

shown in Figure 3-15 (a), however, again loading in a combined bending – shear mode can be 

expected.  

While not only the shear stress can be determined during the shear test, shear modulus, internal 

stress and viscosity have been also determined on Jülich sealant using a symmetric shear test at 

SOFC operation temperature.[125]. A schematic drawing of the symmetric shear test specimen is 

shown in Figure 3-15 (b).   
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3.4.3. Fracture toughness 

Ceramic and ceramic composites can have a rather high strength but also a quite low crack 

resistance at the same time [126]. The crack resistance, which is proportional to the fracture 

toughness, is critical for ceramic components as used as cell in SOFCs operating under extreme 

mechanical and thermal loads. Hence, fracture toughness is an important property of advance 

ceramics and is one measure of  brittleness and crack resistance [127].  

A crack can be loaded three ways, termed mode Ι, II, III as illustrating in Figure 3-17. Mode Ι is 

an opening mode, while mode П and mode Ш are in-plane and out-of-plane shear mode, 

respectively [128].  

 

Figure 3-17: Three different fracture modes: (a) Mode Ι (opening mode), (b) Mode II (in-plate 
shearing), (c) Mode III (out-of-plate shearing). 

The stress intensity around a crack can be generally expressed in terms of equation (3-8) [127]. 

When the stress intensity, KI, reaches a critical value, the so-called fracture toughness, KIC , the 

crack propagates and fracture appears. KIC is related to the energy release during crack growth, 

which is expressed in equation (3-9) [128]. The critical stress intensity for mode Ι is most widely 

used and termed fracture toughness [129], which is related to the flaw/crack size and the fracture 

energy, respectively:   

𝑲𝜤  = 𝒀 𝝈 √𝒄 
 

(3-8) 

𝑲𝜤𝒄  =   √𝑬 𝑮𝒄 (3-9) 
 
                                                   

where Y is the shape factor, c the flaw depth and 𝐺𝑐 is the release rate  of critical energy. The 

crack extension is usually depicted on a V- KIC graph as shown in Figure 3-18, where V is crack 



Literature review 

30 
   

velocity. Region І and II behavior are controlled by the environment, whereas region III crack 

extension is intrinsic to the material [127, 130].  

 

Figure 3-18: Crack growth can be differentiated into three regions. Environmentally-assisted 
crack growth occurs at stress intensities less than KIC [127].  

 

Different testing methods have been developed and optimized to determine  fracture toughness 

of ceramics [86]. Indentation testing is one of the methods that might be used to determine 

fracture toughness. In this test fracture toughness can be determined from the length of cracks, 

which might propagate from the vertices of the indents. Crack initiation depends on the applied 

load and the materials’ fracture toughness [131]. The advantages of this test are that only a small 

specimen size is required and the easy experimental routine, requiring only a measurement of the 

crack length after the test. This technique found widespread use for the analysis of ceramics used 

in SOFC anodes, ceramic membrane materials and sealants [132-136].  However, this testing 

method reveals an apparent disadvantage, which the crack path could be terminated and blurred 

by pores in the materials.  Hence, it can be very difficult to determine the crack length precisely. 

Bending tests as an alternative method are also widely used to investigate the fracture toughness 

[86]. They avoid the shortage of indentation on porous materials and also obtain a more 

representative property for the materials [86]. For plate-shaped specimens like SOFC cell layers, 

the double torsion (DT) test is as an effective means, which requires the edge of a notched plate 
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specimen to be loaded in a bending mode. The fracture toughness can be determined from a 

controlled crack propagation load as exemplified for SOFC materials in [137]. Similarly, a 

double cantilever beam (DCB) test is another testing method which is suitable for testing of 

notched plate-shaped specimens or thin solid films. The sample is also loaded via pure bending 

moments [138]. The methods can be used for elevated temperature testing. Schematics of both 

methods are shown in Figure 3-19. 

 

a)        b)      

Figure 3-19: Schematic of a) double torsion and b) double cantilever beam test [86].  

 

Recently, a new testing method, so called slender cantilever beam (SCB) test, is proposed by 

Vandeperre, Wang and Atkinson [139]. It can be used for measuring the stiffness and toughness 

of thin specimens using the high load and displacement resolution of a nano-or micro-indenter. A 

notched cantilever beam is clamped on the sample holder with isocynate adhesive as shown in 

Figure 3-20. A spherical sapphire indenter tip with a diameter of 500 µm is used for applying the 

load to the cantilever beam on the center line of its upper face. This testing method is 

advantageous for thin plate specimen and doesn’t need a specially designed set-up; the load can 

be applied by indentation with high resolution. However, similar as in the case of DT specimens, 

the specimens need to be pre-notched before the test.  

Specimen  
Loading ball  

Supporting balls  

Specimen  

Joined steel beam  
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Figure 3-20: Schematic of the sample clamping arrangement of the slender cantilever beam test 
[139].  

 

3.4.4. Creep 

Creep is one of the most critical parameters determining the integrity of components exposed to 

elevated temperatures, such as SOFCs [140]. At sufficient high temperature, plastic deformation 

can occur even when the stress is lower than the yield stress. This time-dependent deformation is 

known as creep [141]. As a consequence of such deformation, unacceptable dimensional changes 

and distortions, as well as rupture can occur [142]. During constant loading, the strain varies as a 

function of time, which is illustrated in Figure 3-21. This behavior is generally divided into three 

regions: primary, secondary (steady-state) and tertiary creep. The steady-state creep often 

dominates the creep behavior. In this region,  the strain rate is constant and a balance appears to 

occurs between hardening and softening processes in this region [143].  
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Figure 3-21: Three stages of creep: Ι primary, П secondary ( steady-state), and Ш tertiary [143]. 

 

(1) Creep mechanisms  

The mechanisms involved in creep need to be identified and analyzed, especially the 

mechanisms involved in steady-state creep. For ceramics’ creep, three main creep mechanisms 

are proposed: diffusion creep, dislocation creep and grain-boundary sliding [143].  

Diffusional creep occurs by transport of vacancies and atoms via diffusion. Like all diffusional 

processes, it is driven by a gradient of free energy, created in this case by the applied stress [141]. 

Under the action of an applied stress the equilibrium number of vacancies is shifted. Thus, the 

temperature is high enough, the vacancies along with a counter flow of atoms will move towards 

regions under the applied stress. When the diffusion paths are predominantly through the grains 

themselves, this lattice diffusion mechanism is termed as Nabarro-Herring creep [144]. When the 

diffusion paths are through the grain boundaries, it is termed Coble creep [145]. The former 

mechanism is favored at higher temperatures, while the latter is preferred at lower temperatures. 

The diffusion paths are illustrated schematically in Figure 3-22. The stress-induced lattice 

diffusion and the strain produced by this diffusion process in a single crystal are displayed in the 

first figure, which schematically describes Nabarro-Herring creep. In polycrystalline materials 

such as Ni-8YSZ, diffusional creep may also occur by diffusion through the grain boundaries. 

The possible diffusion path is represented in the second figure.  
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a)                 b)      

Figure 3-22: Diffusional creep mechanism: (a) Nabarro-Herring creep; (b) Coble creep[146]. 

 

Besides purely diffusional mechanisms, steady-state creep in polycrystalline materials can also 

involve dislocation creep. Dislocation creep is a mechanism involving motion of dislocations. 

Climb and/or glide of dislocations controls the creep strain rate [147]. This mechanism of creep 

tends to dominate at higher applied stresses [148]. 

A third kind of creep mechanism involves grain boundary sliding. This mechanism dominates 

the creep process for some ceramics containing glassy phases. The softening of these phases at 

high temperature allows creep to occur by grain boundary sliding, actually, the glass viscosity 

controls the creep rate in this case [143].  

Because creep mechanisms depend on stress, temperature and different creep mechanisms may 

dominate in different cases, such as different temperatures and stress regions. Forst and Ashby 

compiled the information into a deformation mechanism map [148], as shown schematically in 

Figure 3-23. Besides stress and temperature, the grain size effect needs to be considered as well. 

Generally, smaller grains cause faster creep due to the associated shorter diffusion paths [143].  
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Figure 3-23 : Creep deformation map for a polycrystalline material [148]. 

 

To quantify the creep rate and identify the predominant creep mechanism, a single equation was 

suggested as a power law or an exponential function of stress. Norton and Bailey [149] proposed  

the relationship:  

𝜀̇ = 𝐴 ∙  𝜎𝑛 (3-10) 

                                                       
where A and n are stress-independent constants. Since all mechanisms of steady-state creep are 

in some way dependent on diffusion and thermally activated process, the temperature 

dependence of the creep rate can be expressed as Arrhenius law [150] [151]:  

𝜀̇ = 𝐴 ∙  𝜎𝑛  ∙ 𝑒𝑥𝑝(− 
𝑄

𝑅𝑇
 ) (3-11) 

 

where R is the universal gas constant, Q a characteristic activation energy.  

The stress exponent n depends on the actual operating creep mechanism. For diffusion creep its 

value is approximately 1, while for dislocation creep it is usually in the range 3-8. The typical n 

values and their related diffusion mechanisms are listed in Table 3-3. Although n and Q are 

expected to be constant for one material, changes of the creep mechanism might occur and lead 

to discontinuities in the ε – σ or ε – 1/T curve [152].  



Literature review 

36 
   

Table 3-3: Creep exponents and diffusion paths for various creep mechanisms [143]. 

Creep mechanism n Diffusion path 
Dislocation creep mechanisms   
Dislocation glide climb, climb controlled 4-5 Lattice 
Dislocation glide climb, glide controlled 3 Lattice 
Dislocation of dislocation loops 4 Lattice 
Dislocation climb without glide 3 Lattice 
Dislocation climb by pipe diffusion 5 Dislocation core 
   
Diffusion creep mechanisms   
Vacancy flow through grains 1 Lattice 
Vacancy flow through boundaries 1 Grain boundary 
Interface reaction control 2 Lattice/ Grain boundary 
   
Grain boundary sliding mechanisms   
Sliding with liquid 1 Liquid 
Sliding without liquid ( diffusion control) 1 Lattice/grain boundary 
 

(2) Bending tests  

Cell materials for SOFCs are nowadays normally produced by tape-casting to obtain thin layers. 

This shape of the materials makes it difficult to carry out compressive or tensile creep test. 

Hence, flexure bending tests, such as four-bending test are considered as an effective method to 

study the creep of ceramics [153]. They are easy to perform and avoid problems of alignment 

and fixing for the brittle materials. However, creep deformation can be different in tension and 

compression leading to problems in deriving creep data of ceramics from bending tests. 

Hollenberg et al. [154] derived a relationship between creep strain and loading-point deflection 

for steady-state creep with the assumption that the neutral axis passed through the centre of 

cross-sectional area of the specimen. Snowden and Mehrtens [155] modified the expression 

related to the center deflection of specimen, which made the data analysis and experiment 

measurement more simple and convenient. Figure 3-24 shows the geometry of the partly circular 

bending.  
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Figure 3-24: Schematic of the partly circular bent beam [156]. 

 

The strain 𝜀𝑐 at the center of beam and the relation between the strain  𝜀𝑚  in the outer beam and 

the load-point deflection, respectively, can be expressed as [154, 156] :  

𝜀𝑐 =  
−ℎ

(
𝑛

𝑛 + 2) (
𝐿 − 𝑎

2 )
2

−
𝐿2

4

 ∙  𝑦𝑐 

 

(3-12) 

𝜀𝑚 =  
2ℎ (𝑛 + 2)

(𝐿 − 𝑎)[𝐿 + 𝑎(𝑛 + 1)]
 ∙  𝑦𝐿 

(3-13) 

 

where 𝑦𝑐 ,  𝑦𝐿 are the deflection of beam center and deflection of the loading point, respectively; 

h is the thickness of the specimen; L the distance between the outer supports and a is the inner 

span. 

Equation (3-10) is symmetric with respect to the sign of the applied stress, implying the creep 

behavior should be the same in uniaxial tension or compression [143]. This has been confirmed 

for several single-phase materials, it is not always true in the case of two-phases or multi-phase 

materials [157]. Lange [158] showed that polycrystalline materials, such as Si3N4, exhibit a much 

greater rate of deformation in tension than in compression. Therefore the assumption in 

analyzing bending test data with respect to the location of the neutral axis of the specimen might 
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not always be correct and can shift slightly during the test. However, it will be very difficult to 

ascertain the neutral axis accurately [157]. Although this inaccuracy aspect exists, the bending 

test still provides valuable information for the real applications, especially for the SOFC in the 

complex stress field of the stack environment.  

3) Porosity and multi-phase effects  

Since ceramic and ceramic composites are considered for high-temperature applications, optimal 

mechanical properties, such as creep resistance, are crucial. The creep resistance of ceramics 

materials can be enhanced considerably by the addition of second phases [146, 159]. It was 

assumed that a duplex microstructure can be simplified to iso-strain and iso-stress models 

(Figure 3-25), where the strain and strain rates are the same for each phase or where the stress is 

the same in each phase, respectively [159]. However, these ideal models don’t fit properly for all 

materials. Wilkinson introduced more models for creep in multi-phase ceramic such as the 

Rheological model [146].  

       

Figure 3-25: The idealized composites microstructure: (a) iso-strain and b) iso-stress 

orientations [159]. 

Previous researchers proposed few models to analyze the creep behavior of porous materials. 

Rice [160] proposed a model based on minimum solid area. All pore structures are considered to 

be able to be obtained by varying degrees of bounding of various particles and packings. This 

model is based on regularly stacked spherical particles by point contact, therefore it limits the 

porosity of model which has to be smaller to 50%. Gibson and Ashby [161] performed an 

analysis based on cellular solids. They considered the solid material as cell with walls (Figure 
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3-26). When loaded at elevated temperature, the inclined cell walls were deformed via creep 

bending.  Their equation for the creep of open-cell foams can be expressed as [161]:  

𝜀̇ =  
0.6

(𝑛 + 2)
 (

1.7(2𝑛 + 1)

𝑛
)

𝑛

 𝑃−(3𝑛+1) 2⁄  𝐴 𝜎𝑛𝑒𝑥𝑝 (−
𝑄

𝑅𝑇
) 

(3-14) 

 

where P is the porosity and n the stress exponent.  

 

Figure 3-26 : An open-cell foam in the Gibson and Ashby model [161].  

 

Mueller et al. [162] assumed a linear relationship of the elastic moduli between the foam and 

dense material based on microcellular model. With this linear relationship of the elastic moduli, 

the creep rate of a foam was linked to the porosity [44]. The creep rate according to this model 

can be expressed as a function of porosity [162] as:  

𝜀̇ =  𝐹−(1+𝑛) 2 ⁄ ∙ (1 − 𝑃)(1−𝑛) 2⁄  ∙  𝐴𝜎𝑛𝑒𝑥𝑝 (−
𝑄

𝑅𝑇
) 

 

(3-15) 

𝐹 =  𝐸
𝐸0

⁄ = 𝑓(𝑃) (3-17) 

 

where F is the function of porosity, which is related to the elastic modulus of porous (E) and 
dense (E0) material.   
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Focusing onto porous SOFC anode material, Kwok et al. [163] derived two analytical models for 

the creep rate of porous bodies by extending the Hashin-Shtrikman bound and Ramakrishnan-

Arunchalam model. Hashin-Shtrikman [109] analyzed the bounds between two different phases 

in a porous materials, while the Ramakrishnan-Arunchalam model [112] assumed the hollow 

spheres as the structure of porous materials. The joined Hashin-Shtrikman / Ramakrishnan-

Arunchalam creep respectively model can be expressed as follows:  

𝜀̇ =  (
12

12 + 11 𝑃
)−(𝑛+1) 2⁄  (1 − 𝑃)−𝑛 𝐴𝜎𝑛𝑒𝑥𝑝 (−

𝑄

𝑅𝑇
) 

 

(3-17) 

𝜀̇ =  (
2

2 +  𝑃
)−(𝑛+1) 2⁄  (1 − 𝑃)−(3𝑛+1) 2⁄  𝐴𝜎𝑛𝑒𝑥𝑝 (−

𝑄

𝑅𝑇
) (3-18) 

 
 

3.4.5. Mechanical properties of anode-relevant materials 

3.4.5.1. Elastic properties  

The elastic moduli of cell layers are also considered as important parameters for analysis and 

simulations of stress states. Literature data for elastic moduli of typical cell layer materials are 

summarized in Table 3-4. 

 

 

 

 

 

 

 

 

 



Literature review 

41 
 

Table 3-4: Elastic moduli of typical SOFC materials. 

Layers Material Porosity 
(%) 

Test method Elastic modulus (GPa) Ref. 
   RT      600°C        800°C 

Electrolyte 8YSZ 
8YSZ 
3YSZ 

~ 0% 
~2% 
~0% 

 
  Impulse 
excitation 

   190                         157 
   205 
   190        113 

[164] 
[165] 
[166] 

YSZ ~0% Nano-
indentation 

   224 [167] 

 
Anode 
support 

NiO-3YSZ ~11% 
~30% 

Impulse 
excitation 

   155 
    80 

[168] 

~16% Slender 
cantilever beam 

  136 [139] 

Ni-8YSZ ~45% 
~40% 

Impulse 
excitation 

45                           24 
55 

[103] 
[169] 

~24% Nano-
indentation 

 
110 

[170] 

NiO-8YSZ ~27% Impulse 
excitation 

    74                           68 [103] 
 

- Nano-
indentation 

   219 [170] 

 
Cathode 

LSM ~30% 
~3% 

Impulse 
excitation 

41   
   108                          98 

 [165]  

LSCF ~25% Nano-
indentation 

91 [171] 

Buffer layer GCO ~3% Impulse 
excitation 

   201    
[105] 

 

Impulse excitation has been used in most of the studies to investigate elastic modulus, since the 

value obtained from indentation test might be significantly influenced by the indentation region, 

due to porous structure and substrate effects [167, 172].  

Previous studies reported the elastic modulus as a function of temperature for typical cell 

materials [103, 164]. Bause [103] reported the temperature dependency of 8YSZ and Jülich 

anode materials in reduced and oxidized state (Figure 3-27). The observed behavior of 8YSZ can 

be divided into three regions. The elastic modulus decreased first (slowly in the region from RT 

to around 200°C, faster from 200 °C), until around 550 °C a minimum value of ~ 135 GPa was 

reached. For the Jülich anode material (warm-pressed, 1.5 mm thick), an elastic modulus for the 

oxidized state of 74 GPa and for the reduced state of 45 GPa were measured at room temperature. 

The elastic modulus in the oxidized state as function of temperature increased slightly first, until 
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a maximum value of 77 GPa reached at 250 °C. With the increasing temperature, the values 

decreased linearly again. The maximum value at 250 °C was associated to the microstructure 

transition of NiO from trigonal to cubic. The elastic modulus showed a rather linear behavior 

with temperature for the reduced state. 

 

Figure 3-27: Elastic moduli of 8YSZ and Jülich's anode materials obtained from impulse 

excitation tests [103]. 

Selcuk and Atkinsion [105] reported the effect of porosity on the elastic modulus of NiO-8YSZ 

anode materials at room temperature, see Figure 3-28. The elastic modulus decreased with 

increasing porosity. Radovic and Lara-Curzio [169] also studied the changes in elastic modulus 

of YSZ-containing Ni-based anode materials as a function of the amount of reduced NiO. It was 

found that elastic modulus decreased significantly with increasing fraction of reduced NiO 

amount.  
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Figure 3-28 : The relationship of porosity and elastic modulus at room temperature for typical 
SOFC materials [105].  

 

3.4.5.2. Fracture toughness 

Fracture toughness of the anode material and other SOFC components plays an important role 

for designing an SOFC stack as it has to withstand high stresses, arising from a mismatch in 

thermal expansion coefficients of the different ceramic layers as well as metallic components and 

thermal gradients during the operation. As already mentioned in previous chapters, porous NiO-

YSZ and its reduced state cermet are usually being used as anode material for SOFC applications. 

Data concerning fracture toughness of the anode materials are still limited. Some fracture 

toughness values of SOFC components tested using different methods are given in Table 3-5.  
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Table 3-5: Fracture toughness of typical SOFC ceramics. 

Material Testing method Porosity (%) Temp. (°C) 𝐾𝛪𝑐 (MPa m½) Ref. 

NiO-8YSZ 
 

DT 
~14% RT 2.1 ± 0.2 

1.6 ± 0.2 

[137] 

~22% 

Ni-8YSZ 
 

DT 
~27% RT 3.4 ± 0.2 

2.3 ± 0.5 

[137] 

~40% 

 
NiO-3YSZ 

DCB ~16% RT 2.0 ± 0.1 [138] 

SCB ~16% RT 2.1± 0.3 [139] 

 
YSZ 

 

DT ~0% RT 1.6 ± 0.1 [173] 

Indentation ~0% RT 1.8 ± 0.2 [173] 

 

As introduced in the last section, porosity affects the elastic properties of anode-relevant 

materials, see for example Selcuk and Atkinson [105], where similar porosity effects were found 

for fracture toughness. Radovic and Lara-Curzio [137] reported on the porosity influence on 

fracture toughness of NiO-8YSZ and Ni-8YSZ based on DT test data. Figure 3-29 gives the 

fracture toughness of oxidized and reduced anode materials as a function of porosity. Both 

materials revealed decreasing fracture toughness with increasing porosities. Ni-8YSZ yielded 

larger fracture toughness values compared to oxidized state since the deformed Ni phases 

appeared to bridge the crack surfaces [137]. The porosity influence was also found in fracture 

strength data [173].  
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Figure 3-29:  Fracture toughness of NiO-8YSZ and Ni-8YSZ as a function of porosity [137].  
 

Besides the DT test, the fracture toughness of anode-relevant materials has also been investigated 

by other testing methods. Goutianos et al. [138] reported the fracture toughness and critical 

energy-release rate of anode material (NiO-3YSZ) from DCB tests. The necessity of the pre-

crack was discussed in their work, where the fracture energy of a pre-cracked specimen appeared 

to be lower than the corresponding values from a specimen with blunted notch.  A fracture 

toughness of 1.97 MPa m½ [138] was obtained from the RT test on NiO-3YSZ, which is higher 

than 1.74 MPa m½ derived by Radovic and Lara-Curzio [137] for the corresponding fracture 

toughness of NiO-8YSZ with 15% porosity. Vandeperre et al. [139] determined the fracture 

toughness using slender cantilever beams (SCB). In their work the fracture toughness of Ni-

3YSZ anode support (16.2 ± 0.1% porosity) was determined to be 2.13 ± 0.27 MPa m½.  

As well known, pure ZrO2 normally is doped with other oxides to obtain a fully or partially 

stabilized tetragonal and/or cubic phase. Since the highest electrical conductivity of ZrO2 is 

obtained by doping with 8 mol% yttria [174], this composition is the most commonly used 

material as the electrochemical active anode, and is hence also often used as composite in the 



Literature review 

46 
   

anode substrate. The cubic phase in 8YSZ based anode is rather stable at RT and high 

temperature. On the other hand, the highest fracture toughness of ZrO2 is achieved by doping 

with 3 mol% yttria [175], leading to its use as anode substrate material [176]. In the case of 

3YSZ, the tetragonal phase is stable down to room temperature and in a crack-growth associated 

stress state a transformation to monoclinic phase occurs [175]. This martensitic transformation is 

accompanied by a volumetric change and leads to large shear strain and local compressive 

stresses, which finally results in higher fracture toughness, a property of main concern for all 

fracture mechanics based approaches. This effect is termed as the transformation toughening of 

YSZ materials [177]. Figure 3-30  shows the three different phase structures of ZrO2. 

 

Figure 3-30: Schematic representation of the three polymorphs of ZrO2 and the corresponding 
space group: (a) cubic, (b) tetragonal, and (c) monoclinic [178].  

 

The change of fracture toughness at application-relevant temperatures also depends on the phase 

composition. In case of pure 3YSZ, it was reported that fracture toughness decreases with 

temperature, since the effect of the t-m transformation vanishes above 450°C [179]. While the 

fracture toughness of 8YSZ should remain rather constant since no phase change is expected to 

occur for this material. Both effects need verification for anode substrate materials. The previous 

works have focused on the fracture toughness at RT, in the current study, the fracture toughness’ 

of oxidized and reduced specimens were investigated at RT and operation relevant high 

temperatures.  

3.4.5.3. Creep behavior  

Laurencin et al. [140] did a creep analysis on Ni-8YSZ using 4-point bending test at elevated 

temperatures. The obtained creep parameters are listed in Table 3-6. In their work, Ni-8YSZ 
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exhibits substantial creep strain rates even at relatively low temperatures (700-850 °C). The 

obtained creep exponent (1 < n < 2) suggests that the creep mechanism has to be ascribed to a 

diffusional process.  

Table 3-6: Creep parameters of the power law model determined by 4-point bending test on Ni-
YSZ cermet [140]. Note the pre-exponent has different definition in reference data.  

Temperature (°C) Pre-exponent  

(s-1 MPa-n) 

Stress exponent,  

n 

Activation energy, Q 

(kJ mol-1) 

750 7.2 ∙ 10-11 1.1 - 

800 2.6 ∙ 10-11 1.7 - 

700 - 850 - - 115 

 

Morales-Rodriguez et al. [180] reported the creep properties of  Ni-3YSZ with 20 and 40 vol. % 

Ni using compressive creep tests at temperatures ranging from 950°C to 1250°C in reduced 

atmosphere. Similar values of the stress exponent n and the activation energy Q were found for 

the materials containing different Ni amounts. At 1200-1250°C under stresses ranging from 3 to 

14 MPa, average values of n = 4.0 ± 0.4 and Q = 610 ± 20 kJ/mol were obtained for the materials 

with 20% Ni cermet, while average values of n = 3.9 ± 0.1 and Q= 640 ± 50 kJ/mol were 

obtained for the materials with 40 % Ni. The material with higher Ni amount yielded higher 

creep rates than the material with lower Ni amount. Both creep parameters decreased with 

increasing stress and/or temperature, showing a similar trend as for high-purity monolithic YSZ 

[180]. The studies [140, 180] based on Ni-3YSZ and Ni-8YSZ reported the similar conclusion, 

that the overall creep behavior of the composites is primarily controlled by the ceramic matrix 

phase 

With respect to this matrix phase controlled effect on creep [180], Kwok et al. [44] applied three-

dimensional (3D) microstructural simulation on porous Ni-YSZ materials. 3D image data of the 

specimen were acquired by FIB, see Figure 3-31. The results shown in Figure 3-32 (a) indicate 

that the creep rate of the Ni is faster than that of 3YSZ and 8YSZ by 9 and 7 orders of magnitude, 

respectively. The similar strain rates (Figure 3-32 (b)) of porous Ni-8YSZ and porous 8YSZ 

indicated that the YSZ phase is essentially carrying most of the applied load. Experimental tests 

were carried out in the current work to verify these conclusions.  
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Figure 3-31: Finite element mesh of reconstructed microstructures. The Ni and YSZ phases 
colored white and grey, respectively [44]. 

   

Figure 3-32: (a) Creep rate of Ni, 3YSZ and 8YSZ at 800°C for the relevant stress range; (b) 
volume-averaged strain in the loading direction [44]. 

If pores are present, the measured creep rate should differ from that of a theoretically dense 

material. Due to the pores the effective stress is larger than the applied stress. It has been 

reported for example in [181, 182] that the steady-state creep rate of polycrystalline ceramics 

(e.g. Li2O-ZnO-SiO) increases with increasing porosity.  

In this work, different loading configurations were applied to assess the influence on creep 

behavior of materials, considering also porosity and Ni/YSZ composition effects.  
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3.4.6. Mechanical properties of sealants 

3.4.6.1. Elastic properties  

During recent years glass-ceramics of the BaO-CaO-SiO2 system were mostly used in SOFC 

stack assembling [65]. Elastic moduli of various sealant materials were investigated and 

discussed in previous studies [49, 65, 82, 83, 118]. Table 3-7 compiles the data along with the 

corresponding testing temperature and method.  

Table 3-7: Elastic moduli of typical SOFC sealant materials. 

Glass-ceramic 
sealant 

Specimen Conditions Test method Elastic modulus 
(GPa) 

Ref. 

GC-9 
BaO-SiO2-B2O3-

Al2O3, ZrO2, La2O3 

Bars 
 

As-sintered 4-points 
bending 

66 ± 8 [183] 
Annealed 68 ± 6 

plate As-sintered Ring-on-ring 18 ± 6 [184] 
Annealed 19 ± 4 

H 
BaO-CaO-SiO2, 

doped with Al2O3, 
B2O3, V2O5, ZnO 

 
Bars 

As-sintered Micro-
indentation 

RT 

72 ± 5  [83] 

Annealed 80 ± 9  

 
B 

BaO-CaO-SiO2- 
Al2O3 

Bars As-sintered Micro-
indentation 

RT 

77 ± 3  [83] 

Annealed 77 ± 3  

Joined  As-sintered 86 ± 3  
 
 
 

H-P 
Glass H + 20 wt % 

YSZ particles  

Sintered 
bars 

As-sintered  
 

Micro-
indentation 

RT 

73 ± 8  [83] 
Annealed 79 ± 6  

Joined 
bars 

As-sintered 80 ± 15  

 
Stack 

800°C for 
1056 h 

70 ± 12  [49] 

800°C for 
19000h 

100 ± 10  

 
Bars 

 
As-sintered 

Impulse 
excitation 

~ 45  [65] 

4-points 
bending 

~ 40  

H-Ag 
Glass H + 20 wt % 

Ag particles 

 
Bars 

As-sintered Micro-
indentation 

RT 

75 ± 5  [83] 

Annealed 74 ± 8  
 

An influence of testing methods the data was found in previous studies [65, 118]. Zhao at al. 

reported different elastic modulus values [65] obtained from three testing methods on so-called 
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H-P and B sealants, as shown in Figure 3-33. The results indicated a strong influence of the local 

morphology on the indentation test. Compared to the global values determined from bending and 

impulse excitation tests, the indentation test appears to be much more sensitive to porosity and 

homogeneity of the material. For a rather dense sealants such as the B glass-ceramic (almost 

non-porous), the different testing method yielded fairly similar results, while for a porous sealant 

such as H-P and H-Ag, the disagreement was quite obvious. Chang et al. [183] also obtained 

different values of elastic modulus for their GC-9 sealant using 4-points bending and ring-on-

ring test. They associated this difference to pores and defects that were associated with different 

specimen preparation [183]. The relationship between elastic modulus and increasing 

temperature has been discussed in their work for GC-9, indicating that the elastic modulus drops 

above 700°C. For the H matrix based sealants, the temperature dependency of elastic modulus 

was also investigated, which is discussed in detail in [65].  

 

Figure 3-33: Comparison of elastic moduli obtained using different testing methods [65]. 

 

3.4.6.2. Fracture stress (Bending stress) 

The fracture stress values of sealant materials similar to that considered in the present work are 

summarized in Table 3-8. Zhao [65] used bar-shaped and joined specimens to obtain the fracture 

stress of Jülich B and H-P type sealants by using 4-points bending test. The joined specimens are 

aimed to mimic the real case in the stack, by which much lower bending fracture stresses were 

obtained than in the case of sintered bars. Also sealant thickness effects were found for joined H-
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P sealant specimens, i.e. the facture stress decreased with increasing thickness. Plenty of 

previous work [82, 136, 183, 184] reported that crystallization shows a positive effect on fracture 

stress of partially crystallized glass-ceramic sealants, while the growth and coalescence of micro-

voids and micro-cracks during the annealing can noticeably degrade the strength such as reported 

for the GC-18 sealant [185].  

Instability issues might occur at operation relevant temperatures due to viscoelastic deformation 

of the residual glass phase. Most partially crystallized glass-ceramic sealants, such as H, H-P, 

GC-9, GC-18 show a non-linear behavior close to the glass transition temperature, while fully 

crystallized sealants (such as B sealant) showed relative stable fracture stress at elevated 

temperature.  

Table 3-8: The fracture strength of the typical sealant materials. 

Glass sealant Specimen Conditions Test method Temp. 
(°C) 

Fracture 
strength (MPa) 

Ref. 

H 
BaO-CaO-SiO2, 

doped with Al2O3, 
B2O3, V2O5, ZnO 

 
Joined 

 
As-sintered 4-point 

bending 

RT 52 ± 1 [83] 

800 ~1 
B 

BaO-CaO-SiO2- 
Al2O3 

Bulk bars As-sintered  
4-point 
bending 

RT 91 ± 12  [83] 
800 ~ 90 

Joined  As-sintered RT 25 ± 2  
 

 
H-P 

Glass H + 20 
wt % YSZ 
particles  

Bulk bars As-sintered 
 

 
 
 

4-point 
bending 

RT 28 ± 3  [83] 
800 ~ 1 

 
 

Joined bars 
 

As-sintered 
RT 22 ± 2  
400 30 ± 5 
800 ~1 

800°C for 
500 h 

RT 47 ± 3  [49] 
[65] 800 ~41 

 
GC-9 

BaO-B2O3-SiO2- 
Al2O3 

 
Bulk bars 

As-sintered 
4-point 
bending 

RT 63  
[184] 750 4.5 

Annealed RT 73 
 

Plate 

As-sintered  

Ring-on-ring 

RT 57 ± 10  
[183] 800 27 ± 6 

Annealed RT 56 ± 6 
800°C 48 ± 7 

GC-18 
BaO-CaO-SiO2- 

Al2O3 
 

 
 

Bulk bars 

As-sintered  
4-point 
bending 

RT 80 ± 10  
[185] 

 
800 39 ± 4 

Annealed RT 43 ± 3 
800°C 30 ± 2 
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3.4.6.3. Shear stress 

The shear stresses of sealant materials similar to that considered in the present work are 

summarized in Table 3-9. Schwickert [124] reported the shear stress of Glass 58, which is based 

on BaO-CaO-Al2O3-SiO2 and joined with steel 1.4742. The shear stresses are in a range of 8.6-

10.5 MPa. Nielsen [186] characterized the glass NAS based on Na2O-Al2O3-SiO2 with 30% 

MgO fillers using similar joined specimens. The shear stress is around 1.87 ± 0.24 MPa. The 

mechanism of these testing methods is very similar to the lap-tests, where the applied load is 

paralleled to the joined cross-section.  

According to the results of KMBY sealant, the cross-bonded configuration (ISO13124, se Figure 

3-14 (c)) is subjected to combined shear, tensile and bending stresses, as typically occurs with 

lap-tests [187, 188]. The apparent shear strength is much lower than 71 MPa obtained by the 

torsion test [189], where a pure shear strength can be obtained. The torsion test has suggested to 

be the most reliable method to measure the pure shear strength of glass-ceramic joined 

specimens for SOFCs application. Previous works mostly focused on the (apparent) shear stress 

at room temperature. A shear test technique at high temperature was developed by Lin et al. 

[190]. Glass GC-9 was tested at room temperature and 800°C to measure shear joint stress by a 

sealant-metal jointed shear test specimen (similar as Figure 3-15 (a)). For sealant GC-9 with 250 

h or 500 h it appeared that shear joint strength decreases at 800°C by 17 % due to continuous 

growth of BaCrO4 chromate.  

In the current work, an improved torsion set-up has been developed for room and elevated 

temperatures. The pure shear stress of different sealants for SOFC application was investigated 

and will be discussed in the latter sections.  
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Table 3-9: The sealants tested by different shear tests.  

Glass sealant Specimen Conditions Test method Temp. 
(°C) 

Fracture 
strength (MPa) 

Ref. 

Glass 58 
BaO-CaO-SiO2-

Al2O3 

 
Joined 

 
As-sintered 

 
Joined shear  

 

 
RT 

 
8.6-10.5 

 
[124] 

NAS 
Na2O-Al2O3-SiO2 
with 30% MgO 

fillers 

 
Joined 

 
As-sintered 

 
Joined shear 

 
RT 

 
1.87 ± 0.24 

 
[186] 

GC-9 
BaO-B2O3-Al2O3- 
SiO2, CaO, La2O3 

ZrO2 

 
Joined 

 
As-sintered 

 
Joined shear 

     RT 4.9-6.6  
[190] 800°C 4.4-4.7 

KMBY 
SiO2, CaO, 

Al2O3,Na2O, 
B2O3, Y2O3, K2O 

 
Joined 

 
As-sintered 

Torsion  
RT 

71 ± 5  
[189] ISO13124 42 ± 6 
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4. Experimental 
4.1.Materials  

4.1.1. Anode substrate materials 

Two anode substrate compositions were analyzed, NiO-3YSZ anode substrates were produced 

by Topsoe Fuel Cells (TOFC, Denmark) and NiO-8YSZ half-cells (anode substrate with anode 

functional layer and electrolyte) at IEK-1 (Forschungszentrum Jülich GmbH, Germany). Due to 

confidentiality, the production procedure of NiO-3YSZ cannot be described here and only the 

production of Jülich substrates is given in detail.  

(1) Fracture toughness - Double torsion specimen 

The TOFC material was produced by tape casting [191]; further details on powders and 

production cannot be given due to confidentiality. The specimens produced at IEK-1 were either 

warm pressed (type 2) or tape cast (type 3 and 4), along with an additional very thin functional 

anode and electrolyte layers (10 to 20 µm each). The raw materials used for substrate, anode and 

electrolyte were NiO from Mallinckrodt Baker (Griesheim, Germany), 8 mol% yttria-stabilited 

zirconia (8YSZ) from USM (FYT13-H-5, Laufenburg, Germany), and 8YSZ from Tosoh (TZ-

8Y, Tokio, Japan). The detailed production procedure can be found in [22] and [20]. The NiO-

8YSZ material was reduced to Ni-8YSZ in 4% H2/Ar at 900°C for 5 h. A re-oxidation test was 

carried out via heating in air to 800 °C with the heating rate of 8 K/min. 

All specimens were supplied with dimensions of 40 × 20 mm², with a laser cut notch of a length 

of 14 mm and a width of 0.7 mm (see Figure 4-1). TOFC´s NiO-3YSZ specimens were 300 µm 

thick, while the Jülich specimens of type 2 were 1000 µm thick and type 3 and type 4 were 500 

µm thick. Specimen details are given in Table 4-1. 
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Figure 4-1: Specimens for double torsion test. The left is the oxidized anode material, while the 
right is in reduced state. 

Table 4-1: Double torsion tests: Investigated materials.  

Material Type Production Thickness (µm) Porosity (%) 

NiO-3YSZ Standard Tape casting 328 ± 11 14 ± 1 

NiO-8YSZ 

2 Warm pressing 1018 ± 60 22 ± 1 

3 Classical tape casting 525 ± 18 16 ± 1 

4 Sequential tape casting 545 ± 16 13 ± 1 

 

(2) Creep specimen 

The creep investigation was only carried out on pure Ni-8YSZ anode substrate produced by IEK-

1, Jülich, since TOFC material was not available in suitable geometries. The surfaces of the bar-

shaped specimens were ground and polished before the compression test to ensure flatness and 

parallelity. Before testing, the initially oxidized specimens were again reduced at 900°C in 4 % 

H2/Ar atmosphere for 5 h. Porosities of the different specimen types were determined graphically 

with the software package AnalySIS (details in section 4.2.1). Details on the tested Ni-8YSZ 

materials abbreviated as A, B, C and D, are given in Table 4-2. 
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Table 4-2: Ni-8YSZ materials tested with respect to creep 

Ni-8YSZ Porosity (%) YSZ (wt %) Producing process Specimen geometry 

 

A 

 

20 ± 1 

 

~49% 

 

Warm pressed 
Bar: 3  × 3 × 9 mm3 

Plate: Ø 22 mm × 1.3 mm 

 

B 

 

30 ± 2 

 

~48% 

 

Tape casting 

 

Plate: Ø 22 mm × 0.5 mm 
 

 

C 

 

46 ± 1 

 

48~55% 

 

Warm pressed 
Plate: Ø 36 mm × 1.5 mm 

Beam: 5.5 × 1.5 × 36 mm3 

 

D 

 

50 ± 5 

 

~37% 

 

Warm pressed 

 

Plate: Ø 25 mm × 1mm 

 

 

The bar-shaped specimens were tested in compression. Bending creep tests were carried out on 

plate-shaped specimens using a ring-on-ring set-up and on beam specimens using four-point 

bending. The testing temperatures ranged from 800°C to 900°C. All tests were carried out in 4% 

H2/Ar atmosphere to avoid oxidation during the elevated temperature test.   

4.1.2. Sealant materials 

The studied composite sealant is based on a glass matrix called glass “H” of the BaO-CaO-SiO2 

ternary system, with small amounts of Al2O3, B2O3, V2O5 and ZnO [192]. The filler materials 

added to the matrix was either 20 wt.% Ag particles or 13 wt.% YSZ fibers, subsequently 

abbreviated H-Ag and H-F, respectively. The raw materials were obtained from Merck KGaA 

Darmstadt with purity higher than 99 %. Each batch was prepared by mixing an appropriate mole 

fraction of oxide ingredients and melting at 1480 °C in a platinum crucible in an induction 

furnace. For better homogenization of the glass, the melting procedure was carried out twice. For 

making the powder, the frits were wet-milled in acetone in an agate ball mill to a medium 

particle size of 10 - 13 μm, dried and then sieved through a mesh size of 0.32 µm to collect 

powders. The chemical composition of the sample was analyzed by inductively coupled plasma 
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optical emission spectroscopy (ICP-OES) [83], see Table 4-3. Powders were blended to paste 

using ethyl cellulose as binder in terpineol (18wt. %) for the screen printing.  

Table 4-3: Chemical composition of sealant material H-Ag and H-F. 

In wt.% BaO SiO2 CaO Additions Filler 

H-Ag  

48.2 

 

29.8 

 

6.1 

Al2O3, B2O3, 

V2O5, ZnO 

20 wt.% Ag particle 

H-F 13 wt.% YSZ fiber 

 

Some sealant materials from Ceramics and Glass Institute (CSIC), Madrid, Spain, were also 

tested in this work, so called 7.5 B (Ba) and 10 B (Sr). The composition of sealants is given in 

Table 4-4. The raw materials are SiO2 (Saint-Gobain), MgO (Panreac), BaCO3 (Alfa Aesar), 

SrCO3 (Alfa Aesar) and B2O3 (Alfa Aesar), which all have more than 90 % purity. The B2O3 

powders (Alfa Aesar) were melted previously in a gas furnace at 900°C to obtain a glass, thus 

avoiding the hygroscopy of the B2O3 powder. The raw materials used for preparation of the 

glasses were mixed in a tubular mixer during one hour before calcination at 1250°C in an 

electrical furnace using a covered Pt/Rh crucible and subsequently melted at 1550°C for 2 h. The 

batch was melted twice in order to obtain a better glass homogeneity. The molten glass was 

poured into water and the glass frits were dried at 100°C. 

Table 4-4: Chemical composition of sealant material 7.5 B (Ba) and 10B (Sr). 

In mol.% SiO2 BaO   SrO  MgO B2O3 

7.5 B (Ba) 47.5 27 - 
18 

7.5 

10 B (Sr) 45 - 27 10 

 

(1) Fracture stress – sintered bar 

The determination of the fracture stress for sintered bars concentrated on the ICV-CSIC (in 

Madrid, Spain) material since previous investigations [65] indicated that for the Jülich material 

the data obtained for sintered bars are not representative for the behavior of the material in thin-

layer geometry. Bar-shaped 7.5B(Ba) and 10B(Sr) specimens were supplied by ICV-CSIC, 

Madrid. The stack representative thermal treatment was carried out on 7.5 B(Ba) at 800°C for 24 
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h and 800 h, on 10 B(Sr) at 750°C for 24 h and 800 h, respectively. The geometry of the 

specimen was ~45 mm × 5 mm × 4 mm. All specimen surfaces were fine-grinded with 4000-grit 

abrasive papers before the mechanical tests.  

(2) Fracture stress - layers 

The so-called head-to-head joined specimens were prepared using an in-house developed sealing 

jig (Figure 4-2. (a)), resulting in a thin-layer geometry similar as in SOFC stacks. Crofer22APU 

was used as joining partner with surface preparation equivalent to the stack application. The 

sealant materials were dispensed by screen printing to the steel bar surface. Specimens’ 

dimensions were 50 mm × 6 mm × 4 mm, sealant thicknesses after joining were between 200 ± 

15, 250 ± 15 and 350 ± 25 μm. The necessary heat treatment was applied during joining. The as-

sintered state corresponds to a holding time of 10 h at 850°C. Heating and cooling rates were 5 

K/min. Additional thermal treatments (500h at 800°C for H-Ag or 100h and 1000h at 850°C for 

H-F) were carried out after joining to achieve a state representative for long term stack operation. 

The tensile-loaded specimen surfaces were fine-grinded with 4000-grit abrasive papers before 

the mechanical test. Figure 4-2.(b) shows a schematic and some real specimens after fine 

grinding. 

 

  

  

Figure 4-2: (a) In-house joining jig, (b) schematic and actual head-to-head specimens 

after fine grinding. 
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(3) Torsion test specimens 

Joined plate specimens were designed for the torsion test. Similar as in the case of the head-to-

head specimen, two steel plates (Crofer22APU) were joined by screen printed sealants. 4 kg 

(~40N) load was applied during joining at 850°C for 10 h. The annealed state sealant was 

prepared with further heating treatment (additional 90 h at 850°C). The dimension of the 

specimen was ~30 x 30 x 5.5 mm3 and the diameter of the circular joining region 25 mm. The 

thickness of sealant layer was ~ 250 mm, corresponding to the typical thickness used in a SOFC 

stack.  Figure 4-3 presents a schematic and real joined plate specimen.  

 

Figure 4-3: Schematic and real joined plate specimen. 

 

4.2. Microstructural characterization 

4.2.1.  Microscopy 

Selected specimens were embedded in epoxy resin and ground with SiC abrasive papers up to 

4000 grit. Subsequently, polishing was performed using diamond paste up to 0.25 μm grain size. 

The microstructure of all materials was investigated using optical microscope (CSM, Switzerland) 

and scanning electron microscope (LEO 440, Zeiss Merlin, INCAEnergy). Element analysis was 

carried out using energy-dispersive X-Ray spectroscopy (EDX, Inca, Oxford).  

The porosities of the initial NiO-YSZ and the material in the reduced state were investigated. 

Porosity was graphically analyzed with the ImageAnalysis Pro® software using the planimetric 

method. The pore percentage was obtained from the ratio of the pore area to the total area of 

microstructure image. Fractography to assess fracture origins was carried out using stereo-
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microscope (Olympus SZH10) and scanning electron microscope (LEO 440, Zeiss Merlin, 

INCAEnergy).  

4.2.2 X-ray diffraction 

X-ray diffraction is an effective tool for the investigation of the phase transformations. The 

principle is based on the change of the crystal lattice parameter α. The lattice parameter depends 

on the atomic species presented in a particular material. The phase analysis in this work was 

performed by X-ray diffraction using a Siemens D5000 diffractometer, which is equipped with 

an X-ray tube with copper anode (λ=1.5418 𝐴̇). The step scan used Cu-Ka radiation with a step 

size 0.02° and a step time 5s.  

4.3. Mechanical characterization  

4.3.1.   Fracture toughness 

Double torsion tests as an effective method to measure fracture toughness were carried out on 

various anode materials in this work. The anode materials in oxidized and reduced states were 

tested at room temperature in air and typical operation temperature (800°C) in a 4 % H2/Ar 

atmosphere, respectively. The temperature was monitored close to the outer specimen surface 

with a thermocouple type K. The specimens were tested in a full ceramic double-torsion (DT) 

set-up placed in an Instron 1362 machine. Initially the specimens were loaded with 1 N pre-load 

and further applied the specimen with the controlled constant displacement rates. A schematic 

image of a DT setup is shown in Figure 4-4. 

 

              

Figure 4-4: Figures of a double-torsion setup and the loading scheme of the specimen. 
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Fracture toughness was determined in DT testing simply by loading a specimen rapidly and 

recording the maximum load at failure (FIC). The used fracture toughness calculation formula 

[193] : 

𝐾𝛪 = 𝐹𝐼𝐶 ∙  𝑊𝑚 ∙ [ 
3(1 + 𝜈)

𝑊 ∙ 𝑡4 ∙ 𝜉
]

1
2⁄  

 

(4-1) 

𝜉 = 1 − 1.26(𝑡
𝑊⁄ ) + 2.4 ∙ 𝑒𝑥𝑝 [−𝜋𝑊

2𝑡⁄ ] (4-2) 

                                       

where W, L and t are the width, length and thickness of the specimen, respectively, Wm is the 

moment arm, ν the Poisson’s ratio, 𝜉 a thickness correction factor.  

The list of double torsion tested specimens and corresponding experimental conditions are given 

in Table 4-5. 
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Table 4-5: Details of double torsion tests.  

Material Type Number of 
specimens Test conditions Environmental 

conditions 
Analyzed 

effect 

NiO-3YSZ Standard 

3 Pre-crack + 
1000 µm/min RT Pre-crack 

20 1000 µm/min RT Standard 
1 2000 µm/min RT 

SCG 4 100 µm/min RT 
5 10 µm/min RT 
3 1 µm/min RT 
2 1000 µm/min 800 °C HT 

Ni-3YSZ Standard 
3 Pre-crack + 

1000 µm/min RT Standard 

3 Pre-crack + 
1000 µm/min 800°C HT 

NiO-8YSZ 

4 2 1000 µm/min RT No pre-
crack 

4 5 Pre-crack + 
1000 µm/min RT Standard 

4 2 Pre-crack + 
100 µm/min RT 

SCG 
4 2 Pre-crack + 

10 µm/min RT 

3 4 Pre-crack + 
1000 µm/min RT 

Type 
2 3 Pre-crack + 

1000 µm/min RT 

4 2 Pre-crack + 
1000 µm/min 800 °C HT 

Ni-8YSZ 

4 2 Pre-crack + 
2000 µm/min RT 

Type 3 1 Pre-crack + 
2000 µm/min RT 

2 1 Pre-crack + 
2000 µm/min RT 

4 1 Pre-crack + 
5000 µm/min RT 

SCG 4 1 Pre-crack + 
1000 µm/min RT 

4 1 Pre-crack + 
100 µm/min RT 

4 2 Pre-crack + 
2000 µm/min 800°C HT 

4 re-
oxidized 2 Pre-crack + 

2000 µm/min 800 °C Re-
oxidation 
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4.3.2. Creep behavior  

4.3.2.1. Compressive test 

Compressive creep behavior was analyzed in tests in which bar-shaped (cuboid) specimens were 

uniaxially loaded between two supports. The tests were performed using an Instron 1362 testing 

machine. A linear variable differential transducer (Sangamo, LVDT, range ±1 mm, precision 

1.25 μm) was used for measuring the vertical displacement. The transformer was assembled with 

the half-sphere in the clamping device by an alumina rod (Figure 4-5). The load was measured 

by load cells with 10 KN measuring range (1210 BLR, Interface Company). The temperature 

was monitored close to the outer specimen surface with a thermocouple type K.  

 

Figure 4-5: Compressive creep test set-up. 

 

The surfaces of the specimen were previously ground and polished to ensure flatness and 

parallelism. The creep strain was determined by following equation:  

𝜀 =  
∆ℎ

ℎ0
 

(4-3) 

 
where ∆h is the deformation measured during the test and hₒ is the initial height of the specimen. 

A Norton law (Equation 3-10) was used in current study to obtain creep parameters of materials. 

By plotting the natural logarithm ln of the steady state creep rate 𝜀̇ against ln (σ), at a constant 

temperature T, n is determined as the slope in the plot. The activation energy Q was calculated 

by plotting the ln (𝜀̇) against the reciprocal of the absolute temperature (1000/T) at a constant 

stress.  
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Tests were carried out on reduced anode bar-shape specimens from 800°C to 900°C under 4 % 

H2/Ar to protect the material from oxidation occurring at elevated temperatures. The specimens 

were heated with a heating rate 8 K/min. The thermal equilibrium was considered to be reached 

after 1 h dwell time. A variable stresses was applied during the experiments as illustrated in the 

test scheme in Table 4-6.  

Table 4-6: Compressive creep tests.  

Material Applied stress (MPa) Temperature (°C) Number 
of test 

Environmental 
conditions 

Ni-8YSZ 
(~3 x 3 x 8 mm3) 

30 
800 1 

H2/Ar 

850 1 
900 1 

63 
800 1 
850 1 
900 1 

100 
800 1 
850 1 
900 1 

 

4.3.2.2. Bending test 

Several types of bending tests were performed using an electromechanical testing machine 

(Instron 1362). The central displacement was measured with a sensor attached to the tensile 

loaded sample surface. A ceramic extension rod connected to a linear variable differential 

transducer (Sangamo, LVDT, range ± 1 mm, precision 1.25 μm) provided the actual 

displacement. The load was measured with a 1.5 KN load cell (Interface 110 BLR). The set-up 

permitted measurement from room temperature up to 1000°C. The temperature was monitored 

close to the outer specimen surface with a thermocouple type K.  Two different bending 

techniques have been used, ring-on-ring test and four-point bending test, for plate- and bar-

shaped specimens, respectively. The distinct atmospheres (air or 4% H2/Ar) were varied 

according to the measurement requirements. 
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(1)   Ring-on-ring bending test 

The technique is based on the bending of a thin circular (or rectangular) plate-shaped specimen. 

A loading ring bends the specimen vertically constrained by a supporting ring (Figure 4-6 ). A 

half-spherical connection gear was used to avoid the misalignment during the force transfer.  

  

Figure 4-6:  Ring on ring test set-up and schematic illustration of a ring-on-ring bending test. 

 

The measurement procedure followed the DIN 51105 standard. Assuming that the creep 

mechanism is dominated by diffusion (n ~1), the creep rate could be estimated by following 

equations:  

𝜎 =
3𝐹

2𝜋𝑡2
 [(1 + 𝜈) ln (

𝑟2

𝑟1
) +

1 − 𝜈

2
(

𝑟2
2 − 𝑟1

2

𝑟3
2 )] 

 

(4-4) 

𝜀̇ =  

𝑡 (1 − 𝜈)
(1 − 𝜈2)𝑟1

2  [(1 + 𝜈) 𝑙𝑛 (
𝑟2

𝑟1
) +

1 − 𝜈
2 (

𝑟2
2 − 𝑟1

2

𝑟3
2 )]

[(
𝑟2

𝑟1
)

2

− 1 − 𝑙𝑛 (
𝑟2

𝑟1
) +

1
2 (

1 − 𝜈
1 + 𝜈) (

(𝑟2
2 − 𝑟1

2)𝑟2
2

𝑟3
2𝑟1

2 )]

 𝑑̇ 

(4-5) 

 

where F is the applied force, t the thickness of the sample, ν the Poisson’s ratio, 𝑑̇  is the 

displacement rate measured from the bottom of the specimen, and  𝑟1, 𝑟2 and 𝑟3 are the loading 

ring, supporting ring and specimen radius, respectively.  
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The ring-on-ring tests were carried out for anode materials (Ni-8YSZ). The purpose of the tests 

was to investigate the bending creep behavior of the anode, which were further compared with 4-

point bending creep and compressive creep tests. The tests along with the specimens are 

described in Table 4-7.  

Table 4-7: Ring-on-ring creep tests.  

Ni-8YSZ Condition Temp. (°C) Stress (MPa) 

5 10 20 30 

A 
 

 

 

4% H2/Ar 

800 - 1 1 1 

900 - 1 1 1 

B 
800 - 1 1 - 

900 - 1 1 1 

C 
800 - 1 - - 

900 - 1 1 1 

D 
800 1 1 1 - 

900 - 1 1 1 

 

(2) Four-point bending test  

In a four-point bending test, a bar-shaped specimen is placed on two supporting rods and the load 

is applied by the two loading rods, as illustrated in Figure 4-7.  

 

 

Figure 4-7: Four-point bending set-up and schematic illustration of a four-point bending test. 

F/2 F/2 

Li 

L 
m 
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The bar-shaped specimens of reduced state anode material (Ni-8YSZ) were tested to determine 

the creep behavior. The equations used for analysis are discussed and shown in previous section 

3.4.4. The list of anode specimens tested under 4-point bending and the corresponding testing 

conditions are given in Table 4-8. 

Table 4-8: The anode specimens and testing conditions of four-point bending creep tests. 

Ni-8YSZ Condition Temp. (°C) Stress (MPa) 

10 20 

C 4% H2/Ar 
800 1 1 

900 1 1 

 

4.3.3.    Finite element simulation  

The creep behavior of the anode materials was simulated to compare the behavior with analytical 

and experimental results. The comparison of the analytical formulations and experiments was 

based on creep rates obtained from ring-on-ring and four-point bending tests. 

All numerical simulations were performed using the software ANSYS 14.5. 2D analysis of the 

creep test was used in order to reduce computation time. An example of the meshed model for 

ring-on-ring simulations is given in Figure 4-8, while the meshed model of 4-point bending was 

very similar but in other symmetrical arrangement. In the case of ring-on-ring testing the 

boundary condition was that the axis of symmetry was constrained against movement in x-

direction and a selected node against y-direction. In the case of 4-point bending, the boundary 

condition was similar. Loads were directly applied on selected nodes. The simulation was based 

on the Norton creep relationship. The material data used for the simulation are summarized in 

Table 4-9. The simulations of bending creep consisted of 2D specimen models, which were 

loaded /constrained by a point load/constraint.  Simulation models of four-point and ring-on-ring 

bending tests consisted of around 14000 finite elements each.  
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Figure 4-8: Meshed 2D model with 0.03 mm finite element size in the case of axisymmetric 
anode arrangement.   

 

Table 4-9: Data from 4-point bending test in this work used in the FEM simulation of creep. 

Temperature (°C) E (GPa) 

[140]  

Poisson’s ratio 

[140] 

 A (s-1 MPa-n) n Q (kJ/mol) 

800 29 0.29 5.7 × 10-4 1.4 147 

 

4.3.4. Bending strength 

Bending tests were performed using an electromechanical testing machine (Instron 1362). The 

central displacement was measured with a sensor attached to the tensile loaded sample surface. A 

ceramic extension rod connected to a linear variable differential transformer (Sangamo, LVDT, 

range ± 1 mm, precision 1.25 μm) provided the value of actual displacement. The load was 

measured with a 1.5 KN load cell (Interface 110 BLR). The testing set-up permitted 

measurement was carried out from room temperature up to 1000°C.  In this work two different 

bending techniques have been used, four-point bending test and three-point bending test, with 

head-to-head and bar-shaped specimens, respectively.   
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4.3.1.1 Four-point bending test                                      

Besides creep behavior, four-point bending tests were also carried out to characterize fracture 

stress, following the ASTM C1-161 standard. The particularly designed head-to-head specimens 

used in this work are described in section 4.1.2. The elastic modulus and corresponding stress of 

4-point bending can be expressed as: 

𝐸 =  
3 ∙ ∆𝐹 ∙ 𝐿3

16 ∙ 𝑏 ∙ ℎ3 ∙ ∆𝑓
   

 

(4-6) 

𝜎 =  
3 ∙ 𝐹 ∙ 𝑚

𝑏 ∙ ℎ2
   (4-7) 

 

where ΔF and Δf are the force and deflection in the linear region of load-deflection curve, 

respectively. F is the applied force, L is the length between supporting rods, b and h is the 

specimen width and height, respectively. The elastic modulus is determined from the linear 

region of the load-deflection curve. The fracture stress is determined from the maximum applied 

load.  

The four-point bending tested sealant specimens are listed in Table 4-10.  

Table 4-10: Performed four-point tests on head-to-head and bar-shaped specimens along with 
the number of tested specimen. 

Specimen Material 
Tests 

Condition 
RT 700°C 800°C 

 

Head-to-

head joined 

H-Ag 
As-sintered 15 1 1  

 

 

Air 

500h/800°C 7 1 1 

 

H-F 

As-sintered 7 1 1 

100h/850°C 5 1 3 

1000h/850°C 5 1 1 

7.5B(Ba) As-sintered 20  6 

10B(Sr) As-sintered 10 6 2 
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4.3.1.2 Three-point bending test 

In a three-point bending test, a bar-shaped specimen is placed on two supporting rods and the 

load is applied by a rod placed in the center, as illustrated in Figure 4-9. 

 

Figure 4-9: Schematic illustration of a three-point bending test 

 

The experiments were carried out following the procedure recommended in ASTM C1-161. 

According to the linear elastic theory, the maximum stress, which appears in the central part on 

the tensile side of the specimen, can be determined from the relationship: 

𝜎 =  
3 ∙ 𝐹 ∙ 𝐿

2 ∙ 𝑏 ∙ ℎ2
   (4-8) 

 

where F is the applied force, L the length between the supporting rods, b the specimen width, and 

h the specimen height. 

Three-point bending tests were used to characterize the fracture stress of 7.5 B(Ba) and 10B(Sr) 

and further compared with Jülich sealant materials. The tests were carried out at room 

temperature and elevated temperatures (650°C and 800°C), respectively. Note that 3-point 

bending tests were carried out to permit a direct comparison with tests carried out at CSIC, 

Madrid.  

The list of specimens tested under 3-point bending and the corresponding testing conditions are 

given in Table 4-11. 

 



Experimental 

71 
 

Table 4-11: Performed three-point tests on bar-shaped specimens along with the test number. 

Sealant State 
Test 

RT 650°C 800°C 

7.5 B(Ba) 
24h/800°C 5  

- 
3 

800h/800°C 5 3 

10 B(Sr) 
24h/750°C 5 3  

800h/750°C 5  3 

4.3.5. Torsion strength (shear strength) 

Sealants in SOFC stacks are exposed to a combination of tensile and shear load [120].  Since 

ceramic materials can have different properties in compression and tension [194] and to correlate 

tensile and shear properties, a torsion test appears to be the most useful method to observe the 

shear strength. An in-house torsion set-up has been developed at IEK-2, Forschungszentrum 

Jülich (Figure 4-10). The torsion tests were carried out for H-Ag and H-F sealants. 

 

Figure 4-10: The torsion set-up along with the joined plate specimen.  

 

In the torsion test, a joined plate-shape specimen was twisted by two loading arms until fracture 

occurred. The rotational speed was ~ 4°/min. The maximum torque that might be used in the set-

up is 220 Nm. A horizontal folding oven with temperature range up to 1000°C was used for the 

high temperature tests. The shear stress could be calculated by following equation [189]: 
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𝜏 =
16 𝑇

𝜋𝑑3
 (4-9) 

 

where τ is the shear stress, T the applied torque, and d the diameter of the joining area, here 25 

mm. The torques was calculated at specimen fracture.  

A list of specimens tested in the torsion test and the corresponding testing conditions are given in  

Table 4-12. 

Table 4-12: Performed torsion tests on joined plate specimens. 

Sealant Joining at 850°C (h) Temperature (°C) Tests Condition 

H-Ag 

100 RT 1 

Air 

10 

RT 3 

600 2 

800 1 

H-F 100 

RT 5 

600 1 

800 1 

 
10 

RT 3 

 800 1 
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5. Results and discussion 
5.1. Anode material 

In this chapter anode materials have been investigated. Microstructural investigations show the 

internal structure, such as grain size, phases and pores. Fracture toughness and creep behavior 

results are summarized as studied via different testing methods.  

5.1.1. Microstructure  

5.1.1.1. Microstructure of double torsion specimens 

Microstructural investigations were carried out on several types of materials mainly to analyze 

the porosity, which might influence the fracture toughness values. SEM images of all 8YSZ-

composed material types are shown in Figure 5-1. Due to confidential issues, microstructural 

analysis was not carried out for the TOFC-supplied NiO-3YSZ material. 

a)  b)  c)  

d)  e)  f)  

Figure 5-1: SEM images of 8YSZ-composed material types analyzed in this study; upper row 
corresponds to NiO-8YSZ, while lower row to Ni-8YSZ microstructures: (a) and (d) type 2, (b) 

and (e) type 3 and (c) and (f) type 4. 
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5.1.1.2. Microstructure of creep tested materials 

The microstructures of anode materials A, B, C and D tested in this work are shown in Figure 

5-2. By shortening the working distance of SEM lens to the specimen, the brightness and 

contrast were specially adjusted in few images to enhance grain orientation contrast, which 

permits the grain sizes’ determination of the materials by visual inspection even in the case of 

blurry boundaries. It appeared that all of the materials possessed similar grain sizes according to 

these high contrast SEM images (Figure 5-2 (e)), with average value of around 1 to 2 µm. The 

similarity of the grain sizes ensures that there is no grain size effect that would bias the creep 

rates for the tested materials. 
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a)   b)   

c)   d)  

e)  

Figure 5-2: Microstructures of materials A, B, C and D in a) to d); as well as an example for the 
high contrast image for grain orientation in e). 
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5.1.2. Fracture toughness by double torsion test1 

5.1.2.1. Necessity of a pre-crack 

Double-torsion tests, like most fracture toughness tests [138], require a notched specimen in 

order to reduce elastic energy on crack initiation and hence to permit stable crack growth that is a 

prerequisite for fracture toughness evaluation. In addition, it has been observed that the evaluated 

fracture toughness data are biased by the crack tip radius, i.e. round crack tips lead to higher 

values and hence often a sharpening of the notch is carried out [138]. In the case of a double-

torsion test, a pre-crack of the specimen is normally introduced before the test to obtain a sharp 

crack tip and high stress concentration [193]. However, the effect and necessity of the pre-

cracking onto the evaluated data required an initial test series. Note, in addition to the potential 

effect on the fracture toughness via the crack tip radius, the pre-crack also leads to a further 

reduction of the necessary elastic energy for crack initiation and hence enhances the crack 

growth stability. 

a) NiO-3YSZ 

The specimens were tested initially with and without pre-crack to observe the effect and 

necessity of pre-crack. The resulting curves (Figure 5-3) show a significantly longer plateau 

region in case of specimens which were previously loaded with a slow displacement rate to 

obtain a pre-crack before the DT test. The specimens tested without previously inducing a pre-

crack showed a shorter and a slightly instable plateau region (Figure 5-3). However, when taking 

individual thickness of specimen and average value of the plateau region into account, fracture 

toughness was identical within the limits of uncertainty. The average fracture toughness of 

specimens with and without the pre-crack was 3.05 ± 0.17 MPa·m1/2 (Table 5-1), confirming that 

there is no necessity to pre-crack the current thin and brittle material.  

The obtained fracture toughness values are slightly higher than the ones reported in literature for 

NiO-3YSZ (2.55 ± 0.2 MPa·m1/2 [138]), which might be a result of slight porosity differences of 

the respective specimen batches. Furthermore, the values are significantly lower than reported 

for dense 3YSZ, which has a fracture toughness of 5.0 MPa·m1/2 [195]. It might be assumed that 

the difference in fracture toughness is mainly caused by a difference in porosity of the specimens. 

                                                           
1 Study has partly been published as J. Wei, G. Pećanac, et al., Proc. 12th Euro SOFC & SOE Forum, Luzern, 
B1309, 2016 and publiched as G. Pećanac, J. Wei, J. Malzbender, J Power Sources, 327 (2016) 629-637. 
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Furthermore, Delaforce et al [196] showed that NiO also effects the stability of the t-phase, 

leading to less transformation toughening of 3YSZ and hence a lower fracture toughness.  

 

Figure 5-3: Typical curves of fracture tests with and without a pre-crack, indicating similar 
results and therefore confirming that pre-crack is not necessary for the material in the used 

geometry. 

b) NiO-8YSZ 

Similar initial tests were carried out on NiO-8YSZ (type 4) materials to analyze the necessity of 

pre-cracking. The NiO-8YSZ specimens are slightly thicker, hence, the elastic energy before 

crack initiation would be much larger and the instable crack growth might be possible in this 

case. The resulting curves confirmed this assumption (Figure 5-4), the specimen without pre-

crack failed instable and did not permit a reliable fracture toughness characterization (red curve 

in Figure 5-4 shows a typical behavior without a pre-crack).  

Compared to the non-pre-cracked specimen, the pre-cracked specimen yielded a stable crack 

growth region, which permitted a reliable determination of fracture toughness. The obtained 

average fracture toughness of 1.76 ± 0.15 MPa·m1/2, considering the difference in material’s 

production and porosity, is in agreement with the reported data from Radovic et al ( 1.6 ± 0.2 for 

21.8 ± 1.3 % porosity [137]). According to literature, the fracture toughness of dense 8YSZ and 

NiO are 1.65 MPa·m1/2 [197] and 1.5 MPa·m1/2 [198] respectively, implying that the difference 

compared to those values might be a result of experimental uncertainties, or it might be 



78 
  

 

 

 



Results and discussion 

79 
 

based on displacement rate effect described in next section as shown in Figure 5-5.) A similar 

value for reduced cells has been reported in [199]. The result indicates a positive effect of ductile 

metallic Ni particles on crack growth resistance, which was obviously stronger than the decrease 

of the fracture toughness due to the reduction-associated increase in porosity.  

Ni-3YSZ specimens tested with a load rate of 1000 µm/min yielded with 3.85 ± 0.27 MPa·m1/2 a 

very similar fracture toughness value as obtained for Ni-8YSZ. The fracture toughness is 26 % 

higher compared to the respective material in the oxidized state (3.05 ± 0.17 MPa·m1/2), 

confirming that Ni particles enhance the fracture toughness. However the effect is stronger in the 

case of Ni-8YSZ where the increase in fracture toughness of reduced specimens compared to 

oxidized specimens accounts in the case of type 4 material to ~ 230%, indicating that in the case 

of Ni-3YSZ either the decrease of the fracture toughness due to porosity has a stronger effect or 

any increase due to Ni ductility is less pronounced which might be associated with differences in 

Ni-YSZ ratio or grain / pore size. 

Table 5-2: Fracture toughness of NiO-8YSZ in type 4 and NiO-3YSZ along with their reduced 
state. 

Material KIC at RT (MPa·m1/2) 

NiO-8YSZ 1.76 ± 0.15 

Ni-8YSZ 4.12 ± 0.12 

NiO-3YSZ 3.05 ± 0.17 

Ni-8YSZ 3.85 ± 0.27 

5.1.2.3. Sub-critical crack growth 

Both NiO-3YSZ and NiO-8YSZ were characterized with respect to their sensitivity to subcritical 

crack growth (SCG) at RT via variation of displacement rates. To have a sufficient range, NiO-

8YSZ was analyzed with loading rates of 10 µm/min, 100 µm/min and 1000 µm/min, while 

NiO-3YSZ was additionally also tested with 1 µm/min and 2000 µm/min. In both cases it was 

confirmed that the materials are sensitive to SCG and the fracture toughness evaluation is 

affected, as shown in Figure 5-5. Lower fracture toughness were obtained when testing the 

specimens with lower displacement rates, i.e. more time was available for chemical reaction to 

take place at the crack tip in the stressed microstructure. The results generally agree with 
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previous findings by Selçuk and Atkinson [173] on YSZ material´s SCG sensitivity. This result 

also indicates 1000 µm/min is sufficient enough to measure fracture toughness of NiO-3YSZ and 

NiO-8YSZ reliably. Post-test SEM inspection of the specimens which were tested with 10 

µm/min did not reveal any changes in microstructure related to the SCG. 

Testing reduced Ni-8YSZ with different displacement rates resulted in a larger SCG effect. The 

material (Ni-8YSZ, type 4) was tested in a range from 100 µm/min to 5000 µm/min (Figure 5-5). 

In all cases, the maximum load was used for fracture toughness determination. The obtained 

results imply that for NiO-3YSZ and NiO-8YSZ it is sufficient to perform the tests at 1000 

µm/min in order to avoid SCG influence, while for Ni-8YSZ the test should be performed with at 

least 2000 µm/min. 

 

Figure 5-5: Ni-8YSZ appears to be strongly influenced by SCG effects. Fracture toughness as a 
function of displacement rate for Ni-8YSZ. 

 

5.1.2.4. Elevated temperature tests 

The start-up of a SOFC stack is often associated with the joining or sealing step before the 

reduction step. Hence, both NiO-3YSZ and NiO-8YSZ (type 4) were tested at a typical operation 

temperature of 800°C in air (Table 5-3). While NiO-8YSZ showed similar values as at room 

temperature (1.93 ± 0.04 compared to 1.76 ± 0.15 MPa·m1/2), the fracture toughness of NiO-
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3YSZ was clearly lower than that obtained at room temperature (2.64 ± 0.06 compared to 3.05 ± 

0.17 MPa·m1/2) as shown in Figure 5-6. The rather stable fracture toughness could be associated 

with the cubic phase remaining stable at 800°C, resulting in relatively constant fracture 

toughness. NiO-3YSZ exhibits a transformation toughening due to t-m phase transformation. 

This effect becomes significantly weaker with increasing temperature [179], leading to a 

decrease of fracture toughness compared to values at room temperature. The additional fracture 

toughness tests for Ni-3YSZ at 300, 500 and 650 °C confirmed that the decrease occurred above 

300 °C (see Figure 5-6), which agrees with the information of phase transformation diagram 

( YSZ ~ 50 wt%).   

The temperature influence was also investigated in the case of reduced specimens. Ni-8YSZ 

revealed an almost 50 % decrease for a temperature of 800 °C compared to room temperature 

(2.75 ± 0.09 compared to 4.12 ± 0.12 MPa·m1/2, see also Table 5-3). Tests on Ni-3YSZ indicated 

a strong deformation at 800 °C due to low elastic modulus and perhaps ductile behavior. The 

curves showed a clear plateau region associated with crack growth permitting determination of 

facture toughness (~ 3.56 ± 0.14 MPa·m1/2). The extremely large deformation impeded full 

fracture within the measuring range of set-up, which however, is not a pre-requisite for fracture 

toughness determination. It appears that the ductility of Ni which enhances fracture toughness of 

especially the 8YSZ composite strongly at room temperature via energy consumption does not 

lead to such a strong enhancement at elevated temperatures, i.e. the yield strength of the Ni is 

much lower at 800 °C. The 3YSZ composite, whose fracture toughness was increased by a lower 

amount at room temperature by the ductile Ni also shows a lower decrease of fracture toughness 

at elevated temperatures. Hence, Ni-3YSZ shows superior behavior with respect to fracture 

toughness compared to Ni-8YSZ at 800 °C. 

Table 5-3: The fracture toughness of anode materials in oxidized state at room temperature and 
800°C. 

Material KIC at RT (MPa·m1/2) KIC at 800°C (MPa·m1/2) 

NiO-3YSZ 3.05 ± 0.17 2.64 ± 0.06 

NiO-8YSZ 1.76 ± 0.15 1.93 ± 0.04 

Ni-3YSZ 3.85 ± 0.27 3.56 ± 0.14 

Ni-8YSZ 4.12 ± 0.12 2.75 ± 0.09 
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Figure 5-6: Facture toughness of Ni-3YSZ decreased at 800°C, while the values of NiO-8YSZ 
remained rather stable. 

 

5.1.2.5. Influence of production route 

With respect to industrial relevant material production it is critical to optimize the production 

routine. Although tape casting is nowadays the standard procedure for large scale cell production, 

a benchmarking against warm pressed material is still appropriate. The tests using pre-cracked 

specimens with the appropriate loading rate of 1000 µm/min revealed that tape cast type 4 

material has the highest fracture toughness (1.76 ± 0.15 MPa·m1/2), while type 3 (1.56 ± 0.10 

MPa·m1/2) and type 2 (1.23 ± 0.12 MPa·m1/2) yielded lower values. Differences can be related to 

the different porosity of these materials (see Table 5-4), i.e. type 4 has the lowest porosity (13 %), 

whereas type 2 material has the highest porosity (22 %). 

Fracture toughness differences become even larger for the respective reduced Ni-8YSZ materials. 

Here the type 4 material displayed the highest fracture toughness (4.12 ± 0.12 MPa·m1/2), while 

single complementary tests on type 3 (2.97 MPa·m1/2) and type 2 (1.84 MPa·m1/2) showed lower 

values. This decreased fracture toughness of reduced materials confirms the porosity influence, 

where type 4 contains lowest porosity (30 %), and type 3 and type 2 have the porosity of 32 % 

and 38 %, respectively.  

Based on the obtained results, it seems from mechanical point of view that the sequential tape 

casting is the most advantageous production route compared to the classical tape casting and 
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warm pressing, although it still remains a question if similar high values can be obtained for type 

2 and 3 materials if porosities are adjusted to similar levels. The observed differences are in 

agreement with [22], where a fracture strength analysis of the currently tested different NiO-

8YSZ material types verified rather similar values for tape cast materials and a lower strength for 

the warm pressed material. 

Table 5-4: The obtained fracture toughness of three different types of NiO-8YSZ and Ni-8YSZ.  

Material Base production Porosity (%) Fracture toughness (MPa m1/2) 

NiO-8YSZ type 4 Sequential tape casting 13 ± 1 1.76 ± 0.15 

NiO-8YSZ type 3 Standard tape casting 16 ± 1 1.56 ± 0.10 

NiO-8YSZ type 2 Warm pressing 22 ± 1 1.23 ± 0.12 

Ni-8YSZ type 4 Sequential tape casting 30 ± 1 4.12 ± 0.12 

Ni-8YSZ type 3 Standard tape casting 32 ± 2 2.97 

Ni-8YSZ type 2 Warm pressing 38 ± 1 1.84 

 

5.1.2.6. Re-oxidation of Ni 

Two Ni-8YSZ type 4 specimens were tested at 800 °C in air after slow heating (8 K/min), which 

resulted in re-oxidation of Ni to obtain an indication of reoxidation effects onto this material 

property. The fracture toughness of 3.05 ± 0.03 MPa·m1/2 was higher than for the NiO-8YSZ. 

This result is surprising considering that reoxidation causes formation of porous NiO particles 

and the associated volume expansion typically leads to micro-cracks in the brittle microstructure 

[47]. Force-displacement curves for the tested reoxidized NiO-8YSZ are shown in Figure 5-7, 

along with the equivalent for oxidized NiO-8YSZ which serves for comparison. 
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Figure 5-7: Force-displacement curves reveal for re-oxidized NiO-8YSZ higher fracture 
toughness values than for the oxidized material.  

Insight into the reason for the high fracture toughness of re-oxidized Ni-8YSZ could be obtained 

by SEM/EDX analysis. The analysis revealed that the Ni was not fully re-oxidized, but metallic 

Ni cores remained within the NiO particles (Figure 5-8). Hence, Ni, which has high fracture 

toughness, contributed to the fracture toughness and resulted in a high fracture toughness of the 

re-oxidized Ni-8YSZ. 

 

Figure 5-8: NiO particles found in the re-oxidized NiO-8YSZ verified the incomplete re-
oxidization.  
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The microstructural analysis confirmed literature reports [47] of re-oxidation associated micro-

cracking of the electrolyte layer. The channeling crack-type failure of the electrolyte can be seen 

in Figure 5-9.   

   

Figure 5-9: SEM images of the electrolyte surface showing a) numerous micro-cracks and b) 
transgranular failure mode. 

 

5.1.2.7. Fracture surface analysis 

Microstructural analyses were carried out in order to support fracture toughness analyses of 

anode substrate materials.  Fracture surfaces of NiO-8YSZ (type 4) material were observed in the 

reduced state and re-oxidized state.  

a) NiO-8YSZ tested at room temperature 

With respect to the failure mode, the fracture surface of NiO-8YSZ specimens indicated a mixed 

failure mode (Figure 5-10). Similar findings on the failure mode of these material compositions 

have been reported in [143].  
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Figure 5-10: SEM images indicate a mixed mode failure of the NiO phase for a type 4 specimen.  

 

b) NiO-8YSZ tested at 800°C 

After the 800 °C tests, SEM investigations revealed a higher amount of intergranular failure for 

NiO-8YSZ, however, it was not possible to be quantified (Figure 5-11 ). This higher amount of 

intergranular failure at 800°C indicates that grain boundary fracture energy becomes lower 

compared to the fracture energy of the grains at elevated temperature. Nevertheless it can be 

concluded that, due to the small differences in values obtained at RT and elevated temperatures, 

the failure mode itself, i.e. trans- or intergranular does not permit any conclusion on the fracture 

toughness behavior.  

Anode Anode 
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Figure 5-11: SEM image revealed a mixed failure modes of NiO-8YSZ at 800°C (type 4). The 
areas with white circles show transgranular failure mode examples, while intergranular mode 

examples are marked with red circles. 

 

c) Ni-8YSZ tested at room temperature 

In case of Ni-8YSZ, Ni particles showed pure intergranular failure (Figure 5-12 (a)) and a 

ductile deformation (Figure 5-12 (b)), indicating a fracture toughness increase due to energy 

consumption during crack growth. Crack bridging of Ni particles, which has been reported in 

[137], could not be found in the current study.   

     

Figure 5-12: (a) Intergranular failure mode of Ni-8YSZ and (b) ductile deformation of Ni 
particles. 

 

Electrolyte 

Anode 
Anode 

Anode 
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d) Re-oxidized NiO-8YSZ tested at 800°C 

The channelling crack-type failure of the electrolyte through thickness can be seen in Figure 

5-13. Further crack propagation into the substrate was not found. With respect to the failure 

mode, the re-oxidized NiO showed an intergranular failure mode (Figure 5-13). 

 

Figure 5-13: As in case of oxidized NiO, the re-oxidized NiO also showed an intergranular 

failure mode. The SEM image also confirms that the channelling-type cracks in the electrolyte do 

not propagate into the re-oxidized NiO-8YSZ composite. 

5.1.2.8. Summary – fracture toughness 

The section reported and discussed the fracture toughness results of the two most common anode 

substrate material variants, NiO-3YSZ and NiO-8YSZ, at room temperature and at a typical 

stack operation temperature of 800°C. Different types of warm pressed and tape cast NiO-8YSZ 

substrates were characterized in oxidized and reduced states. The study considered both, 

oxidized and reduced material states, where also an outlook is given onto the behavior of the re-

oxidized state that might be induced by malfunctions of sealants or other functional components. 

Overall, the results confirmed superior fracture toughness of 3YSZ based composites compared 

to 8YSZ based composites in the oxidized state, whereas in the reduced 3YSZ based composites 

showed similar fracture toughness at room temperature, but a higher value at 800°C compared to 

8YSZ based composites. Complementary microstructural analysis aided the interpretation of 

mechanical characterization. 

Electrolyte 

Anode 
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5.1.3. Creep behavior 

5.1.3.1. Compressive creep  

The most straightforward way to assess creep behavior of ceramics is a compressive test. 

However, this requires special specimens that were produced as sintered bars in a rather dense 

state (20% porosity), i.e. it was not possible to add the pore formers typical for porous SOFC 

cells to the warm pressed materials and hence the porosity was only a result of the reduction 

associated shrinkage of the NiO particles.  

The analysis of the steady-state creep rates was based on a linear fit of the data, reaching the 

regime of an inelastic flow characterized by a nearly constant slope in the experimental curve. To 

avoid the primary creep regime, the testing time was typically adjusted to between 20 and 25 h. 

Examples of typical deformation – time curves are shown in Figure 5-14 (a). 

The results for this type “A” bar-shape specimens are presented in a Norton’s plot in Figure 5-14 

(b). The stress exponent was determined from the slope of the ln(𝜀̇) versus ln (σ) representation 

at a constant temperature T.  An average stress exponent of 1.2 ± 0.3 was derived (see also Table 

5-5), indicating a diffusional dominated creep mechanism. Laurencin et al. [140] reported similar 

values of stress exponent, i.e. 1.1 for 750 °C and 1.7 for 800 °C, also indicating a diffusion creep 

mechanism for Ni-8YSZ anode materials.  
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a)  

b)  

Figure 5-14: a) Typical deformation – time curves; b) compressive creep rates as a function of 
applied stresses. 
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The activation energy Q was calculated from a ln (𝜀̇) versus 1000/T plot at a constant stress 

(Figure 5-15). The derived activation energies for a temperature range of 800°C to 900ºC were 

220 kJ/mol, 265 kJ/mol and 279 kJ/mol for stresses of 30, 63 and 100 MPa, respectively, 

yielding an average value of 255 ± 31 kJ/mol. The derived creep parameters are summarized in 

Table 5-5.   

 

Figure 5-15: Creep rates as a function of temperatures 

Table 5-5: Creep parameters of the Norton's law determined via compression test. 

Temperature (°C) Pre-factor A (s-1MPa-n) Stress exponent, n Q (KJ/mol) 

800 

850 

900 

50 

2.8 

7.5 

0.8 

1.4 

1.3 

- 

- 

800 - 900°C - - 255 ± 31 

5.1.3.2. Ring-on-ring creep test 

In order to assess if the creep is the same under compression and tension, ring-on-ring bending 

tests were carried out. In addition porosity and composition was varied to assess both effects for 

plate-shaped specimens of material A, B, C and D.   
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Material A yielded creep rates of 3.4 · 10-10 s-1 and 1.6 · 10-9 s-1 at 800°C and 900°C, respectively 

for an applied stress of 30 MPa , which are very similar to the values obtained from the 

compressive tests (3.3· 10-10 and 2.8 · 10-9 s-1). This indicates a similar creep behavior of rather 

dense Ni-8YSZ anode material (~ 20 % porosity) under tension and compression for such a low, 

nevertheless application relevant, applied stress. Note that a higher applied stress might cause 

faster creep under tension due to well-known micro-crack formation for ceramics under tensile 

loads at elevated temperature (creep rupture effects) [200]. It has been suggested that materials 

with higher porosity, tensile creep rates should be higher than compressive creep rates due to 

densification [182, 201].  

The activation energy of material A was also obtained from a creep rate-temperature plot as 

shown in Figure 5-16. The derived activation energies for a temperature range of 800 °C to 900 

ºC were 221 kJ/mol, 135 kJ/mol and 161 kJ/mol for applied stresses of 10, 20 and 30 MPa, 

respectively, yielding an average value of 172 ± 44 kJ/mol.  

 

 

Figure 5-16: Creep rates as a function of temperatures of material A by ring-on-ring bending 
test. 
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The activation energies of materials B, C and D were also determined (Figure 5-17), which are 

156 kJ/mol, 177 kJ/mol and 81 kJ/mol for the temperatures 800 °C and 900 °C (stresses either 10 

or 20 MPa), respectively. 

 

Figure 5-17: Creep rates as a function of temperatures of material B, C and D, ring-on-ring 
bending tests. 

 

5.1.3.3. Four-point bending creep test 

The equations used for ring-on-ring test assume a purely diffusional mechanism (n = 1), which 

might not to be the case according to the parameters derived from compression tests, i.e. 

although the standard deviation has to be considered, it appeared that n might be slightly above 

unity. Hence, due to the limitation of equation (4-5) of ring-on-ring creep, i.e. n = 1, 

complementary tests on material C were carried out using four-point bending and compared to 

ring-on-ring bending test results. Note, the four-point bending that were analyzed using a more 

complex set of equations that is not based on the assumption that n = 1. 

Since the equation of 4-point bending creep includes stress exponent and deformation rate as 

input data, the stress exponent needs to be determined first. By deriving the equations of 4-point 
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bending and creep, the deformation rate in the center of specimen has a straightforward 

relationship with half applied load as:  

ln
𝜕𝑦

𝜕𝑡
= 𝑛 ∙ ln

𝐹

2
 + ln 𝐻 

(5-1) 

where n is stress exponent, F is applied load and H is a function of specimen geometry.  The 

detailed derivation of equation can be found in the Appendix.  

By plotting the deformation rate as a function of the applied loading force and temperature, the 

stress exponent and activation energy can be obtained, see Figure 5-18. The values of ln(H) were 

determined from the intersection on Y-axis of Figure 5-18 (a), which were used to determine A 

values (see Appendix). The obtained creep parameters from the 4-point bending are shown in 

Table 5-6.  

 

4-point bending creep yielded an average stress exponent 1.4 ± 0.1, which is similar to the value 

obtained from ring-on-ring bending creep. This indicates diffusion-dominated creep. The average 

activation energy of 147 ± 1 kJ/mol for the temperature range of 800°C and 900°C is similar to 

the value of 177 kJ/mol obtained from ring-on-ring creep for a stress of 10 MPa  
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a)   

 

b)  

Figure 5-18: Stationary deformation rates are plotted as a function of (a) applied loading force; 
(b) inverse temperatures.  
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Table 5-6: The creep parameters of material C obtained from 4-point bending test. 

Temperature (°C) A (s-1 MPa-n) Stress exponent, n Activation energy Q, (KJ/mol) 

800 

900 

5.7 × 10-4 

3.3 × 10-4 

1.3 

1.5 

- 

- 

800  -  900 -  147 ± 1 

 

 

5.1.3.4. Discussion  

5.1.3.4.1. Activation energies 

 

The activation energies obtained from the different tests for the temperature range of 800 °C to 

900 °C are summarized in Table 5-7, whereas Table 5-8 gives reference values from literature. 

 

Table 5-7: Average activation energies of material A-D were measured by different tests in this 
work. 

Ni-8YSZ 
Q, (kJ/mol) 

Compression  Ring-on-ring bending 4-point bending 

A 255 ± 31 (30-100 MPa) 221 (10 MPa) 

135 (20 MPa) 

161 (30 MPa) 

- 

B - 156 (20 MPa) - 

C - 177 (10 MPa) 148 (10 MPa) 

147 (15 MPa) 

D - 81 (10 MPa) - 
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Table 5-8: Activation energies for diffusion and creep in literatures. 

Material 
Grain boundary 

diffusion, Qgb 

(kJ/mol) 

Plasma-sprayed coating 

creep, Qplasma 

(kJ/mol) 

4-point bending 

creep, Q4-p 

(kJ/mol) 

Ni 115[148] - - 

8YSZ 309[202] - - 

Porous 8YSZ - 190[203] - 

Ni-8YSZ - - 115[140] 

 

(1) Influence of loading configuration on activation energy 

It is clear from the compressive tests on material A that the activation energy does not depend on 

the applied compressive stresses. Controversy, the ring-on-ring bending tests revealed a clear 

decrease of the activation energy with increasing applied stress, even though the stress range was 

much lower (10-30 MPa) than the one in compression (30-100 MPa). Hence, there is an 

indication of a stress dependency under tensile stresses for the material.  

 

For material A, the activation energy (255 ± 31 kJ/mol) obtained from compressive test is in very 

good agreement with the value from ring-on-ring bending test under a low stress of 10 MPa (221 

± 44 kJ/mol), verifying the similar creep behavior of compressive and tensile creep rates at rather 

lower stress.  

 

On the other side, the activation energy (~147 kJ/mol) of material C obtained from four-point 

bending is close to the value (177 kJ/mol) from ring-on-ring bending test (uncertainty ~ 15 and 

20% as discussed above).  This verifies that both four-point and ring-on-ring bending tests are 

suitable for a determination of the activation energy.  

 

(2) Temperature dependency 

Changes of activation energy with temperature have been reported in other studies [204]. It 

appears from Fig. 2c that there might be a change in activation energy at around 850 °C, which 

would indicate below 850 °C a lower activation energy, which would be in agreement with the 

value from bending tests quoted in [140]. However, due to the limited experimental database and 
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associated high uncertainty in derived parameters, it was not attempted in the current work to 

separate the creep rates into different temperature ranges and corresponding activation energies. 

 

(3) Comparison of activation energy with diffusion 

In a previous study it was suggested that the creep of Ni-8YSZ cermet is mainly controlled by 

the behavior of 8YSZ [44, 140]. For material A, the average activation energies of compressive 

tests as well as the ring-on-ring test at low stress (10 MPa) are similar to the activation energy of 

bulk 8YSZ for grain boundary diffusion (Qgb = 309 kJ/mol), although the values are still slightly 

lower. Actually, most of values obtained from bending tests are much lower than Qgb. Withney et 

al. [205]  have proposed an explanation to this low activation energy based on the creep behavior 

of 8YSZ plasma-sprayed coatings. At T < 1100°C, the creep mechanism in YSZ appears to be 

dominated by a Zr4+ surface diffusion (Qplasma = 190 kJ/mol), which shows a good agreement to 

the values in current work. It seems that the creep mechanism for bending tests is more 

dominated by this surface diffusion for higher creep deformation (at deflections exceeding 15% 

of thickness), while the compressive test is more dominated by the bulk diffusion (creep 

deformation is ~ 1% of height). This indicates the potential different creep response under the 

compression and tension.  

 

(4) Porosity effect 

In the current work, the Q values of material A-D were determined, in order to investigate the 

effects of porosity and composition. Considering only average values, in the case of the similar 

material’s composition, Materials B and C yielded similar activation energies as material A, 

indicating that the porosity doesn’t have a strong effect onto the activation energy of the 

considered materials. However, material D yielded a much lower value (81 kJ/mol) along with 

significantly higher creep rates, indicating a strong influence of the material´s composition or 

surface diffusion effects on the activation energy.  

 

5.1.3.4.2. Effects of porosity on creep rates 

Previous studies verified that porosity influences the properties of ceramics, not only fracture 

strength and elastic modulus, but also creep behavior [206]. Kawai et al. [44] suggested that the 

creep is dominated by the elevated temperature deformation of YSZ and the Ni phase can be 
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The literature results [140] are slightly higher than the values obtained in this work, the reason 

might be assigned to material difference and/or experimental uncertainty. Creep rates of material 

C obtained from ring-on-ring tests are around 3 times lower than the values obtained from 4-

point bending tests. This effect might be assigned to 1) stress distribution changes in 4-point 

bending and ring-on-ring bending tests and also 2) the limitation of analytical equation used for 

ring-on-ring creep. As mentioned above, the equations used for ring-on-ring creep calculation 

assumes a stress exponent of 1, which is not the case for the material in the current study. Since 

this could be the origin of the differences between 4-point bending and ring-on-ring creep, the 

accuracy of ring-on-ring creep determination is discussed in the following subsection. 

 

 

Figure 5-21: Comparison of creep rates obtained via 4-point and ring-on-ring tests along with 
reference data [140].  

 

5.1.3.5. FEM simulation 

A FEM analysis was carried out to analyze the origin of different creep behavior in ring-on-ring 

and 4-point bending tests, creep parameters derived from 4-point bending test in this work were 

used as input for the simulation (Table 4-9 in section 4.3.3). In the FEM simulation the creep 

rates were derived in two ways, i) from the equivalent creep strain by ANSYS and ii) from the 
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deflection using the simulated displacement with the analytical formulas (Equation (3-12) and 

(4-5)). The creep rates obtained by these two methods are termed “FEM Result” and “FEM 

Equation”, respectively, in the following. The creep strain at the bottom surface of the specimen, 

which is rather constant within the area enclosed by the loading ring, was taken as the FEM 

numerical result. An example of the simulated creep strain under 30 MPa at 800ºC by 4-point 

bending test is shown in Figure 5-22. 

 

 

 

Figure 5-22: The equivalent creep strain simulated by ANSYS for a 4-point bending test under 
30 MPa at 800 ºC. 

 

The comparison of simulations and experimental data is shown in Figure 5-23. Both simulation 

results for 4-point bending creep (FEM Result and FEM Equation) show an agreement with 

experimental results at rather low stresses (10 and 15 MPa). The experimental value is slightly 

lower (the difference is smaller than 9%) than the simulation values which might be caused by 

friction during the real testing. The friction is not taken into account in case of simulation, while 

it seems that friction has an effect on creep rate.  However, the FEM Result and FEM Equation 

also agree with each other (the difference is smaller than 4%), indicating the rather accurate 

analysis for creep in 4-point bending tests. 

  

The FEM Equation and experimental data of ring-on-ring bending creep, both based on 

formulation, show general agreement. Similarly the friction effect might play an important role 

for this difference, which could have a stronger effect on ring-on-ring test due to the larger 

contacted area. While the FEM Results yielded around 50% and 72% higher creep rate compared 

to values of FEM Equation and experimental result, respectively, indicating the limitation of an 
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analytical formulation to analyze data from ring-on-ring tests (Equation (4-5)). The formula 

analysis neglected changes of geometry, stress distribution due to the creep deformation and 

assume the unit stress exponent. It seems that the neglected changes of stress distribution and 

geometry play an important role in an accurate determination of ring-on-ring test creep rates.  

 

To assess the inaccuracy caused by stress exponent in ring-on-ring equation (4-5), a few 

simulations based on various n values with same creep parameters (Table 4-9) at 800 °C for 10, 

20 and 30 MPa were carried out (Figure 5-24). With increasing n, the difference of analytical to 

equivalent strain based result increases and then slightly decreases above n ~ 2. Since the 

equation neglects the change of stress distribution and geometry, a difference exists between the 

FEM Result and the FEM Equation, even when n is equal to one. Hence, the analytical 

formulation might be used as an approximation only in case that stress exponent is close to 1, 

otherwise FEM analysis has to be carried out to analyze ring-on-ring test data. However, for a 

very thin specimen, ring-on-ring test always needs higher load compared to 4-point bending test 

to reach the same applied stress, which makes bending creep characterization possible even for 

very thin specimens that fracture in uniaxial bending under experimentally necessary preloads. 

Hence in some special cases, such as extremely small applied load or excessive deformation in 4-

point bending test, the ring-on-ring test is still a reliable testing method to estimate the creep 

behavior.  

 

During the bending simulation, it was found that the stress distribution changes with time (being 

associated with an increase in deformation). The stress at the axial bottom of the specimen 

decreases slightly. The maximum stress at loading and supporting points increases largely, which 

might cause the crack in ceramics. This change of the stress distribution is a result of creep 

relaxation and illustrates well that such an effect should be taken into account for SOFC/SOEC 

stack operation. 

 



Results and discussion 

104 
  

 

Figure 5-23: Creep rates obtained from FEM simulations 

 

 

Figure 5-24: Difference in FEM results based on equivalent strain and analytical results as a 
function of stress exponent for different applied stresses. 
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5.1.3.6. Summary – anode creep and FEM simulation 

Although the creep tests of Ni-8YSZ were rather difficult due to the small deformations and 

specimen geometry, the creep behavior of Ni-8YSZ anode materials was investigated 

systematically by different testing methods in this work. A diffusion-dominated creep 

mechanism of Ni-8YSZ was found for both compressive and tensile creep. The activation 

energies show a dependence on the material composition. The porosity has a negligible influence 

on activation energy of Ni-8YSZ anodes, while porosity can reduce creep resistance significantly 

and yield larger creep rates. YSZ is confirmed to carry most of the load during creep. The creep 

behavior obtained in this work can be used as important input data for microstructure simulation 

and modeling for the stack application.  

FEM simulation was carried out to analyze the limitations of equations used in this work, 

especially for ring-on-ring creep tests. The discrepancy of the equation for ring-on-ring creep 

becomes larger with increasing stress exponent deviating from the value of unity. The change of 

the stress distribution with time should be taken into account for long-term application under 

stress exposure for SOFC stack operation. 

5.2.    Sealant materials 

This section presents and discusses the experimental results obtained for the H-Ag, H-F, 7.5B(Ba) 

and 10B(Sr) sealants using bending and torsional testing. First, initial and annealed 

microstructures of the materials are compared. Then, bending strengths and the respective 

temperature dependency are discussed and compared with previous studies. Thereafter, 

crystallization effects and creep behavior of as-sintered and annealed sealant are compared. 

Finally, the shear strengths are discussed and compared with bending strengths.  

5.2.1. Microstructure and XRD analysis 

The microstructures of as-sintered and annealed sealant materials investigated using scanning 

electron microscopy and EDX will be presented in the following section. XRD analysis was 

carried out to characterize the crystallized phases in the H-Ag sealant.  
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(1) H-Ag  

A representative SEM image in Figure 5-25 (a) shows white Ag particles, large black pores and 

light grey glassy phases in the as-sintered H-Ag sealant. The vertical interface with the steel plate 

can be seen on the right side of the image, where the microstructure appears to consist of smaller 

particles and crystallites. An elemental mapping (in Figure 5-26 (a)) verifies that there is no 

excessive reaction layer at the interface between sealant and steel. After 500 h annealing (Figure 

5-25 (b)) the silver particles deformed and appeared to shrink. A respective elemental mapping 

in Figure 5-26 (b) indicates that there is no significant change in the elemental distribution. The 

amount of dark grey crystallized phases (79 %) in annealed sealant increased significantly 

compared to the as-sintered state (46 %) (see also [65]). An additional complementary EDX 

focusing onto the interface of sealant and steel revealed a very thin oxidized steel layer (Figure 

5-26 (c)).  Also the XRD analysis of the annealed state (Figure 5-27 (b)) confirmed that the 

crystalline phase significantly increased after annealing, compared to as-sintered H-Ag (Figure 

5-27 (a)).  

a)  b)  

Figure 5-25: Microstructure of (a) as-sintered H-Ag and (b) annealed H-Ag. 
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a)  

b)  

c)  

 Figure 5-26: Elemental mapping of (a) as-sintered H-Ag; (b) and (c) annealed H-Ag. 
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a)  

b)  

Figure 5-27: XRD patterns of (a) as-sintered H-Ag and (b) annealed state. 

 

(2) H-F  

Figure 5-28 illustrates the microstructure of the sealant H-F after 10 h joining and 1000 h 

annealing at 850°C, respectively. The microstructure consists of white YSZ fibers and black 

pores and the residual glassy phases. In fact, the sealant material appears to consist mostly of 

residual glassy phases; crystallized phases are almost absent. Microstructure in an annealed state 

shows an apparently higher amount of crystalline phases as shown in the bright phases in Figure 

5-28 (b). It has also been reported that the fraction of crystallized phase is only around 8%, after 



Results and discussion 

109 
 

500 h annealing treatment, the crystallization is enhanced to ~ 25% [83].  The XRD patterns 

before and after 500 h annealing are shown in Figure 5-29. 

a)  b)  

Figure 5-28: SEM image of H-F sealant materials with 850°C for (a) 10 hours joining, (b) 1000 
hours annealing. 

a)  
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b)  

Figure 5-29: XRD patterns of (a) as-sintered H-F and (b) 500 h annealed state [83]. 

 

(3) 7.5 B(Ba)  

The microstructures of as-sintered and annealed (800°C for 800 h) sealant 7.5B(Ba) are shown in 

Figure 5-30. The as-sintered sealant appears to be rather dense. Figure 5-30 (b) clearly shows 

the phases in the microstructure, where the white areas are barium silicate, the dark needle-shape 

areas are BaMa2Si2O7 and the dark amorphous areas correspond to residual glassy phase as 

identified via complementary spot elemental analysis by EDX at CSIC, Madrid, Spain. After 800 

h annealing treatment, a slightly increased porosity related to crystallization shrinkage can be 

seen and, with respect to the phases (see Figure 5-30 (d)), barium silicate is again visible without 

a defined stoichiometry as bright area, however, these phases seem to increase considerably in 

size and in proportion compared to the as-sintered state. Despite the increased amount of these 

barium silicate phases, the dark needle-shape phase BaMg2Si2O7 is present as majority in the 

composition.  
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Figure 5-32: Average fracture stresses as a function of thickness at RT. 

 

The comparison indicates an approximately two times higher average fracture stress of the H-Ag 

sealant for an SOFC stack typical sealant thickness of 200 to 300 µm, which implies that the 

ductile Ag particles significantly enhance the strength. Ag particles are able to increase crack 

energy by plastic deformation, which consumes energy. H-F shows a much lower fracture stress, 

indicating that the YSZ fibers do not yield a significant reinforcement at room temperature.  

Previous results on H-P indicated a decrease in fracture stress with increasing sealant thickness 

[49], while no thickness dependency of fracture stress was found in the current study on the H-

Ag material. An apparent thickness effects appears to exist for 10 B(Sr), while although a slight 

decrease is visible for 7.5 B (Ba), it is within the limits of experimental uncertainty. An effect of  

thickness on fracture stress can be a result of differences in thermal expansion of sealant and 

steel that lead to favorable compressive stresses that become lower for higher sealant thickness, 

see also [65]. 
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5.2.2.2.   Surface preparation effect 

Three as-produced H-Ag specimens were tested without grinding to assess if surface preparation 

affects the mechanical behavior. The obtained average fracture stress (Table 5-9) was 

significantly lower than the average strength of the fine-grinded specimens, which is in 

agreement with a previous study on the H-P material [82], where it has been suggested that the 

fracture stress difference is a result of a stress concentration at the joining related to the wetting 

limitation during the sealing process. Another effect leading to a joining angle is obviously the 

friction between the sealant and the steel counterpart during the joining associated deformation. 

A possible difference in the microstructure between bulk and surface can be ruled out since the 

SEM analysis indicated a similar microstructure for the free surface. However, H-F results did 

not indicate a difference between fine-grinded and as-produced specimens. This might be related 

to differences in surface preparation used for the steel substrates. The corner of the steel bars 

used for joining H-F sealant is close to 90° with respect to the specimens’ side, whereas the 

corner of the ones used for H-Ag was rounded due to excessive cutting edge removal. This 

indicates that a sharp corner of steel bars can have a positive effect on avoiding joining angle 

effects.  

Table 5-9: Average fracture stress of fine-grinded and as-produced H-Ag and H-F head-to-head 
specimens. 

Sealant  Preparation Stress (MPa) 

H-Ag 
fine-grinded 55 ± 6  

As-produced 35 ± 6  

H-F 
fine-grinded 15 ± 2  

As-produced 13 ± 1  

 

5.2.2.3. Elevated temperature tests  

Since the sealants are exposed to high temperatures during the operation of SOFC stacks, the 

fracture stresses were also investigated at the elevated temperatures.  

The average fracture stresses as a function of temperature are compiled in Table 5-10, where the 

value for the H-P sealant at 700°C is an estimate since the material deformed non-linearly above 
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a stress of 30 MPa due to creep, and the accuracy of the rather low value for H-P at 800°C is 

limited by the experimental resolution [49]. Sealant 7.5 B(Ba) and 10 B (Sr) with rather small 

(~250 µm) and large (~350 µm) thickness were tested at 700°C and 800°C.  

Table 5-10: Comparison of average fracture stresses for different as-sintered sealant materials 
(in MPa). 

                T (°C) 

Sealant 
RT 700 800 

H-Ag 55 ± 6 25 (1 test) 7 (1 test) 

H-F 13 ± 1 53 viscous 

H-P [49] 22 ± 2 
Non-linear above 

~ 30 MPa  
1 

B [49] 25 ± 2 x 30 ± 1 

7.5 B(Ba) 
42 ± 8 (~250 µm) 

37 ± 10 (~350 µm) 
x 

11 ± 1 (~250 µm) 

10 ± 0.3 (~350 µm) 

10 B(Sr) 
30 ± 11 (~250 µm) 

19 ± 8 (~350 µm) 

65 ± 9 (~250 µm) 

38 ± 6 (~350 µm) 

10 ± 0.3 (~250 µm) 

 

 

Compared to the temperature independent behavior of the fully crystallized sealant B [65], the 

values of H-Ag revealed a drop of the fracture stress at 700°C, however, at 800°C the value is 

still higher than that obtained for the H-P sealant. The reason of significantly lower values at 

typical operation temperatures can be related to non-linear deformation of the remnant glassy 

phase, being also reflected in a non-linear deformation behaviour. The room temperature curves 

were linear, reflecting the brittle behavior of the material (Figure 5-33). The test at 700 °C 

already showed a nonlinear behavior, which suggests an influence of viscous deformation effects. 

These effects became even more pronounced at 800 °C.  

While H-F sealant revealed an outstanding fracture stress at 700°C, a significant non-linear 

behavior can be seen from the load-displacement curve in Figure 5-33. This large non-linear 

behavior is a result of the larger amout of remaining glassy phase. H-F revealed a similar brittle 

behavior as H-Ag at room temperature. However, H-F sealant revealed an extremely strong 
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viscous behavior at 800°C, where the specimen bended even under the experimentally necessary 

preload 2 N (~ 0.7 MPa).  

 

Figure 5-33: Load-displacement curves indicating non-linear behavior of the H-Ag and H-F 

sealant at elevated temperatures. 

The sealant material 7.5 B(Ba) showed a similar behavior as the H-Ag material. The fracture 

behavior was brittle at room temperature and a significant drop in fracture stress at 800°C with 

some non-linear behavior occurred (see Figure 5-34). Sealant 10 B(Sr) displayed a similar 

behavior as H-F. The apparent fracture stress increases at significantly 700°C, while it decreases 

strongly at 800°C. The load-displacement curve also shows the significant non-linear behavior at 

700°C, that again can be related to viscous behavior and in this case the failure stress appears 

again to be rather the deviation from linearity than the maximum sustainable stress (Figure 

5-34).  
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Table 5-11: Comparison of average fracture stresses for as-sintered and annealed sealants (in 
MPa). 

                T (°C) 

Sealant 
RT 

 
600 700 800 

H-Ag 55 ± 6  x 25 (1 test) 7 (1 test) 
H-Ag 

annealed /500h 31 ± 5 
 

x x 18 (1 test) 

H-F 13 ± 1 x 53 (1 test) x 
H-F 

Annealed/100h 23 ± 1 
 

x 50 (1 test) 6 ± 0.4 

H-F 

Annealed/1000h 36 ± 3 
 

29 32 (1 test) 29 (1 test) 

 

Complementary SEM microstructure investigations aided the interpretation of annealing effects. 

Compared to the as-sintered material (Figure 5-36 (a)), Ag particles on the same particular 

position had a less rounded shape and decreased in size after just 10 h additional annealing at 

800°C (Figure 5-36 (b)).  

Previous work [52] suggests that, although the material is insulating in the as-sintered state, long-

term annealing significantly increases its electrical conductivity. Hence, along with the SEM 

investigation it can be suggested that Ag probably percolates via diffusion along the grain 

boundaries which leads to a fracture stress decrease. The diffusion process and migration of Ag 

from the particles into the glass matrix during annealing can also occur due to reactions 

involving polyvalent ions like vanadium in the glass-matrix. The Ag incorporation into glass-

ceramic matrix can lead to volume expansion and increased brittleness associated with the 

formation of micro-cracks. Such micro-cracks will reduce stiffness and fracture stress. The lower 

apparent elastic modulus of the annealed sealant (132 ± 6 GPa) obtained from 4-point bending 

test, compared to the as-sintered sealant (165 ± 10 GPa) supports this assumption. Figure 5-37 

shows micro-cracks in the annealed sealant and load-deformation curves in the as-sintered and 

annealed state. The fracture stress of the annealed sealant showed a decrease at 800°C, however, 

it preserves its strength better than the as-sintered H-Ag (Table 5-11).  
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10 B(Sr) after 24 h revealed a similar fracture stress at room temperature and 650°C, which 

indicates a negligible viscous deformation effect due to glassy phases at 650°C. The specimen 

showed extremely strong viscous behavior at 800°C due to the high amount of glassy phases, 

where the specimen deformed significantly without fracture, hence as suggested by the project 

partner CISC, Madrid, the testing temperature was reduced to 650°C.  

Crystallization is expected to be almost completed after 800 h heating treatment, which is 

confirmed by the similar fracture stress at room temperature and 800°C for annealed specimens.  

A previous work [65] revealed an average fracture stress of 91 ± 12 MPa at room temperature 

and ~ 90 MPa at 800°C for Jülich bar-shaped B type sealant, which is a material sintered at 

950°C for 10 h. Compared with 7.5 B(Ba) and 10 B(Sr), sealant B has hence a superior fracture 

stability, while Jülich bar-shaped H-P sealant yielded much lower fracture stress 28 ± 3 MPa at 

room temperature and ~1 MPa at 800 °C, indicating a lower elevated temperature stability 

compared with 7.5 B(Ba) and 10 B(Sr).  

Table 5-12: Average fracture stress (in MPa) obtained from 3-point-bending tests on bar type 
specimens. 

Sealant Pre-treatment RT 650°C 800°C 

7.5 B(Ba) 
24h/800°C 81 ± 5  25 ± 4 

800h/800°C 63 ± 7  72 ± 2 

10 B(Sr) 
24h/750°C 101 ± 18 92 ± 8  

800h/750°C 68 ± 9  84 ± 17 

 

5.2.5. Shear strength3 

5.2.5.1. Sealant H-Ag 

Torsion tests of the H-Ag sealant at RT after 10 h joining at 850 °C yielded similar an average 

fracture stress (61 ± 4 MPa) as obtained from bending tests on head-to-head specimens (55 ± 6 

MPa). A comparison of bending and shear stress of H-Ag sealant is shown in Figure 5-38. Two 

tests at 600°C resulted in a similar shear stress of 64.1 ± 0.3 MPa, indicating that residual 

                                                           
3 Study has partly been submitted for publication as J. Wei, G. Pećanac, et al., Proc. 12th Euro. SOFC & SOE Forum, 
Luzern, B1309, 2016. 
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stresses induced by thermal mismatch of sealant and steel, which are maximum at RT, do not 

affect the torsion test. A single test at 800°C revealed a non-linear loading behavior of H-Ag 

specimens and a significant decrease in shear fracture stress (13 MPa), similar as previously 

observed for head-to-head joined bending specimen (7 MPa, see above). This decrease in the 

fracture stress can be associated with the softening of the sealant above the glass transition 

temperature Tg due to residual glassy phases that also led to noticeable creep effects reported for 

head-to-head joined bending specimens.  

Testing of a specimen after joining for 100 h at 850°C, to simulate the effect of longer stack 

operation, yielded a lower RT shear failure stress (14 MPa). A similar effect has been reported 

for annealed H-Ag head-to-head joined bending specimens. Such a decrease in fracture stress has 

obvious implications for the sealant application in stacks.  

Failure in bending tests appeared to be predominant via cracking through the glass-ceramic close 

to the interface with the steel (oxide scale did not delaminate), i.e. the fracture path in case of RT 

and elevated temperature torsion test specimens was the interface of the oxide scale with the 

steel as shown in Figure 5-39.  

 

 

Figure 5-38: Comparison of bending and shear stress of H-Ag sealant.  
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Figure 5-39: Fractured specimen of H-Ag after the torsional shear test at RT. 

 

5.2.5.2. Sealant H-F 

Due to the load limit of the set-up it was not possible to induce RT failure for 10 h joined 

specimens, implying that the shear stress is higher than 68.6 MPa, indicating a much higher shear 

stress value than bending stress (13 ± 1 MPa) obtained from head-to-head specimens. At 800°C, 

a similar value (17 MPa) as for H-Ag was obtained, where the bending stress of H-F could not be 

determined due to extreme deformation of head-to-head specimen. The shear stresses obtained 

from torsion tests are listed in Table 5-13. 

For 100 h joined specimens the average torsional shear failure stress was 58 ± 8 MPa (for the 

single test where failure did not occur up to the maximum applicable stress of 68.6 MPa, this 

particular stress was assumed to be the failure stress), hence being slightly lower than for the 10 

h joining case. However, compared to bending stress (23 ± 1 MPa, see above) obtained from 

head-to-head specimens, the shear stress is still much higher (see Figure 5-40). The value at 

600 °C was similar as at RT indicating again that residual stresses do not affect failure stress.  

In an initial elevated temperature loading experiment at 660°C failure could not be initiated and 

deformation was dominated by plastic deformation of the steel. Nevertheless, the same specimen 

was subsequently loaded at 760°C, where failure of the sealant occurred (see Figure 5-41 (a)). 

The fracture shear stress of 15 MPa obtained in this test agreed with the one obtained in a 

subsequent test of another specimen at 800°C (16.5 MPa), which contrary to the previous test 

was rather unbiased by deformation of the steel (Figure 5-41 (a)). The test at 760°C was not 

repeated again, since the further test was carried out at 800°C successfully, which is a more 
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relative operation temperature in SOFC. The first specimen loaded initially at 660°C could 

sustain a higher torsion moment since it was tested below seal softening temperature. At this 

temperature the steel was less creep resistant than the sealant. The second specimen was tested 

above the softening temperature and hence a lower moment was necessary.  

Hence, it can be concluded from these tests that pre-deformation due to plasticity of the 

Crofer22APU steel does not affect the maximum applied and sustained shear stress of the sealant 

material. The loading curve indicated that the maximum sustainable moment, at which plastic 

deformation of the steel started at 660°C was ~ 15 % lower than the sealant failure moment at 

RT, implying that at this temperature (below Tg) the sealant has almost the same shear strength 

as at RT. At 760°C and 800°C the sustainable moment and, hence, also the shear strength was 

reduced by a factor of almost three due to softening of the sealant, but it is still higher than 

bending stress at 800°C.  

Contrary to H-Ag that revealed the same failure mode at RT and high temperature in the torsion 

tests, the failure mode of H-F changed from interfacial failure at RT to cracking through the 

glass-ceramic at high temperatures (see Figure 5-41 (b)); indicating that below the softening 

temperature the interface is the weakest position in torsional loading, whereas above the sealant 

is weaker than the interface. Contrary to this, bending tests on head-to-head joined H-F 

specimens yielded similar crack paths through the sealant at RT and elevated temperatures, 

indicating differences in the ratio of torsion and bending strength of sealant and interface at room 

and elevated temperature, respectively. Although similar interfacial failure was found for the H-

Ag sealant at RT and elevated temperature, the measured shear stress was also in this case 

significantly lower than at room temperature. Hence, contrary to the H-F material, where 

temperature dependency of properties of sealant and interface appear to differ, in case of H-Ag 

they appear to be related, i.e. the elevated temperature sustainable shear stress appears to be 

affected by a softening effect, implying that from a structural point of view interface and sealant 

in the case of H-Ag are more similar than in the case of H-F.  
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Figure 5-40: Comparison of bending and shear stress of as-sintered H-F and 100 h annealed 
state.  

 

a)   b)  

Figure 5-41: Fracture H-F specimens after torsion tests: (a) testing at 600/760 °C; (b) testing at 
800°C.  
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Table 5-13: Results from torsion tests at room temperature and elevated temperatures.  

Sealant Joining (h) Temp. (°C) Shear stress (MPa) Average shear stress (MPa) 

H-Ag – 
Crofer22APU 

10 

RT 59.2 

61 ± 4 RT 57.0 

RT 65.3 

600 64.4 
64.1 ± 0.3 

600 63.8 

800 12.5 12.5 

100 RT 14.0 14.0 

H-F – 
Crofer22APU 

10 
3 Test, RT > 68.6 > 68.6 

800 17.1 17.1 

100 

RT 48.6 

58 ± 8 

RT 50.1 

RT 57.4 

RT > 68.6 

RT 65.9 

600 58.9 58.9 

760 15.2 15.2 

800 16.5 16.5 

 

In this section, various sealants were investigated by different testing method on as-sintered and 

annealed states. The bending fracture stresses were determined by 4-point bending test on head-

to-head specimens, which mimic the real situation of stacks. The diffusion of Ag particles led to 

micro-cracks in matrix and decreased the fracture stress. Shear stresses were observed by torsion 

tests at room temperature and elevated temperatures.  
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6. Conclusions  
Ceramic cells and sealants are critical components for the long term reliable operation of SOFC 

stacks and systems. With respect to cells, different NiO-YSZ compositions along with its 

reduced state have been investigated systematically in this work as the typical anode materials 

for SOFCs application. With respect to sealants, materials developed in Jülich and from CSIC, 

Madrid, Spain were characterized. H-Ag sealant as a revised H matrix sealant with Ag particles 

reinforcements has been tested to observe the mechanical performance at room temperature and 

operating temperature. Additional tests on 7.5 B(Ba) and 10 B(Sr) developed in Spain provide 

complementary results for the sealant study and comparison. Properties choice was based on 

observed and reported issues, leading to an assessment of fracture toughness and creep for the 

anode substrate materials and mainly strength for the sealants. All data were discussed and 

compared to previous results. 

Anode materials 

Based on improved testing procedures, the fracture toughness of different anode substrate 

materials has been determined. This study has shown that in general, when attempting to analyze 

material´s fracture toughness with a double-torsion test, pre-tests should be performed to analyze 

whether the particular material needs a pre-crack before the double-torsion test. Such tests were 

carried out in the current study, confirming that the thin NiO-3YSZ material can be tested 

without a pre-crack, whereas for the thicker NiO-8YSZ material such pre-cracks are necessary. 

Furthermore, DT tests with different displacement rates are necessary to assess the range in 

which the fracture toughness evaluation is not biased by a subcritical crack growth effect. 

The derived fracture toughness of NiO-3YSZ was higher than that of NiO-8YSZ, which can be 

ascribed to the transformation toughening that occurs for 3YSZ composition, indicating the 

advantage of the former for the use as an SOFC anode substrate during processing and joining. 

NiO-3YSZ yields a lower fracture toughness at 800 °C compared to room temperature, which is 

caused by a decrease of transformation toughening of 3YSZ at elevated temperatures. On the 

other hand, NiO-8YSZ revealed a high-temperature thermo-mechanical stability and kept its 
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fracture toughness even at 800 °C, however, with a still lower absolute value than that obtained 

for NiO-3YSZ.   

Reduction of NiO-8YSZ leads to higher fracture toughness compared to the oxidized state due to 

the ductility of Ni. A smaller increase in fracture toughness in the reduced state suggests that the 

3YSZ based composites is less affected by the ductility of Ni particles, indicating that in the 

development of anode substrates with high fracture toughness also other microstructural aspects 

like Ni – YSZ ratio, grain and pore size, need consideration as also indicated by a comparison of 

the results of oxidized and reduced 8YSZ based composited of different porosity with data 

quoted in literature.  

Results also imply that in the envisaged SOFC application long term reliability of cells in the 

reduced state will be challenged by subcritical crack growth effects, where future studies should 

consider also SCG at elevated temperatures under the respective large moisture containing 

hydrogen atmosphere. NiO-8YSZ tested using the current re-oxidation procedure revealed a 

higher fracture toughness than in the initial oxidized state. This high fracture toughness is 

ascribed in the current study to Ni cores which remained inside the NiO particles after the re-

oxidation. 

In the current work, three common-used testing methods to assess the materials creep behavior 

were carried out and compared systematically. Compressive tests are considered as the most 

direct and probably most reliable way to obtain creep parameters for ceramic materials where 

simple tensile testing is not an option. Bending tests are easier to carry out and, especially for the 

case of solid oxide fuel cell anode substrate materials, close to the real case due to the materials’ 

geometry. Four-point bending tests yielded rather accurate data, while the disadvantage is the 

limitation of applied loads. Using too low loads obviously renders data acquisition difficultly, 

whereas too high loads can cause fracture of specimens. Due to the larger specimen size, ring-

on-ring test can applied over a rather wide range of applied loads, while the equation used for 

analysis possesses limits, i.e. it can be used for approximation of the materials behavior only if 

the stress exponent is ~ 1.  

 

Hence, overall the creep behavior of Ni-8YSZ anode materials was investigated by different 

testing methods. A diffusion-dominated creep mechanism of Ni-8YSZ was found for both 
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compressive and tensile creep, while the activation energies show a dependence on the material´s 

composition, probably also related to temperature and loading modes. Porosity significantly 

reduces the creep resistance and yields larger creep rates. For the considered material 

composition, it appears that YSZ carries most of the load during creep.  

 

FEM simulation was carried out to assess the limitations of equations used for creep evaluations, 

especially in case of the more critical ring-on-ring test. The discrepancy of the equation for ring-

on-ring creep becomes larger with increasing stress exponent deviating from the value of unity. 

The creep behavior obtained in this work can be used as important input data for validation and 

modeling of SOFC/SOEC stacks. The change of the stress distribution with time should be taken 

into account for long-term application under stress exposure for stack operation.  

 

With respect to the chosen composition, obviously, a material with high YSZ content would have 

better creep resistance. Although enhanced creep resistance would increase long-term stability, 

functional properties need to be the main consideration in compositional and porosity optimized 

materials development. 

 

Sealant materials 

Reinforcing the glass-ceramic sealant with Ag particles yielded a positive effect on the materials’ 

mechanical behavior in its initial state. The comparison based on the bending tests with 

previously tests H-P and B sealant variants revealed an approximately two times higher average 

fracture stress of the H-Ag sealant. A thickness dependency of the fracture stress was not found 

for the H-Ag material, while the analysis with respect to temperature dependency revealed a 

strength decrease already at 700°C, whereas at 800°C the bending test derived fracture stress was 

still higher than that of the YSZ particle reinforced variant H-P. The reason for the significantly 

lower values at typical operation temperatures can be associated with the residual glassy phase. 

Compared to the H-Ag material, H-F, 10 B(Sr) and 7.5 B(Ba) yielded lower fracture stresses at 

RT. However, a similar non-linear behavior at high temperature was found for these materials, 

but H-F indicated a much higher fracture stress at 700°C and extremely large deformation at 
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800°C. An apparent thickness effects was found for 10 B(Sr), while the sealant 7.5 B(Ba) did not 

reveal such an effect within the limits of experimental uncertainty.   

Bending tests were carried out for annealed H-Ag and H-F head-to-head specimens. H-Ag 

revealed a lower average fracture stress compared to the respective as-sintered sealant; an 

opposite effect to the one previously reported for the sealant H-P. SEM analysis indicated that 

for the annealed material, the Ag particles distribute more evenly through the microstructure, 

where it appeared that Ag incorporation into the glass-ceramic matrix leads to micro-cracks and 

lowers the fracture stress. The annealed sealant revealed also a fracture stress decrease at 800°C; 

however, the fracture stress is better preserved than for the as-sintered material. H-F showed an 

increase of the fracture stress with increasing annealing time, indicating that crystallization 

enhances this property for this particular material. H-F with 1000 h annealing yielded a rather 

temperature independent fracture stress (RT, 700°C, 800°C).   

The two Jülich sealant materials have been characterized using a torsion set-up at RT and 

elevated temperatures. The results indicate that, similar as for the bending test, the obtained 

values are rather insensitive to residual stresses that are mainly induced by the thermal expansion 

mismatch of sealant and steel. Both sealant materials show a pronounced decrease of the shear 

strength above their softening temperature. Ag reinforced sealant material shows a decrease of 

the shear strength for longer annealing time, a similar effect was observed for the bending 

strength of head-to-head joined specimens, while such an effect was not observed for the YSZ 

fiber reinforced material. Contrary to the Ag particle reinforced sealant, the H-F material 

revealed a change in fracture mode from interfacial to cracking through the sealant at elevated 

temperatures, indicating that at RT the weakest position is located at the oxide scale, whereas at 

high temperatures the sealant becomes weaker due to the softening of the material. An obvious 

implication is that progressive annealing that might enhance the properties of the sealant material, 

will not necessarily lead to higher shear strength at RT, where the properties and the behavior 

with respect to long term temperature exposure of the oxide scale dominates. Typically oxide 

scales become thicker and weaker for longer annealing time. Note, for bending tests failure 

through the sealant was observed at all temperatures. The complex loading situation in a stack 

requires consideration of both, shear and bending/tensile strengths. 
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Appendix  
 

 

Figure 0-1: The schematic of 4-point bending test for creep.  

 

When applied for the bending creep test, the power law model leads to the following expression 

for the stress 𝜎𝑥 at a distance 𝜉  of the neutral axis (𝜉 =  −𝑦  in Figure 0-1) 

𝜎𝑥(𝜉) =  
𝜉1 𝑛⁄ × 𝑀𝑓

𝐼𝑛
                       (𝐴1) 

With  

𝐼 = 2𝑏 ×
𝑛

2𝑛 + 1
× (

ℎ

2
)  (2𝑛+1) 𝑛⁄               (𝐴2)  

 

where 𝑀𝑓 is the bending moment and 𝐼𝑛  is the complex moment of inertia that depends on the 

beam width b, thickness h and stress exponent n.   

For the stationary regime, the shape of the deflected beam depends of the applied loading F=2P 

could be expressed to the following equations:  

𝑦(𝑥) =  −𝐽(𝑡) × (
𝑃

𝐼𝑛
) × Γ(𝑥)      𝑓𝑜𝑟  𝑥 ∈ [

𝐿 − 𝑎

2
,
𝐿 + 𝑎

2
]             (𝐴3) 
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Where the 𝛤 is a function which depends on the stress exponent n and the spacing between the 

inner and outer bearings a and L:  

Γ(𝑥) = (
𝐿 − 𝑎

2
)

𝑛

× [(−
𝑥2

2
+

𝐿

2
𝑥) +

𝐿 − 𝑎

2
× (

𝑛(𝑎 − 𝐿)

4(𝑛 + 2)
)]        (𝐴4) 

The term 𝐽(𝑡)  contains the time-dependence on strain and is expressed from the power law creep 

model:  

𝐽(𝑡) = 𝐴 × 𝑡 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝐶        For plane stress          (𝐴5𝑎) 

𝐽(𝑡) = 𝐴 × (
3

4
)

(𝑛+1) 2⁄

𝑡 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝐶        For plane strain         (𝐴5𝑏) 

where  𝐴 = 𝐵 × 𝑒−𝑄 𝑅𝑇⁄  

Consider the maximum deflection point (𝒙 =  
𝑳

𝟐
, 𝒚 = −

𝒉

𝟐
 ),  

Insert equations (A4) (A5) into equation (A3), the equation at maximum deflection point turns 

into  

𝑦 =  [𝐴 ∙ 𝑡 + 𝐶] ∙ [
𝑃

𝐼𝑛
]

𝑛

∙ Γ (
𝐿

2
)         (𝐴6𝑎) 

 𝑦 =  [𝐴 ∙ (
3

4
)

(𝑛+1) 2⁄

∙ 𝑡 + 𝐶] ∙ [
𝑃

𝐼𝑛
]

𝑛

∙ Γ (
𝐿

2
)            (𝐴6𝑏)          

With  

Γ (
𝐿

2
) = (

𝐿 − 𝑎

2
)

𝑛

∙  [
𝐿2

8
+

𝐿 − 𝑎

2
∙ (

𝑛(𝑎 − 𝐿)

4(𝑛 + 2)
)]     (𝐴7) 

Deflection rate can be derived from equation (A6): 

𝜕𝑦

𝜕𝑡
= 𝐴 ∙ [

𝑃

𝐼𝑛
]

𝑛

∙ Γ (
𝐿

2
) =  𝑃𝑛 ∙ 𝐻        (𝐴8𝑎) 

𝜕𝑦

𝜕𝑡
= 𝐴 ∙ (

3

4
)

(𝑛+1) 2⁄

∙ [
𝑃

𝐼𝑛
]

𝑛

∙ Γ (
𝐿

2
) =  𝑃𝑛 ∙ 𝐻        (𝐴8𝑏) 
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With 

𝐻 = 𝐴 ∙
Γ (

𝐿
2

)

𝐼𝑛
                            (𝐴9𝑎) 

𝐻 = 𝐴 ∙
Γ (

𝐿
2)

𝐼𝑛
(

3

4
)

(𝑛+1) 2⁄

           (𝐴9𝑏) 

 

Make the equation (A8) into logarithmic expression: 

ln
𝜕𝑦

𝜕𝑡
= 𝑛 ∙ ln 𝑃 + ln 𝐻     (𝐴10) 
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