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Abstract 

The present doctoral thesis summarises results of investigation focused on the characterisation of 

materials involved in Solid Oxide Cell technology. The main topic of investigation was the ceramic 

cell, also known as MEA. Particular attention was given to the role that bi-material interfaces, co-

sintering effects and residual stresses play in the resulting mechanical response.  

The MEA is a complex ceramic system, consisting of multiple functional layers sintered together. 

Interfacial bonding between them can play a significant role in the mechanical response of the whole 

MEA. Therefore, it is of high importance to characterise such a fundamental SOC component in its 

totality, taking into account co-sintering effects and interaction between layers. This challenging 

approach was the main novelty of the presented doctoral thesis.  

The first main goal was to investigate the effects of the manufacturing process (i.e. layer by layer 

deposition) on the mechanical response; to enable this investigation, electrode layers were screen-

printed one by one on the electrolyte support and experimental tests were performed after every 

layer deposition. The experimental activity started with the measurement of the elastic 

characteristics. Both elastic and shear moduli were measured via three different techniques at room 

and high temperature. Then, uniaxial and biaxial flexural strengths were determined via two loading 

configurations. The analysis of the elastic and fracture behaviours of the MEA revealed that the 

addition of layers to the electrolyte has a detrimental effect on the final mechanical response. Elastic 

characteristics and flexural strength of the electrolyte on the MEA level are sensibly reduced. The 

reasons behind the weakening effect can be ascribed to the presence and redistribution of residual 

stresses, changes in the crack initiation site, porosity of layers and pre-cracks formation in the 

electrode layers. Finally, the coefficients of thermal expansion were evaluated via dilatometry on 

bulk materials serving as inputs for finite elements analyses supporting experiments and results 

interpretation.  

The second most important goal was to assess the influence of operating conditions on the integrity 

of the MEA. Here interactions of ceramic–metal interfaces within the repetition unit operating at 

high temperatures and as well at both oxidative and reductive atmospheres were investigated. The 

elastic and fracture responses of MEA extracted from SOC stacks after several hours of service were 

analysed. Layer delamination and loss of mechanical strength were observed with increasing 

operational time. Moreover, SEM observations helped to detect significant microstructural changes 

of the electrodes (e.g. demixing, coarsening, elemental migration and depletion), which might be 

responsible for decreased electrochemical performances. 

All the materials presented in this work are part of SOC stacks produced and commercialised by 

Sunfire GmbH, which is one of the world leading companies in the field.  
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1. Introduction 

Development requires energy. Starting from the first industrial revolution, the amount of energy 

required by human progress has been increasing enormously and it is still in continuous growth. In 

the last century, the significant improvement of living standards has been possible mainly thanks to 

the production of energy by means of fossil fuels. Burning fossil fuels releases CO2, which is 

a greenhouse gas that contaminates our atmosphere for centuries, intensifying the air pollution 1, 2. 

High CO2 concentrations in the atmosphere, among other pollutants (such as sulphur oxide SO2, 

nitrogen oxides NOx, volatile organic compounds VOCs, etc.), are also responsible for climate change, 

with all its drastic consequences.  

To confine this phenomenon, agreements such as the 1997 Kyoto Protocol 3 have been established 

worldwide and there is now a common trend towards a low carbon future. The European Union is 

devoted to reducing CO2 emissions by 20 % by 2020 compared to 1990 levels 4. The United Kingdom 

in its Energy White Paper set out the government’s commitment to transform the UK’s electricity 

system to ensure low carbon and affordable electricity supply; that includes the achievement of an 

80 % greenhouse gas emissions reduction compared to 1990 levels by 2050 5.  

Building, transportation and industrial are the major sectors taking part in the total world energy 

consumption share. Among those, buildings contribute to a major share of global environmental 

concerns as they account for about one-third of the global energy expenditure 6. More specifically, in 

2010 the building sector was responsible for 30 % of energy-related CO2 emissions, accounting for 

32 % of global energy demand. The building sector is also the cause of approximately two-thirds of 

halocarbon and 25 % to 33 % of black carbon emissions. Besides, the buildings consumed 23 % of the 

total primary energy and 30 % of the global electricity. Literature reports (such as the IEA 7) state that 

the energy demand in buildings is increasing and is predicted to increase actively in the next decades 

to meet the nations’ quality of life 8. These are the reasons why reducing energy consumption in 

buildings can play a significant role for a sustainable future 9. 

To limit and reduce the impact of pollutant emissions in climate change, there is an impending need 

for more environmentally friendly and efficient means of energy conversion. Solid Oxide Cells (SOCs) 

are a clean and efficient technology that promises to revolutionise the production of electricity and 

synthetic fuels. Indeed, these devices are able to efficiently generate electricity by an 

electrochemical combination of a fuel with air (when operating in Solid Oxide Fuel Cell mode - SOFCs) 

and to produce synthetic fuels when fed with electricity (in this case, they are referred to as Solid 

Oxide Electrolysis Cells - SOECs) 10. Their ability to operate with a negligible emission of harmful 

pollutants makes SOCs a key technology to a future low carbon built environment 11. Besides, while 

producing electricity, fuel cells generate a profitable quantity of heat; this by-product heat can be 

used for combined heat and power (CHP) and combined cooling heat and power (CCHP) 

applications 9. These combined systems, exploiting the otherwise wasted heat, improve the overall 

efficiency, further increasing the energy savings.  

Hence, Solid Oxide Cells are a key technology for the storage and conversion of energy by clean, 

efficient and environmental-friendly means. Being a newly commercialized technology, fuel cells 

need to gain public acceptance as a safe and competitive technology in the energy market 12. Thus, 

their reliability and durability have to be properly analysed and consequently improved according to 

the findings. 

In this thesis entitled “The role of bi/material interface in the integrity of layered metal/ceramic” the 

focus will be on the functional layered ceramic component involved in SOC technology. In particular, 

the aim is to characterise this ceramic component of the device (also known as MEA, i.e. Membrane 
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Electrolyte Assembly), aiming to the understanding of its behaviour, in order to improve its 

mechanical stability. The MEA is the core of the fuel cell, as it is the unit in which the electrochemical 

reaction occurs and the chemical energy of fuels is transformed into electricity and vice versa. The 

MEA is a layered structure, made up of different functional ceramic layers. In this work, particular 

attention will be given to the role of layers interfaces and layer interactions in the mechanical 

response of the MEA. The effects deriving from the contact of the MEA with the metallic components 

of the stack at operating temperature will be analysed as well. 
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2. Review on Fuel Cells 

A fuel cell is an electrochemical device capable to convert the chemical energy of a fuel directly into 

electricity and heat, with no need for combustion 13, 14. This direct process leads to much higher 

conversion efficiencies in comparison with conventional combustion-based heat engines, in which 

the chemical energy is transformed first into thermal energy, then into mechanical and finally into 

electrical energy, with unavoidable losses. A fuel cell consists of three active components: a fuel 

electrode, an air electrode and an electrolyte embedded between them. The operating principles of 

a fuel cell are similar to those of a battery, in which electricity is generated via an electrochemical 

combination of a fuel and an oxidant gas. Fuel cells though do not have to be recharged; they 

operate as long as both fuel and oxidant are supplied to the device. Besides the high electrical 

efficiency, fuel cells are compatible with renewable sources like hydrogen and they can operate on 

currently easily available fuels, such as methane and natural gas. Additionally, they operate without 

noise or vibrations and their modular design makes them eligible for a diverse range of portable, 

stationary and transportation applications. For all these reasons, fuel cells are clean, highly efficient 

and flexible chemical-to-electrical energy conversion devices. There are some drawbacks as high 

operating temperature and temperature cycling causing the development of internal stresses and 

consequent damage. These factors limit the lifetime of individual parts and decrease the efficiency 

with operation time. Therefore, additional research and development are necessary to improve their 

performance, enhance their durability and reduce their costs.  

2 .1 Historical Background 

Although fuel cells are a recent technology, the first demonstration of their operation principle dates 

back to 1839, when the English lawyer and scientist W. Grove used his knowledge of electrolysis to 

conceive a reverse process able to generate electricity, through the combination of hydrogen and 

oxygen. Back then, fuel cells were known as “gaseous voltaic batteries”. These batteries had 

a sulphuric acid electrolyte and platinum electrodes, which were already known to be good catalysts 

for the reaction between oxygen and hydrogen 15. Grove’s experiment was the first important 

demonstration of that already known principle. His experimental setup consisted of two platinum 

electrodes partially immersed into a beaker containing aqueous sulphuric acid; above each electrode, 

the two tubes (containing one oxygen and the other hydrogen) were inverted. When these tubes 

were lowered, the gases moved the electrolyte leaving just a thin layer of the acid solution on the 

electrode and a flow of electrons between the two electrodes was detected by the deflection of 

a galvanometer. The magnitude of the generated current decreased rapidly, but it could be re-

established again by restoring the electrolyte layer. Grove understood the importance of this coating 

layer: the reaction was depending on the contact surface between the reactant gas and the thin layer 

of liquid electrolyte, which allowed the gas to diffuse to the solid electrode thanks to its reduced 

thickness. To improve this contact area, Grove deposited platinum particles on the platinum 

electrodes; connecting in series twenty-six cells, he was then able to successfully electrolyse water by 

hydrogen and oxygen. A schematic representation of a small Grove’s gas battery is represented in 

Figure 1. In 1845 Grove shows the results of further experiments to the Royal Society of London and 

in 1854 he suggested the use of gas batteries as a source of electricity derived from conventional 

fuels, such as coal or wood. A few years later, Schoenbein demonstrated that the current generated 

was the result of a chemical reaction and not of the simple contact between two substances and in 

1882, Lord Rayleigh developed a new form of gas battery, with an enhanced action surface between 

the solid electrode, the gas and the liquid, trying to improve the efficiency. It was just in 1889 that 
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Mond and Langer built the first prototype for a practical fuel cell; their model used a diaphragm to 

contain the sulphuric acid electrolyte, resolving to the problem of the flooding caused by a liquid 

electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

In 1893 Ostwald had the intuition that using an electrochemical process to produce electricity from 

coal would be the solution to the extremely inefficient energy conversion process of the steam 

engines diffused at that time. Following Ostwald’s concept, in 1896 Jacques built the first fuel cell 

with a practical application, successfully producing electricity from coal. In 1937 Baur and Preis finally 

developed the first solid oxide fuel cell, thanks to the discovery of solid oxide electrolytes that Nernst 

made in 1899. Back then, Nernst realised that compounds of Mg, Si, Zr and rare earth elements had 

extremely high conductivities compared to the most conductive sulphuric acid. Baur and Preis 

investigated different possible solid ceramic electrolytes and, after several tests, concluded that 

practical solid electrolytes could be manufactured and could fulfil the requirements of power 

production 15. 

During the attempts of developing a fuel cell working on coal, it was found out that alkaline 

electrolytes could be very appropriate if the cell was using hydrogen as fuel. One of the conveniences 

in adopting alkaline electrolytes was that electrode materials besides noble metals could be utilised 

with a lower risk of corrosion, especially in comparison with acid electrolytes. The challenge of 

developing electrode structures able to contain the electrolyte was still ongoing and between 1946 

and 1955 Bacon developed a fuel cell system, which had an electrode with two pore sizes and which 

was named “double-layer” electrode. In 1954 Bacon and his research team demonstrated a six-cell 

battery able to produce 150 W and two years later he demonstrated that a practical size battery 

could be built. Despite the successful demonstrations, this work was abandoned because of lack of 

commercial applications until 1962, when Pratt & Whitney Aircraft realised the big potential of 

Bacon’s patent and started developing a fuel cell power plant for the Apollo space program. This was 

a big step towards the awareness of the fuel cells outstanding potential, but we had to wait until the 

1990s for the research on fuel cells becoming extended worldwide and oriented to public and private 

sectors and the early 2000s to see their first commercialisation 13, 14.  

2 .2 Types of Fuel Cells 

Besides manufacturing issues and materials cost, there are two main problems with fuel cells: 

 

Figure 1 An illustration of the Grove's 
"Gaseous Voltaic Battery", which is now 
known as the original of the "Fuel Cell." 
Adapted from http://www.h2gopower.com. 
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▪ Low currents and power density due to slow reaction rates (hence the necessity to operate 

at quite high temperatures); 

▪ Hydrogen is not a readily available fuel yet. 

In the attempt of finding a solution to these problems, nowadays many types of fuel cells are 

available on the market. They are normally classified in relation to their electrolyte material and fuels 

used and they differ in power outputs, operating temperatures, electrical efficiencies and 

applications. The choice of the electrolyte directly determines the operating temperature of the fuel 

cell; the operating temperature, in turn, affects the chemical and thermo-mechanical properties 

required for the materials of the cell components and also of the level of fuel pre-processing needed. 

In low-temperature fuel cells, the fuel needs to be fully transformed in pure hydrogen before 

entering the system, while in the high-temperature ones CO and also CH4 can be fed to the cell, 

getting then reformed or oxidised internally. A brief description of the most common fuel cells 

classified according to the type of electrolyte is reported below 2, 13, 16, 17. 

2.2.1 Polymer Electrolyte Membrane Fuel Cell (PEMFC) 

PEMFCs utilise a water-based, solid polymer membrane as the electrolyte, in which protons are 

mobile. This electrolyte requires an operating at temperatures below 100 °C; given the low 

temperature, carbon electrodes with platinum electrocatalysts are necessary in order to speed up 

the reaction rates. The only liquid in this cell is water so that it does not suffer from corrosion issues. 

At the same time, special care has to be put on the water management, making sure that the 

membrane is always hydrated; this means avoiding that the by-product water evaporates at a faster 

rate than the produced one. Because of the low temperature dictated by the electrolyte and the 

water balance issue, PEMFCs operate on pure hydrogen or reformed natural gas, with no CO that 

would poison the electrodes, compromising the cell performance. Thanks to their high power density 

and efficiency, rapid start-up time and low operating temperature, they are the most suitable fuel 

cell for transport applications, being also employed for low power CHP (Combined Heat and Power) 

systems. 

Pros ▪ The solid electrolyte has an exceptional resistance to gas crossover; 

 ▪ The low operating temperature permits a rapid start-up;  

▪ The lack of corrosive elements allows the use of conventional materials for the stack 

components; 

▪ High current densities above 2 W/cm2 are achievable. 

Cons ▪ The low operating temperature does not allow the utilisation of by-product heat for 

cogeneration; 

 ▪ Ensuring the proper hydration of the electrolyte without flooding it is quite challenging; 

 ▪ The poisoning threat by contaminating agents such as carbon monoxide, sulfur 

compounds and ammonia is quite high; 

 ▪ Working on pure hydrogen, proper infrastructures are required and this need hinders 

their commercialisation. 

A way to overcome the issues related to the low operating temperature is to use a mineral acid-

based electrolyte instead of the water-based one; this way the service temperature can be increased 

up to 200 °C and we talk about High-Temperature PEMFC (HT-PEMFC). 
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2.2.2 Alkaline Fuel Cell (AFC) 

AFCs work between 50 °C and 200 °C, using an alkaline electrolyte; they are the best performing fuel 

cells when running on pure hydrogen and oxygen, but they are intolerant to impurities: even a 

minimum amount of CO2 contained in the air can be a potential poison, threatening the alkaline cell 

performance. This vulnerability to CO2 makes AFC eligible mainly for extra-terrestrial applications. 

Indeed, AFCs were one of the first types of fuel cells developed and they were meant to supply 

electricity on board of the Apollo space shuttle. 

Pros ▪ Between all types of fuel cells, they are the best performing when working on pure 

hydrogen and oxygen; 

 ▪ A wide range of electrocatalysts can be employed.  

Cons ▪ High purity hydrogen is needed to avoid any harmful poisoning; 

 ▪ If atmosphere air is fed to the cell as the oxidant, any trace of CO2 must be eliminated; 

 ▪ The strict requirements on the gases flowing through the cell lead to an increase in the 

size and the cost of the device. 

2.2.3 Phosphoric Acid Fuel Cell (PAFC) 

PAFCs are made up of finely dispersed platinum electrodes and phosphoric acid is used as the 

electrolyte that is usually retained in a silicon carbide matrix. They operate at intermediate 

temperature (150 °C to 220 °C) to ensure an adequate ionic conductivity of the electrolyte and avoid 

CO poisoning of the electrodes. The utilisation of 100% concentrated phosphoric acid reduces at 

minimum the vapour pressure, facilitation the water management (that was quite challenging for 

AFCs). Between the commercialised fuel cells operating at intermediate temperatures, they are the 

most developed and they are mainly employed for stationary purposes such as CHP with high energy 

efficiencies. 

Pros ▪ The vulnerability to CO poisoning is much less severe compared to AFCs and PEMFCs; 

 ▪  The moderately high operating temperature still permits the utilisation of conventional 

materials and flexible design; 

 ▪  The by-product heat can be exploited in cogeneration systems; 

 ▪  The efficiency is higher than the one of PEMFCs. 

Cons ▪ Expensive platinum catalysts are required; 

 ▪ Fuel needs to be processed, often requiring a water gas shift reactor to obtain 

satisfactory performance; 

 ▪ To face the high corrosiveness of the phosphoric acid, expensive materials are required 

for the stack components. 

2.2.4 Molten Carbonate Fuel Cell (MCFC) 

MCFCs operate at approximately 650 °C and have the highest energy efficiency obtainable from the 

conversion of methane into electricity; their electrolyte consists of a porous ceramic matrix of LiAlO2 

retaining a combination of alkali carbonates; at the operating temperature, these carbonates 

produce a molten salt, which has a very high conductivity. Given the considerably high operating 

temperature, nickel-based electrodes are the most suitable to facilitate electrochemical reactions. 

The requirements on the fuel purity are not as strict as for the previously described fuel cells as many 

common hydrocarbon fuels can be reformed internally.  
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MCFCs are particularly suitable for large stationary and marine applications due to their large 

dimensions and slow start-up time. 

Pros ▪ High-temperature operation allows the use of inexpensive electrocatalysts as the nickel-

based electrodes effectively contribute to the reactions activity; 

 ▪ Both CO and some hydrocarbons can be used as fuels as the high temperature permits 

their transformation into hydrogen internally within the system; 

 ▪ Consequently, the interconnect design is simpler and the overall efficiency is higher; 

 ▪ The by-product heat can be exploited in cogeneration systems, further increasing the 

system efficiency. 

Cons ▪ The highly corrosive nature of the electrolyte requires the use of nickel and stainless 

steel as cell components, which are more costly than ferritic steels; 

 ▪ High operating temperature results in lower mechanical stability, shorter lifetime and 

more demanding material features; 

 ▪ Power density is limited to a maximum of 200 mW/cm2 by the air electrode resistance. 

2.2.5 Solid Oxide Fuel Cell (SOFC) 

SOFCs use a solid ceramic electrolyte, typically yttria-stabilised zirconia, and usually the fuel 

electrode is a Co or Ni-based cermet, while the air electrode often consists of Sr-doped LaMnO3. They 

originally operated at around 1000 °C but nowadays, the development of more conductive thin 

electrolytes allowed SOFCs to efficiently work in the range between 650 °C to 850 °C. Many studies 

are still undergoing to lower the operating temperature even further, by improving the electrodes 

and reducing the thickness of the electrolyte. Thanks to the high operation temperature, no 

expensive catalysts are needed and natural gas can be used directly or internally reformed within the 

fuel cell, without an external reformer. At present, thin-electrolyte planar SOFCs are among the most 

developed and performing fuel cells, making them suitable for a quite wide range of applications, 

including stationary and mobile power generation, auxiliary power for vehicles, cogeneration and 

combined systems.  

Pros ▪ Thanks to the electrolyte being solid, the cell can be easily shaped into different 

geometries (such as tubular, planar or monolithic) and no corrosion issues arise; 

moreover, there is no risk of electrolyte movement or flooding in the electrodes; 

 ▪ The high operating temperature results in fast reactions kinetics; 

 ▪ CO can be directly used as a fuel; 

 ▪ The cost of materials involved in SOFC is moderate if compared to other fuel cells; 

 ▪ The power density output can be as high as the one obtainable with PEMFCs; 

 ▪ The by-product heat can be exploited in cogeneration systems, further increasing the 

system efficiency. 

Cons ▪ Thermal expansion mismatches between stack components is quite a big issue, possibly 

leading to high internal stresses threatening the mechanical integrity of the stack; 

 ▪ A proper sealing between cells is challenging, especially in the planar design; 

 ▪ The choice of materials fulfilling all the demanding requirements (included enduring 

high temperature and harsh operating environment) is quite restricted; 

 ▪ Corrosion of metal stack components is an issue; 
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 ▪ Power density and lifetime are limited by the above mentioned aspects, but are still 

sufficiently higher when compared to other fuel cells. 

Beside the classification according to the electrolyte described above, fuel cells can be divided into 

groups also in relation to the type of fuel utilised: 

2.2.6 Direct Methanol Fuel Cells (DMFC) 

DMFC use the hydrogen from liquid methanol directly, without the need for external reforming. They 

are basically PEMFC, as they use a polymer membrane as the electrolyte, but they can run directly on 

methanol or another alcohol. Their low power output makes them suitable for portable electronics 

equipment.  

2.2.7 Direct Carbon Fuel Cells (DCFC) 

In DCFC solid carbon is fed directly to the fuel electrode, with no need for a previous gasification 

process. They are able to reach very high efficiencies and its further development could have a 

relevant effect on the power generation based on coal.  

Despite each of them possessing different characteristics and being more appropriate for certain 

specific applications, all the fuel cells listed above have in common the following remarkable 

advantages: 

▪ Efficiency: fuel cells are in general more efficient than conventional combustion engines as 

their operation is not limited by the Carnot cycle and chemical energy of fuels is directly 

converted into electricity, without being transformed into mechanical energy as an 

intermediate step; 

▪ Simplicity: fuel cells are very simple devices, with few or any moving parts, so they are 

potentially highly reliable and durable; 

▪ Eco-friendliness: when operated on hydrogen the only by products of fuel cells are heat and 

water, so they can potentially be a “zero emission” technology; 

▪ Quietness: fuel cells can operate with really low noise emissions, which make them very 

suitable for both portable and stationary applications. 

▪ Scalability: fuel cells can be easily scaled up thanks to their modular design and their cost 

and performance are not much more sensitive on the scale: small fuel cells operate nearly 

as efficiently as bigger ones, with approximately the same emissions and comparable costs. 

2 .3 Thermodynamics of Fuel Cells 

In the same way as every power generation system, fuel cells require an energy or heat balance 

analysis to demonstrate their functioning, taking into account the power and heat generation, 

electrochemical reactions, heat losses, etc. 18. Because the electrochemical reactions taking place 

differ from cell to cell, this analysis is specific for every type of fuel cell. However, in all cases, the 

enthalpy of the reactants entering the system must correspond to the total enthalpy of the products 

that exit the cell, the heat produced within the system, the electric power output, and the heat loss 

from the cell to the atmosphere.  

The most usual and simple electrochemical reaction taking place in fuel cells is the following between 

pure hydrogen and oxygen: 

𝐻2 + 1
2⁄ 𝑂2 → 𝐻2𝑂                                                           (2.1) 
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When a fuel cell operates at constant temperature and pressure, the maximum amount of electrical 

work achievable is related to the change in Gibbs free energy (ΔG) of the reaction: 

𝑊 = ∆𝐺 = −𝑛𝐹𝐸                                                              (2.2) 

where 𝑛 is the number of moles of electrons involved in the reaction, 𝐸 is the ideal potential of the 

cell and 𝐹 is the Faraday’s constant ( 𝐹 = 96487 C/g.mole electron). 

The Gibbs free energy can be expressed also through the following function: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                                                (2.3) 

that relates ∆𝐺 to the change of enthalpy ∆𝐻 and entropy ∆𝑆.  

Physically ΔG represents the maximum electrical work obtainable from the reaction taking place in 

the fuel cell, ΔH corresponds to the total thermal energy released by the electrochemical reaction 

and TΔS is the unavailable energy, in the form of non-exploitable heat. If the quantity TΔS is negative, 

the reactions occurring in the fuel cell produce heat, while if it is positive, they take in heat from the 

environment. 

If we take into account the reaction (2.1), we have 𝑛 = 2, 𝐹 = 96487 C/g.mole electron and 

∆𝐺 = −229 kJ/mol so that the ideal potential corresponding to this reaction is 𝐸 = 1.229 V. The 

theoretical performance of a fuel cell is defined by the electrochemical reactions taking place in the 

cell and the most common way to define it is by the Nernst potential. For the reaction (2.1), the 

Nernst potential is 

𝐸 = 𝐸0 +
𝑅𝑇

2𝐹
ln (

𝑃𝐻2

𝑃𝐻2𝑂
) +

𝑅𝑇

2𝐹
ln (𝑃𝑂2

     1/2
)                                         (2.4) 

where 𝐸 is the equilibrium potential, 𝐸0 the standard potential, 𝑃 represents the gas pressure, 𝑅 the 

universal gas constant, 𝐹 the Faraday’s constant and 𝑇 the absolute temperature. 

The Nernst equation (2.4) relates the ideal standard potential of the fuel cell reaction 𝐸0 to the ideal 

potential 𝐸 achievable when the fuel cell operates at other temperatures and pressures of reactants 

and products. In other words, the Nernst potential defines the maximum performance attainable by 

a fuel cell. Knowing the ideal potential of a reaction that takes place in standard conditions, it is then 

possible to calculate the maximum potential for any other possible combination of pressure and 

temperature. In accordance with (2.4), an increase in the partial pressure (concentration) of 

reactants and a decrease in the one of the products would result in higher ideal cell potential at a 

fixed temperature. In general, improved cell performances are achieved at higher temperatures and 

pressures.  

The ideal standard potential 𝐸0of a fuel cell operating at 298 K on H2 and O2 is 1.229 V with liquid 

water as the output and 1.18 V when gaseous water is produced. This value is often addressed as 

“oxidation potential of H2“. The potential corresponds to the variation in Gibbs free energy derived 

from the reaction between hydrogen and oxygen and the divergence between 1.229 V and 1.18 V 

indicates the change in the Gibbs free energy of water vaporisation at standard conditions 17. The 

trend of the standard potential versus temperature is illustrated in Figure 2. It can be observed that 

the influence of temperature on the Nernst potential is stronger for fuel cells operating at high 

temperatures. Beside temperature, the concentration of reactants is another aspect that strongly 

affects the open circuit voltage: the highest ideal potential is achieved when the reactants at the two 

electrodes are pure.  
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Figure 2 Influence of temperature on 
the standard potential of a fuel cell for 
the oxidation of hydrogen. Taken 
from 

18
. 

 

The electrochemical reactions taking place between different fuels and oxygen determine the ideal 

potential of a fuel cell. Low-temperature fuel cells are quite demanding in relation to the electrode 

materials and fuel used; indeed, they require noble metals to increase the electro-catalyst activity 

and the reactions rate and they can operate merely on pure hydrogen. High-temperature fuel cells 

have less strict requirements as the high-temperature operation allows sufficiently fast reaction 

rates, with no need for expensive catalysts; moreover, other fuels can be used besides hydrogen. 

Table 1 reports the ideal voltage values for the oxidation of hydrogen for different types of fuel cells 

in relation to their operation temperature, assuming gaseous products. 

Table 1 Ideal voltage for different fuel cells operating at different temperatures. Taken from 
17

. 

Temperature 25 °C 80 °C 100 °C 205 °C 650 °C 800 °C 1100 °C 

Cell Type - PEMFC AFC PAFC MCFC IT-SOFC HT-SOFC 

Ideal Voltage 1.18 V 1.17 V 1.16 V 1.14 V 1.03 V 0.99 V 0.91 V 

2.3.1 Fuel Cell Performance 

Because of inevitable losses, the effective performance of a fuel cell always differs from the ideal 

performance given by the Nernst equation. This discrepancy is illustrated in Figure 3. The causes of 

irreversible losses are multiple and they are usually referred to as “polarisation” or “over-potential”. 

These losses are responsible for the effective fuel cell potential being lower than the ideal one and 

they are mainly generated from: 

▪ Activation polarisation: this loss is particularly marked in the region where the current 

density is lower; this is due to the need to prevail over the electronic barriers in order to get 

current and ionic motion. Activation loss directly depends on the increase of the current 

stream, following the relation: 

𝜂𝑎𝑐𝑡 =  
𝑅𝑇

𝛼𝑛𝐹
ln (

𝑖

𝑖0
)                                                            (2.5) 

being  𝜂𝑎𝑐𝑡 the activation loss, 𝑅 the universal gas constant, 𝑇 the temperature, 𝛼 the charge 

transfer coefficient, 𝑛 the number of electrons involved, 𝐹 the Faraday constant, 𝑖 the 

current density and 𝑖0 the exchange current density. This polarisation is caused by the low 

speed of the electrochemical reactions taking place at the electrode surface; thus it is 

affected by the oxidation and reduction rates of the fuel and the oxidant.  

▪ Ohmic polarisation: it depends in a proportional way on the current increment, increasing 

continuously over the whole current range. It can be expressed as: 
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𝜂𝑜ℎ𝑚 =  𝑖𝑅𝑐                                                                    (2.6) 

where 𝜂𝑜ℎ𝑚 is the ohmic loss and 𝑅𝑐 the cell resistance (which includes electronic, ionic and 

contact resistance). This loss is due to the resistance that the ions and the electrons have to 

face to flow either through the electrolyte or through the electrodes and the external circuit.  

The ohmic resistance normalised by the active area of the cell is called Area Specific 

Resistance (ASR) and it is a fundamental performance indicator, in particular for high-

temperature fuel cells, where ohmic losses play a dominant role in the overall polarisation of 

the cell. This feature depends on the cell geometry, material choice and operating 

environment. 

▪ Gas concentration polarisation: it is a mass-transport related loss and it is particularly 

significant at high current density, yet it is present over the whole range of current intensity. 

This loss can be represented by the following relation: 

𝜂𝑐𝑜𝑛 =  
𝑅𝑇

𝑛𝐹
ln (1 −

𝑖

𝑖𝐿
)                                                   (2.7) 

where 𝜂𝑐𝑜𝑛 stands for the concentration loss and 𝑖𝐿 is the limiting current density.  

A drop of the potential will occur while the reactant gets consumed by the electrochemical 

reactions taking place at the electrode; this drop is caused by the diminution in the 

concentration of the bulk of the fluid in the atmosphere. Concentration polarisations are 

mainly caused by slow diffusion of the fuel and the oxidant in the electrode pores, as well as 

by a slow transfer of products from the reaction site.  

 

 

 

 

 

 

 

 
Figure 3 Ideal and actual 
performance of a fuel 
cell with the potential 
current response. Taken 
from 

18
. 

 

While the ohmic losses are dependent on the cell design, the materials involved and the operating 

temperature, activation and concentration losses are strongly affected by the reactant 

concentrations and consequently they depend on the fuel utilisation. The effects of each type of loss 

are combined together and for a given cell at given operating conditions they can be referred to as 

polarisations. The overall polarisation at the electrodes is given by the sum of the activation and 

concentration losses: 

 𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =  𝜂𝑎𝑐𝑡,𝑒𝑙 + 𝜂𝑐𝑜𝑛,𝑒𝑙                                                    (2.8) 

The result of polarisation is to move the potential of the electrode (Eelectrode) to a different value 

(Velectrode): 

𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =  𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 ± |𝜂𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒|                                           (2.9)  
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The result of current flow in a fuel cell is to increase the anode potential (𝑉𝑎𝑛𝑜𝑑𝑒 =  𝐸𝑎𝑛𝑜𝑑𝑒 +

|𝜂𝑎𝑛𝑜𝑑𝑒|) and to decrease the cathode one (𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒 =  𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − |𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒|), consequently 

diminishing the effective cell voltage. The actual cell voltage will then be: 

𝑉𝑐𝑒𝑙𝑙 =  𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒 −  𝑉𝑎𝑛𝑜𝑑𝑒 − 𝑖𝑅                                               (2.10) 

𝑉𝑐𝑒𝑙𝑙 =  ∆𝐸𝑒 − |𝜂𝑐𝑎𝑡ℎ𝑜𝑑𝑒| −  |𝜂𝑎𝑛𝑜𝑑𝑒| − 𝑖𝑅                                    (2.11) 

Equation (2.11) was obtained introducing (2.8) and (2.9) in (2.10), with ∆𝐸𝑒 = 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑎𝑛𝑜𝑑𝑒. 

The optimisation of fuel cell design, electrodes features and electrolyte conductivity aims to the 

minimisation of polarisation, so that Vcell gets as close as possible to ∆Ee. In general, higher 

performance is achieved at high operating temperature and higher gas pressures; on the other hand 

though the stability and integrity of cell components becomes an issue at those operating conditions; 

thus these aspects have to be balanced and the best compromises have to be found.  

2.3.2 Fuel Cell Efficiency 

In any energy conversion device, the thermal efficiency is given by the quantity of profitable energy 

produced relative to the enthalpy change between products and reactants (i.e. thermal energy 

released when the fuel reacts with the oxidant): 

𝜂 =  
𝑈𝑠𝑒𝑓𝑢𝑙 𝐸𝑛𝑒𝑟𝑔𝑦

∆𝐻
                                                        (2.12) 

Conventional heat engines convert the chemical energy of a fuel first to heat and then into 

mechanical energy, which can finally be transformed into electrical energy. Their maximum efficiency 

was defined by Carnot. The Carnot efficiency defines the upper limit for any heat engine and it 

depends on the absolute temperatures of the hot source and of the rejected low-temperature heat. 

This limit does not apply to fuel cells, as they transform directly the chemical energy into electricity. 

The ideal useful energy available in a fuel cell is described by the change in Gibbs free energy of the 

reaction; thus, the ideal efficiency of a reversible fuel cell can be represented as: 

𝜂𝑖𝑑𝑒𝑎𝑙 =  
∆𝐺

∆𝐻
                                                                           (2.13) 

If we consider the reaction (2.1) between hydrogen and oxygen, the change in its standard free 

energy is given by: 

∆𝐺0 =  𝐺𝐻2𝑂
0 − 𝐺𝐻2

0 −
1

2
𝐺𝑂2

0                                                       (2.14) 

Assuming the reaction occurring in standard conditions and the product water being in the liquid 

state, the chemical energy for the hydrogen/oxygen reaction is 285.8 kJ/mol and the free Gibbs 

energy useful to produce work is 237.1 kJ/mol. Therefore, the ideal thermal efficiency of a fuel cell 

working at ordinary conditions in a reversible way on pure hydrogen and oxygen results: 

𝜂𝑖𝑑𝑒𝑎𝑙 =  
237.1

285.8
= 0.83                                                         (2.15) 

The ideal efficiency (2.15) varies according to the electrochemical reactions considered. 

It is often convenient to represent the efficiency of a fuel cell in terms of the ratio between the 

operating cell voltage and the ideal one like follows: 

𝜂 =  
𝑈𝑠𝑒𝑓𝑢𝑙 𝐸𝑛𝑒𝑟𝑔𝑦

∆𝐻
=

𝑈𝑠𝑒𝑓𝑢𝑙 𝑃𝑜𝑤𝑒𝑟

(∆𝐺/0.83)
=

𝑉𝑜𝑙𝑡𝑠𝑎𝑐𝑡𝑢𝑎𝑙 ∙ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡

𝑉𝑜𝑙𝑡𝑠𝑖𝑑𝑒𝑎𝑙 ∙ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡/0.83
                           

=
0.83 ∙ 𝑉𝑎𝑐𝑡𝑢𝑎𝑙

𝐸𝑖𝑑𝑒𝑎𝑙
                                                                                                                  (2.16) 
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As already mentioned in the previous paragraph, the ideal voltage, 𝐸0 or 𝐸𝑖𝑑𝑒𝑎𝑙, of a fuel cell 

operating reversibly at 298 K on H2 and O2 is 1.229 V, while the actual voltage is lower because of 

inherent losses. Therefore, the thermal efficiency of a fuel cell in terms of the actual cell voltage 

results: 

𝜂 =
0.83 ∙ 𝑉𝑐𝑒𝑙𝑙

𝐸𝑖𝑑𝑒𝑎𝑙
=

0.83 ∙ 𝑉𝑐𝑒𝑙𝑙

1.229
= 0.675 ∙ 𝑉𝑐𝑒𝑙𝑙                                    (2.17) 

In equation (2.17) a complete conversion of the fuel is assumed; however, it has to be recalled that in 

fuel cells the fuel is normally not completely transformed. Thus, the voltage efficiency should be 

multiplied by the fuel utilisation percentage to obtain the net actual cell efficiency.  

Equation (2.17) shows how the cell voltage, depending in turn on the operating current density, 

determines the fuel cell efficiency. A decrease in the current density, would result in an increased cell 

voltage, and consequently in an enhanced fuel cell efficiency. Beside current density, others 

thermodynamic and electrochemical variables are influencing the cell performance, such as 

temperature, pressure, gas concentration, reactant utilisation, etc. All these parameters have to be 

balanced in a way to obtain the cheapest device, with the highest efficiency and sufficient durability, 

operating at optimised operating conditions. The optimisation of the operating conditions is obtained 

by setting specific power output, voltage and current density values for the system. Figure 4 

illustrates the relationship between current density and cell voltage as well as the one between 

current density and power output density; for each application, it is necessary to choose the 

optimum cell operating point in the diagram, in order to meet the system requests.  

 

 

 

 

 

 

 

 
Figure 4 Voltage-current 

density and power 

density-current density 

relations in a fuel cell. 

Taken from 
18

. 

Choosing a high current density will permit the use of smaller cells, reducing the cost; on the other 

hand though, the efficiency of the system would be reduced. This choice would be suitable for 

vehicle applications, where light-weight, reduced dimensions and efficiency are significant variables 

for a cost-effective device. Operating conditions at a lower current density and higher voltage are 

more appropriate for stationary power plant applications. Operation at higher pressure will enhance 

cell performance and lower costs. It would be logical to assume the optimal operation being in 

correspondence with the maximum power density that peaks at the higher current density. 

However, operating a fuel cell at higher power densities would imply either lower cell voltage or 

lower cell efficiency. Choosing the power density peak as operating condition point, would put the 

system in an unstable state, with the propensity to oscillate between higher and lower current 

densities around the peak. Thus, fuel cells are often operated at points towards the left side of the 

power density peak, at a point that reaches a compromise between low operating costs and low 

individual production cost. 
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3. Reversible Solid Oxide  

Fuel Cell Technology 

Renewable energy sources such as solar, water and wind power are the most favourable substitute 

for the limited fossil fuel resources for the supply of energy and synthetic fuels. At the same time, 

they are the most promising solution for the reduction of carbon dioxide emissions. Renewable 

energies are subjected to fluctuations due to changing weather conditions; the energy demand is 

also subjected to uneven distribution of consumption during the day. Thus, in order to guarantee 

a match between the energy supply and its demand, storage becomes necessary 19, 20. It’s from this 

necessity that derives the concept of reversible Solid Oxide Fuel Cells (rSOFCs or SOCs).  

Reversible Solid Oxide Fuel Cells are devices capable to operate reversibly in both solid oxide fuel cell 

and solid oxide electrolysis modes. Among fuel cells, Solid Oxide Fuel Cells (SOFCs) are the most 

energetically efficient (> 60 %), being able to transform the chemical energy of fuels, such as 

hydrogen, methanol and/or methane, directly into electrical energy by an electrochemical process. 

Solid Oxide Electrolysis Cells (SOECs) are SOFCs operated in the reverse mode: they use the electrical 

energy for example from renewable sources to generate syngas (synthetic gas), which can then be 

used for the production of liquid fuels, such as hydrogen or more complex hydrocarbons. This 

synthetic fuel can be stored and, during low-generation periods, it can be used to produce back 

electrical energy through SOFCs. Thus, SOCs can be run in the SOEC mode to produce synthetic fuels 

by electrolysis, exploiting the oversupply of an inexpensive off-peak energy from renewable sources, 

and in the SOFC mode to produce electricity through the stored fuels, decreasing costs 21.   

Solid Oxide Cells have many attractive characteristics. First of all, they are an environmentally 

friendly technology with low CO2 emissions, when operating in SOFC mode; besides, they are 

extremely flexible as they can operate on different fuels and they can be integrated with any kind of 

energy sources. Additionally, they can adapt to a variety of application and they are economically 

competitive, compared to other energy-generation technologies 10. Being able to operate efficiently 

in both the fuel cell and the electrolysis mode, SOCs possess high theoretical overall efficiency, which 

can be further improved by the exploitation of the thermal energy produced during operation.  

The most common stationary application of SOC technology is CHP (Combined Heat and Power), 

which can provide an overall exceptionally high efficiency up to 95 % and reduce dependence on 

centrally generated power, potentially saving on electricity costs and carbon emissions. The fuel cell 

CHP has to compete with five established and emerging technologies: condensing gas boilers and 

furnaces, biomass boilers, engine-based CHP, electric heat pumps and gas-engine heat pumps 12. 

However, among all the technologies for heating with hydrogen, they are the most prominent 

because of their electrical efficiency advantage.  

For all these reasons, SOCs are a very appealing technology for both the storage and conversion of 

renewable energies, towards a sustainable future. However, further improvement of their reliability, 

durability and stability is required, together with the reduction of production costs 21. 

3.1 Operating Principles 

An understanding of the operating principles of SOCs is crucial for identifying the critical aspects and 

further improvement of the technology. SOCs operation is based on an electrochemical process that 

converts the electrical energy into chemical energy and vice versa. This electrochemical process takes 

place in the MEA (Membrane Electrolyte Assembly), which consists of two porous electrodes and a 
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dense electrolyte between them. An external electric circuit connects the two electrodes 22. Figure 5 

represents schematically the working principles of a reversible Solid Oxide Fuel Cell.  

 

Fuel electrode:  H2 + O=
 → H2O + 2e- Fuel electrode:  H2O + 2e-  →  H2 + O=  

Air electrode:  ½ O2 + 2e- 
 → O= Air electrode: :  O=               →  ½ O2 + 2e-    

Overall:  H2 + ½ O2 → H2O Overall:  H2O           →  H2 + ½ O2     
 

 

Figure 5  Schematic representation of the operating principles of a SOC, with chemical reactions adjusted from 
19,21

. 

As already mentioned, a SOC is a high-temperature device able to work as a fuel cell and an 

electrolyser, depending on the cell polarity. In both cases, high temperatures (600 - 1000 °C) are 

necessary to allow the oxygen ions migrate efficiently through the dense solid electrolyte.  

When operating in the SOFC mode, oxygen is reduced at the porous air electrode and oxide ions are 

generated. The produced ions pass through the dense electrolyte via an external load until reaching 

the fuel electrode, where they react with the fuel, such as hydrogen, to produce H2O 23. When the 

fuel electrode is fed with water steam and an external voltage is applied, hydrogen and oxygen are 

generated from the electrolysis of water (SOEC). The electrochemical reactions occurring in a SOEC 

are the same occurring in an SOFC but reversed 24 and all ongoing reactions are outlined in Figure 5. 

3.2 Design 

Over the years, many designs and geometries of solid oxide cells have been developed, starting from 

pressed thimbles and discs in the 1930s. Since the 1960s, planar and tubular design cells have 

become more popular and other geometries have been abandoned.  

3.2.1 Tubular Design 

The tubular design for SOFC was first introduced by the US Westinghouse Electric Corporation in the 

late 1970s. This design consisted of a porous support tube made of calcia-stabilised zirconia, 1 to 2 

mm thick. The air electrode was deposited onto it and the fuel electrode and the electrolyte were 

then built onto the air electrode 16. The support tube has been eliminated and substituted by tubes 

made from air electrode materials, obtaining an air-electrode-support (AES); the electrolyte is then 

deposited on it by electrochemical vapour deposition and the fuel electrode is successively applied 
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by plasma spraying on the electrolyte. A schematic representation of this geometry is given in 

Figure 6.  

Since the beginning, the disadvantage of the tubular design was the lower power output together 

with the high manufacturing costs. The first is due to the long way that electrical power has to travel 

through each cell; the latter to the quite complex electrolyte and electrode deposition process. As 

represented in Figure 6, in tubular geometries, either air or fuel flows through the inside of the tube 

and the other flows along the outside; thus, the fuel and the air are naturally isolated and there is no 

need for high-temperature gas-tight seals (otherwise necessary in the planar design). This 

characteristic constitutes a big advantage compared to the planar design as it enhances the stability 

and performance of tubular cells over long periods of time. However, as already mentioned, their 

power density is lower in comparison to planar cells and their manufacturing costs are higher.  

Tubular SOC can be of large diameter (> 15 mm), or of much smaller diameter (< 5 mm), the so-called 

micro-tubular cells 23. This design is quite specific for SOFC applications; reversible SOC and other 

cells typically have a planar design (see next paragraph). 

 
Figure 6 Siemens Westinghouse tubular SOFC design (with conduction around the tube. Longitudinal view (left) and end 

view (right). Adapted from 
16, 27

. 

3.2.2 Planar Design 

The planar configuration is the most diffused and it is the one studied in this work (see Figure 7). In 

the planar cell design, the electrolyte is sandwiched between the electrodes, with different possible 

configurations which are classified according to the structural support of the MEA 28: 

▪ Electrolyte-supported (ESC): the electrolyte has to be quite thick (about 100 µm) to provide 

mechanical support and both electrodes are approximately 50 µm thick; this electrolyte 

requirement results in high resistance, which implies high-temperature operation to increase 

the ionic conductivity; 

▪ Cathode-supported: the electrolyte can be thinner than for the ESC kind, but this design 

faces mass transport limitations and fabrication challenges as it is quite complicated to 

obtain a fully dense electrolyte avoiding an over-sintered cathode; 
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▪ Anode-supported: a very thin electrolyte (3 to 15 µm) lays above a support anode about 

0.5 to 1 mm thick; this configuration has potentially very high power densities up to 

1.8 W/cm2; 

▪ Metal interconnect-supported: this configuration can reduce at minimum the mass transfer 

resistance and the use of pricey ceramic materials; the electrolyte can be quite thin (between 

5 to 15 µm) and usually the electrodes are both about 50 µm thick. While this design being 

more advantageous for the mentioned reasons, it is quite challenging to find a fabrication 

process that avoids corrosion, deformation of the metal and at the same time reactions 

between interfaces during both production and service. 

The shape of the cell in the planar design could be rectangular or circular (see Figure 7). Planar 

stacks, of any shape, can be further classified according to the gases flowing direction: 

▪ Co-flow: both air and fuel flowing parallel and in the same direction. For circular cells, this 

implies that gases flow radially from the centre towards the edges of the cell; 

▪ Counter-flow: air and fuel flowing parallel, but with opposite directions. Again, in the case of 

circular cells, this means radial flow; 

▪ Cross-flow: air and fuel in perpendicular directions; 

▪ Serpentine flow: air or fuel following a zig-zag path; 

▪ Spiral flow: just for circular cells. 

The type of gas flow is mainly chosen according to the type of fuel cell and its application.  

 
Figure 7 Planar SOFC geometry. Rectangular and circular design. Adapted from 

27, 28
. 

The planar geometry allows a simple electrical connection between cells with a short current path, 

resulting in low ohmic losses compared to tubular cells, where the produced electricity has to travel a 

long path. Thanks to this lower resistance, the performance and power density of the planar design 

are currently better than the those of the tubular one 25. 

A big drawback of planar cells is the necessity for high-temperature gas-tight sealing surrounding cell 

components to avoid any contact between air and fuel.  

Additionally, thermal stresses caused by CTE mismatch of different stack materials in contact are 

responsible for mechanical degradation and thermo-cycles are quite a threat for planar SOFCs. One 

last disadvantage of the planar geometry is the challenging scale-up due to the thermal stress issue 

and the very thin components. Yet, planar SOFCs are attractive for their high power density and 

efficiency. Both the planar and the tubular designs may consist of one or several single cells per 

stacking unit (i.e. on a single tube or in a single layer), according to the power output required.  

In this work, the focus will be on a planar rectangular electrolyte-supported cell. 
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3.3 Components and Materials 

As already mentioned, the main functional components of a cell are a dense electrolyte embedded 

between two porous electrodes (i.e. a fuel electrode and an air electrode). Together, these three 

components are often referred to as MEA. Outside the MEA, electrons flow from one electrode to 

the other through an external circuit, converting the chemical energy of a fuel into electrical energy 

and vice versa 29, 30. One MEA normally operates between 0.2 - 0.5 V; thus, more MEAs need to be 

piled together in a stack to obtain an applicable voltage output. A stack is a series of inter-connected 

MEAs and the overall voltage is the sum of each single MEA voltage; consequently, the number of 

MEA in a stack determines the voltage output. With the stacking of MEAs, conductive 

interconnectors between the MEAs and seals to avoid any leakage or gas crossover are required 28. A 

schematic representation of a planar stack and its components is represented in Figure 8.  

 
Figure 8 Schematic representation of a SOC stack, with its components. 

Thus, a SOC device is a multi-layer structure consisting of ceramic and metallic components. Each 

component has to satisfy different requirements according to its function. All of them though, have 

to be chemically stable in both reducing and oxidising atmospheres, they have to possess compatible 

chemical and thermal expansion behaviours, and good adhesion at the interfaces 31. SOCs are really 

demanding from a material point of view. In fact, besides the strict list of individual requirements, 

the high operating temperature narrows even further the number of eligible materials for 

electrolytes, electrodes, interconnects and sealants. The materials employed for SOCs are those 

typically used in SOFCs. A list of the most common materials for each stack component, together 

with their requirements is following.  

3.3.1 Electrolyte 

The electrolyte is considered the core of the whole device and its properties directly affect the 

overall performance of SOCs 32. Besides being stable in both oxidising and reducing atmospheres, it 

must possess a high ionic conductivity (> 0.1 S/cm at the service temperature) to minimize cell 

impedance, but also little or no low electronic conductivity to reduce to minimum current leaks 21, 33. 

Additionally, it must be gas tight and mechanically reliable (i.e. strength > 400 MPa) in order to 

withstand mechanical and thermal stresses, both during manufacturing and operation; finally, its 

thermal expansion coefficient (CTE) has to be compatible with those of adjacent components.  

The proper functioning of the electrolyte depends on the thickness, operation temperature and 

material properties. The most efficient performance is obtained for high working temperatures and 

low electrolyte thicknesses; in fact, the high temperature increases the materials ionic conductivity 
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and activates the electrochemical processes, while the small thickness decreases the resistance. 

Thus, the electrolyte is normally shaped into a thin, dense and strong film 21.  

The most diffused electrolyte for SOCs is yttria-stabilised zirconia (YSZ). Yttria, besides stabilising the 

tetragonal structure of Zirconia, increases the concentration of oxygen vacancies, enhancing the ionic 

conductivity. Even if other materials such as scandia-stabilised zirconia (ScSZ) 34, ceria-based 35or 

lanthanum gallate (LSGM) 36 materials are suitable to be employed as electrolytes, YSZ is the most 

diffused thanks to its availability, sufficient properties and low cost. This material possesses high 

ionic conductivity and it is mechanically and chemically stable at operating temperatures. The MEA 

investigated in this thesis is supported by a 3YSZ (ZrO2 doped with 3 mol% Y2O3) electrolyte.  

3.3.2 Fuel Electrode 

The fuel electrode is one of the most important components of a SOC as it is the MEA component in 

which the electrochemical oxidation process of the fuel occurs. This reaction takes place at the 

interface between electrolyte, electrode and fuel (triple-phase boundaries). Thus, the fuel electrode 

must be porous and must have high ionic and electric conductivity to transport the charges during 

the electrochemical reactions to the external circuit. It must also possess an adequate electro-

catalytic activity, with large triple-phase boundary, in order to fulfil the complete oxidation of the 

fuel, minimising the polarization losses. Additionally, the fuel electrode must owe appropriate 

chemical, thermal and mechanical stability, together with minimum CTE mismatch with other 

components and fuel flexibility. Finally, it is required to possess a good ability to deal with commonly 

used fuels, tolerating carbon deposition, sulphur poisoning and reoxidation 32, 37. Pure porous metallic 

electrodes such as Nickel fulfil the requirements of operating in reducing environment and high 

electronic conductivity; its coefficient of thermal expansion though is much higher than the one of 

YSZ electrolytes 38. Cermets and metal oxides were introduced to reduce the CTE mismatch between 

the electrolyte and the pure Ni, achieving the thermal compatibility between them.  

The most widely used is a cermet of nickel and yttria-stabilised zirconia, thanks to its high 

electrocatalytic activity, very good electrical conductivity and low cost 19. The addition of YSZ to the 

pure Ni leads to enlarged triple-phase boundaries and enhanced thermal and structural stability. Ni-

YSZ cermets are the most suitable fuel electrode material for hydrogen conversion, but despite their 

many advantages, their performance deteriorates due to their low sulphur tolerance and carbon 

deposition; in fact, both phenomena hinder the reaction and the electrode function. Additionally, Ni-

YSZ electrodes can undergo microstructural changes during oxidation and reduction, leading to a 

diminution of the triple-phase area and consequently a decrease of the electrode activity 39. To 

overcome these limitations, alternative porous fuel electrode materials must be developed 40. Ni-free 

oxide materials are taken into consideration as alternative fuel electrode materials, thanks to their 

structural stability under operating conditions. Among those, perovskites such as titanates (SrTiO3) 

and chromites (LaCrO3) 
39, 41 are really promising for their high stability in reducing environments. 

Cubic fluorite structures, such as doped zirconia and doped ceria are also good candidates. In 

particular, Ni-GDC (Gadolinium-Doped Ceria) is the material constituting the fuel electrode analysed 

in this thesis. The introduction of Ni to doped ceria provides adequate electronic conductivity to 

avoid electrical losses, while the GDC particles make the CTE of the cermet match the one of the 

electrolytes. 
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3.3.3 Air Electrode 

The air electrode adsorbs the oxygen supplied from the air and reduces it to oxide ions, which will 

then be transported through the electrolyte to the fuel electrode, where the fuel gets oxidised. 

Similarly to the fuel electrode, the air electrode has to possess high oxide ion and electrical 

conductivity (> 0.1 S/cm), good catalytic activity during oxygen reduction reaction and a proper 

stability in oxidising environments. Moreover, it has to be sufficiently porous in order to permit a fast 

diffusion of oxygen from the external surface to the electrode-electrolyte interface. Besides, it must 

be chemically and thermally compatible with the other cell components. Last but not least, it has to 

be cost-effective 21, 32.  

Initially, platinum was used as an electrode, but it was extremely costly and has been substituted by 

cheaper perovskites. Among them, Sr-doped LaMnO3 (LSM) perovskite oxide is one of the most 

diffused air electrode materials for SOCs thanks to its high catalytic activity and good electrical 

conductivity; besides, it is thermally compatible with YSZ electrolytes. However, its ionic conductivity 

is really low and its electrochemical activity drops significantly at lower temperatures. To overcome 

this limit and lower the polarisation losses, the electrolyte material has been incorporated in the air 

electrode, obtaining LSM-YSZ composite electrodes; these composites possess a significantly higher 

amount of reactive surface and thus better electrode activity 19, 42.  

One of the most severe issues in SOC is the degradation and MEA failure at the air electrode when 

operating in the electrolysis mode. Thus, a big effort has been put towards the development of 

better performing air electrodes 43–45. In particular, mixed ionic/electronic conductors such as LSCF 

(Lanthanum Strontium Cobalt Ferrite) and LSCF-doped ceria composites have been attracting 

attention for their higher performances and stability compared to LSM. However, when using LSCF, 

a thin layer between electrode and electrolyte has to be introduced to avoid the formation of 

detrimental reaction products. The air electrode analysed in this work is made of LSCF with a GDC 

diffusion barrier layer. 

3.3.4 Interconnect 

Interconnects electrically connect the cells and distribute fuels and air, ensuring a physical barrier 

between the reducing and oxidizing atmospheres. Besides, they provide mechanical support and 

stability to the thin ceramic MEA and the whole stack. For these reasons, they have to fulfil 

important requirements: good electrical conductivity, gas tightness, chemical compatibility and 

matching thermal expansion with other components, chemical and structural stability in both 

reducing and oxidizing atmospheres, reasonable costs and ease of manufacturing 32, 46, 47. While the 

geometry of interconnects is determined by the cell and stack configuration, the material choice 

mainly depends on physical and chemical stability under operating conditions. Interconnect materials 

can be grouped in the following categories 17, 28: 

▪ Ceramic: mainly lanthanum or yttrium chromites (usually doped with Mg, Sr, Ca, Ca/Co); they 

are appropriate for high-temperature applications (900 to 1000 °C) with high chemical 

stability, electronic conductivity and good chemical and thermal compatibility with the MEA; 

however, they are expensive and possess low mechanical strength due to their inherent 

brittleness; 

▪ Cr-based or Ni-based super-alloys: suitable for intermediate-high temperature operation 

(800 to 900 °C), possessing good chemical stability; however, besides being pricey and  of 

difficult manufacturing, they require additional coatings to avoid chromium poisoning of the 

electrodes; 
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▪ Ferritic steel (coated): for intermediate temperatures (650 to 800°C), showing good corrosion 

resistance and conductivity; they are cheaper and easier to produce than Cr-based alloys, but 

their capacity of undergoing thermo-cycles has to be enhanced. 

Both ceramics and metal materials are suitable for SOC applications, but metallic interconnects are 

the most widely used thanks to their low cost, availability and ease of fabrication. Among metal 

alloys (such as Fe-Cr based alloys, Cr based alloys and Ni(Fe)-Cr based alloys), chromium based ones 

are the most suitable, being able to ensure sufficiently high conductivity. However, further 

improvements, such as enhanced contact and corrosion resistance, performance and mechanical 

stability of the coatings, cheaper fabrication processes and improved creep strength, are required. 

3.3.5 Seals 

During manufacturing and operation at high temperatures some gas leaks could arise, affecting the 

SOC performance and efficiency; hence, gas-tight seals are necessary to avoid stack deterioration. 

Beside avoiding any gas leakage from the stack, sealants are also required to electrically isolate the 

MEAs in the stack, ensure mechanical bonding between stack components and prevent any direct 

mixing of fuel and oxidant within the stack 46. Moreover, sealants have to be strong and stiff in order 

to ensure the mechanical stability of the stack, being able to bear pressure gradients arising during 

service conditions. At the same time, they have to be soft enough to minimise mechanical stresses 

derived from both fabrication and operation 48. Sealing materials are exposed to both oxidising and 

reducing atmospheres at high temperatures; these harsh operating conditions set really demanding 

requirements to be fulfilled: gas leak tightness, thermal and chemical compatibility with other stack 

components, good bond strength and compressive strength to endure the stack load, tolerance to 

thermal shocks, chemical and mechanical stability under harsh operating conditions, design flexibility 

and low fabrication costs. Also, the seals should exhibit no deleterious interfacial reactions with 

other cell components and should not migrate from the designated sealing region during sealing or 

cell operation. Each cell and stack geometry requires a specific seal design: while some tubular cells 

need no seals at all, planar geometries often require multiple seals per repetition unit. Planar SOCs 

normally have the same requirements and material choice for seals; two are the main sealing 

approaches under development: 

▪ Bonded seals: the hermetic seal is obtained merely through adhesive forces between the 

seals themselves and the two surfaces in between which the seals are sandwiched; thus, 

seals must possess good adhesive features. These seals can be either compliant or rigid; the 

first are designed to be deformable during service, while the second have to remain stiff. 

When using rigid seals, it is very important that the coefficients of thermal expansion of 

adjacent components are carefully matched; this requirement is not that strict in the case of 

compliant seals. Glass and glass-ceramic seals are the most diffused thanks to their attractive 

features, such as: good viscosity and wettability (that facilitates hermetic sealing), cheap and 

easy fabrication and application, easy adaptability to the specific requirements thanks to 

their wide range of compositions. On the other hand though, they are quite brittle, 

comporting possible seal and even cell failures during cooling; moreover, it is not easy to get 

an adequate thermal expansion match and chemical compatibility with other stack 

components. Metal brazes are an alternative to glass and glass-ceramics, being attractive for 

to their simple fabrication and good hermetic sealing properties. However, their application 

is limited because of their electrical conductivity, quite high costs and chemical instability 

when exposed to the harsh operating environment. 
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▪ Compressive seals: an external pressure is applied in order to achieve a proper hermetic 

connection between the seal and the surfaces to be tightly connected. These seals need to 

be elastic over the whole operating temperature range and they have to be flexible enough 

to penetrate into the micro-roughness of the surface to be sealed. Compressive seals are 

attractive because they are quite cheap and easy to produce; moreover, they mechanically 

separate stack components, lowering thermal stresses arising during thermos-cycles and the 

requirements on their thermal expansion matching are not too strict. However, there are not 

many materials that are at the same time compliant and able to provide a tight seal at 

operating temperature; additionally, an expensive and cumbersome load frame to apply the 

pressure to the seals is required. 

Multiple sealants may also be used between different cell components.  

In a planar SOC design, sealants are in direct contact with the electrolyte on one side and with the 

interconnector on the other; thus, compatibility problems are a big concern for the design of proper 

seals. Different kind of glasses and glass ceramics materials were investigated for sealing purposes. 

Glass seals include silicate, borate and phosphate glasses: 

▪ Silicate-based glasses: they are chemically compatible with electrolyte and electrodes 

materials at operating temperatures, but they have a quite strong interaction with 

interconnector materials; 

▪ Borate-based glasses: they react extensively with both electrolyte and interconnect 

materials, forming an interlayer at the interface; 

▪ Phosphate-based glasses: they interact with Ni-based fuel electrode. 

Successful development of sealing materials for planar SOCs is one of the most important issues in 

order to ensure their long-term performance stability and lifetime and hence for their eventual 

commercialization at competitive costs 26, 32. 

3.4 Challenges and Development of SOCs 

The production of synthetic fuels and electricity by reversible solid oxide cells is a promising way 

towards a sustainable future, but many critical issues still have to be addressed. 

A major threat hindering the performance and lifetime of SOC systems is the severe degradation that 

the MEAs undergo, mainly when operating in SOEC mode. Thus, a strong attention of researchers has 

been concentrated on the evaluation of the chemical degradation of the MEAs 49–52 and the search 

for stable materials. In particular, a key to the achievement of a long lifetime and high efficiency of 

SOCs is the improvement of durability and performance of the air electrode, which suffers from high 

degradation rates during operation. Many efforts have been made to find the best electrodes and 

electrolyte materials, which are able to maintain their stability under the harsh operating 

conditions 43–45, 53–56. 

Another big concern is the mechanical stability of the MEAs. During both SOFC and SOEC operations, 

the stack has to withstand severe thermal and mechanical stresses that can damage the MEAs, 

reducing the durability of the whole device. As an example, one of the requirements for high-

efficiency levels is the physical separation of the fuel from the air; if the MEA breaks, a leakage occurs 

and the gas tightness is no longer satisfied, with a consequent decrease of efficiency 57. Thus, in order 

to ensure a proper function of the SOC device, the structural integrity of the MEAs has to be ensured 

during the whole lifetime.  

Development of SOCs should focus on both chemical and mechanical performances of the stack 

components and in this thesis the focus is on the latter.  
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3.5 Characterisation of Ceramics for SOCs Applications 

The reliability and stability of SOCs depend directly on the thermo-mechanical properties of their 

ceramic components. The mechanical failure of one single MEA could lead to lower efficiency and 

eventually the end of service of the SOC stack. Therefore, it is of high importance to gain knowledge 

of the mechanical properties of the MEA materials for stress analysis. Besides their elastic behaviour, 

fracture characteristics are also important because of their intrinsic brittleness 58, 59.  

Generally, micro-mechanical characteristics of ceramics are assessed via indentation techniques, 

while macro-mechanical properties (such as elastic and fracture characteristics) are derived via 

bending methods under combined tensile/compressive stresses. The reason of the predilection of 

bending techniques is a consequence of the inherent brittleness and low tensile strength of ceramic 

materials together with the fabrication and clamping difficulties, which makes the tensile test hard to 

be performed; therefore, literature data of ceramic materials for SOCs obtained through tensile 

testing are rather scarce. 

The most common bending test set-ups for the assessment of elastic modulus are three-point 

bending and four-point bending test for rectangular bars or biaxial tests as ring-on-ring, ball-on-ring 

and ball-on-three-balls for disks or plates. For all test set-ups, Young's modulus is usually derived 

from the load-displacement curve obtained experimentally. Many data on elastic moduli of the most 

common SOC materials in their bulk form can be found in literature 59–65; however, in SOC 

applications these materials are in a more complex porous thin-layered form. In-situ elastic 

properties of multilayer systems such as SOCs are not easy to assess, due to the small dimensions of 

the thin functional layers 66. For this reason, a robust method to measure the elastic moduli of 

individual layers does not exist and further investigations are needed.  

Another successful method for the assessment of elastic modulus is the impulse excitation 

technique. In this method, the specimens are excited by a mechanical impulse that makes them 

resonate; the resonance is then acoustically detected and used to calculate the elastic modulus, 

given the dimensions and Poisson’s ratio of the samples. This non-destructive method provides fast, 

precise and repeatable measurements and it can be carried out at elevated temperatures and under 

different atmospheres 67. Thus, it is suitable to test SOC materials up to their operating temperature 

and under oxidised and reduced atmospheres.  

The assessment of the fracture stress of the MEA is fundamental as it sets the limit of the mechanical 

integrity of the cell.  Planar samples can be tested either through three-point and four-point bending 

set-ups or through ring-on-ring, ball-on-ring and ball-on-three-balls set-ups 57, 68, 69. The first two 

require a careful preparation of the specimens, whose edges have to be thoroughly polished; the 

other set-ups do not require any special sample preparation as the highest stress arises in the centre 

of the specimen and the edges do not affect the results. The determination of the fracture strength is 

not as immediate as the one of Young's modulus; experimental data need to be accompanied by 

fractographic and statistical analyses. The statistical analysis is generally in the form of the Weibull 

statistics 70, a powerful instrument for analysing the risk of failure of brittle materials where the 

weakest link method can be applied. 

3.5.1 Literature Review on Mechanical Performance of Ceramics for SOCs  

This paragraph contains an overview of the mechanical properties of the most common materials 

used in SOC technology. To understand the importance of investigating the mechanical properties of 

SOC materials, one should observe that: 
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▪ The improvement of SOCs requires thermo-mechanical models for the simulation and 

prediction of their behaviour under operating conditions. For this purpose, elastic 

characteristics are a fundamental input and in the last years many studies have been 

dedicated to the evaluation of the elastic behaviour of the most diffused SOC materials; 

▪ The mechanical integrity of the MEA is crucial for ensuring the functionality of SOC devices, 

as its failure could be detrimental for the whole stack. In particular, the integrity of the MEA 

directly depends on the one of the electrolytes: its fracture would induce a lack of gas 

tightness with an immediate decrease of the stack performance caused by the fuel and air 

getting in contact. Thus, the assessment of the mechanical behaviour of the electrolyte, as 

well as the whole MEA, under operating conditions is fundamental in order to predict the risk 

of failure and preserve the SOC efficiency. 

Those are the main reasons why in the last decades many studies have been dedicated to the 

mechanical and chemical characterisation of the most common electrolyte and electrodes materials 

used in SOFC technology. It is important to underline that the materials employed in reversible solid 

oxide cells (SOCs) are the same used in SOFC devices. Thus, the literature data reported below are 

valuable also for our study. 

One of the first works dealing with the characterisation of materials widely diffused in SOFC 

applications is the one of Selçuk and Atkinson 63. They measured the porosity dependence of Young’s 

and shear moduli and Poisson’s ratio of 10 and 20 mol% Gd2O3 doped CeO2 (10GDC and 20GDC), 

3 and 8 mol% Y2O3 stabilized ZrO2 (TZP and YSZ) and 75 mol% NiO-YSZ. The elastic properties were 

determined at room temperature by the impulse excitation technique, and their dependence on 

porosity was described by theoretical (composite sphere method, CSM) and empirical (exponential, 

non-linear and linear) equations. Figure 9 reports the plots of the effective elastic and shear moduli 

as a function of porosity for the two zirconia-based compounds, the 20 mol% gadolinia-doped ceria 

and the NiO-YSZ compound. 

 

 Figure 9 Young’s (E) and shear (G) moduli as a function of porosity. a) TZP b) YSZ c) 20CGO d) NiO-YSZ. Taken from 
63

. 



34 
 
 

Room temperature elastic properties of 10GDC were investigated as a wide function of porosity for 

the first time by Fan et al. 71. Tests performed by a resonant ultrasound spectroscopy on as-sintered 

specimens showed an exponential decrease of the Young’s modulus with increasing porosity (see 

Figure 10). The observed decrease with increasing porosity was very drastic, with elastic modulus E, 

shear modulus G and bulk modulus B values dropping nearly to 5 % of the zero-porosity values for 

60 % porosity. This dramatic decrease has been observed also for other oxide materials with high 

porosity level. 

 
Figure 10 Young’s modulus E, shear modulus G and bulk modulus B versus porosity (right) and semi-log plot of the Young’s 

modulus versus porosity (left) for 10GDC. Taken from 
71

. 

Giraud and Canel 61 reported on the elastic response as a function of the temperature of Yttria 

Stabilized Zirconia (YSZ) and La0.8Sr0.2Ga0.8MnO3 (LSM), which is also a material widely used in SOFC 

applications, mainly as a cathode. Figure 11 illustrates the results they obtained via impulse 

excitation technique, under a static argon atmosphere. For the YSZ, the graph shows a severe 

decrease in Young’s modulus starting at 150 °C up to 550 °C (probably because of atomic motion); 

the trend above 600 °C depends on the yttria content, but for all the analysed samples (with the only 

exception of the 3YSZ), an increase was detected; this behaviour derives from an order-disorder 

transition. For the LSM, the results are available only above 350 °C or 600 °C and the elastic modulus 

behaviour depends on the kind of porosity of the samples (below those temperatures, data were 

strongly scattered): samples with opened porosity revealed a rather constant behaviour over the 

whole range of temperature investigated, while the elastic modulus of the samples characterised by 

closed porosity (curves on the top right of the graph) showed an increasing behaviour. 

  
Figure 11  Young’s modulus as a function of temperature. a) Zirconia with 8% mol (+), 6.5% mol (◊,Δ) and 3% mol (⃝) of 

Y2O3.   b) LSM with different porosity. Taken from 
61

. 
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Analogously, Kushi et al. 62 investigated the elastic modulus and internal friction of typical SOFC 

electrolytes at high temperature, again by a resonance method, in various oxygen partial pressures. 

Figure 12 shows the results they reported for Gd0.1Ce0.9O2-δ (GDC), Zr0.85Y0.15O1.93 (YSZ), Zr0.82Sc0.18O1.91 

(ScSZ) and La0.8Sr0.2Ga0.8Mg0.2 O3-δ (LSGM). They observed that while the Young’s modulus of GDC 

slowly diminishes with increasing temperature in an oxidising atmosphere (see Figure 12a), the 

Young’s modulus of the other investigated compounds drastically drops at intermediate 

temperatures and then increases slightly at higher temperatures.  The slow decrease in the elastic 

modulus of GDC versus temperature has been attributed to the thermal expansion of the material, 

caused by a decrease in the bonding strength and a subsequent increased atomic distance. The 

drastic decrease of the Young’s modulus observed for the other compounds probably derives from 

atomic motions and oxygen vacancies rearrangement. 

 

 

 

Impulse excitation technique was used also from Pihlatie et al. 72 to assess the Young’s modulus 

dependence on temperature, porosity and redox cycling of different NiO/NiO-YSZ composites 

suitable to be used in SOFC devices. A linear dependence of the elastic modulus on the porosity was 

observed for all tested specimens both in their as-sintered and reduced states (see Figure 13). 

Regarding the influence of temperature on the Young’s modulus, it was observed that the elastic 

modulus of an as-sintered NiO-YSZ compound had a nearly constant trend up to 180 °C, then a 

sudden peak around 205 °C, followed by a rather linear decrease up to 1100 °C. While the Young’s 

modulus of a pre-reduced Ni-YSZ cermet showed a linear decrease over the whole range of 

temperature investigated. Both behaviours are represented in Figure 14.  A decrease in the Young’s 

modulus, accompanied by mechanical degradation, was detected also due to cyclic re-oxidations. 

Morales et al. 73 used nanoindentation to study the Young’s modulus (E), hardness (H) and fracture 

toughness (KIC) of different composition of gadolinia-doped ceria (GDC, GdxCe1-xO2-x/2, 0.1 ≤ x ≤ 0.2) 

and yttria-stabilized zirconia (YSZ, Y0.08Zr0.92O1.96) used as electrolytes for solid oxide fuel cells. They 

Figure 12 Young’s modulus, shear modulus, Poisson’s ratio and internal friction in oxidizing and/or reducing atmospheres 
as function of temperature. a) GDC; b) YSZ; c) ScSZ; d) LSGM. Taken from Kushi et al. 

62
. 
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observed that the mechanical properties of 8YSZ were considerably higher than that of GDC. 

Moreover, they noticed a decrease of all the measured properties when the concentration of 

gadolinia increased in the GDC samples, due to the oxygen vacancies originated by the dopant to the 

ceria. 

  

Figure 13 Young’s modulus of as-sintered (left) and reduced (right) Ni-YSZ composites as a function of total porosity with 
correlations fitted to the data. Taken from 

72
. 

 
Figure 14 Young’s modulus and specific damping as a function of the temperature of an as-sintered NiO-YSZ composite 

(left) and a pre-reduced Ni-YSZ composite (right). Taken from 
72

. 

The results on GDC have been confirmed also by Yavo et al. 74, whom investigated the elastic and 

shear moduli of pure and gadolinium doped ceria (GDC) as a function of Gd content by an ultrasonic 

pulse-echo method. They demonstrated how the Young’s modulus of Gd-doped ceria shows a linear 

decrease with an increase of Gd content from 0 to 20 mol%, while it lies above the linear fit for 

higher Gd content (29 mol%). This behaviour, shown in Figure 15, is attributed to some structural 

changes, including vacancy ordering and a decrease in atomic bonding length.  

 
Figure 15 Young’s (E) and Shear (G) moduli of Ce1-xGdxO2-x/2 with correction for porosity (subscript “S” static model and “D” 

dynamic model) and without correction (subscript “0”). Taken from 
74

. 
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Fleischhauer et al. 64 studied the influence of temperature on the strength, fracture toughness and 

elastic characteristics of some zirconia-based electrolytes. Elastic characteristics of 3YSZ, 6ScSZ, 

6Sc1CeSZ and 10Sc1CeSZ were investigated from room temperature up to 950 °C by impulse 

excitation technique (see Figure 16), while their strength was measured in flexure via Ball-on-3-Balls 

test (Figure 17). As it is clear from Figure 16, the elastic characteristics of all the zirconia-based 

compounds analysed showed nearly the same decreasing behaviour up to 250 °C; above this 

temperature, the 3YSZ continues with its monotonic trend, while the other compounds reach 

a minimum between 400 °C and 500 °C, followed by a a slight increase.  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 16 Young’s and shear moduli of 
3YSZ, 6ScSZ, 6SC1CeSZ and 10SCCeSZ 
versus temperature. Taken from 

64
. 

 

Figure 17 shows the fracture toughness normalised to RT values. All the zirconia compounds (except 

10Sc1CeSZ) show a monotonic decrease with increasing temperature due to transformation 

toughening phenomena: at higher temperatures, the driving force for the mentioned transformation 

is lower and consequently, the volume fraction at the crack tip decreases, lowering the fracture 

toughness. The change in fracture toughness with temperature will directly affect the strength; thus, 

the zirconia compounds under investigation will show a continuous decrease of their strength with 

increasing temperature. 

 

 

 

 

 

 

 

 

 

 

The same research team dealt with the bigger issue of investigating the strength of an electrolyte 

supported solid oxide cell (and not of just the electrolyte by itself) taking into account the effects of 

temperature and ageing 75. The object of study was a state of the art SOFC produced by a Swiss 

 

 

Figure 17 Fracture toughness normalised 
to room temperature values versus 
temperature. Taken from 

64
. 
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company. To simplify the analysis of the results, tests were performed on half-cells, where one or the 

other electrodes were carefully polished off. Cathode and anode half-cells were tested in bi-axial 

bending via ball-on-three-balls (B3B) test from room temperature up to 850 °C. Moreover, the effects 

of ageing were explored by testing half-cells extracted from a stack that was operated for up to 

12,000 hours.  

Figure 18a) reports the results of the strength distribution in the form of Weibull plot for the bare 

6ScSZ electrolyte and the anode half-cells., while Figure 18b) illustrates the strength distribution of 

the anode half-cells at various temperatures. A significant decrease of the strength with increasing 

temperature was observed.  

As it might be clear from the reported literature data, the knowledge on the most diffused SOC 

materials in their bulk form or as individual materials is quite exhaustive. However, in real 

applications, the porous electrodes are chemically bonded to the dense electrolyte, creating a multi-

layered system (i.e. MEA) that has to bear severe thermal and mechanical stresses. The experimental 

assessment of the properties this multi-layered assembly and its individual layers is not an easy task 

and there are not many studies dealing with it. This is mainly due to the fact of the electrodes being 

very thin and porous layers deposited onto a thicker dense support – the electrolyte. Besides, the 

electrodes are characterised by a really complex microstructure, highly influenced by their 

production process. 

 
Figure 18 a) Weibull plot of the max principle stress within the electrolyte when the fracture occurs for different anode half-

cells at RT; b) Weibull plot of the fracture stress distribution of the electrolyte as part of the anode half-cell at different 
temperatures. Taken from 

75
. 
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4. Aims of the Thesis 

The mechanical reliability of SOCs components is critical for the development of highly efficient, 

durable and commercially competitive devices. In this doctoral thesis, the focus is on the mechanical 

behaviour of a SOC MEA and its individual components. The choice came from the awareness that 

the MEA is the core of the stack and the understanding of its behaviour is crucial for both the design 

and operation of the device 76. Another crucial aspect of SOC technology is the thermo-mechanical 

long-term behaviour of the MEA, which interacts with nickel foam on one side and Crofer APU on the 

other side. 

Physically, a SOC consists of a membrane electrolyte assembly (MEA) mainly composed of a fuel 

electrode, a solid electrolyte, and an air (or oxygen) electrode, and technological layers as diffusion 

barriers or CTE adjusting layers. Thus, it is a multi-layered structure and, in the investigated case, it is 

mechanically supported by the dense electrolyte. All these functional layers are sintered together at 

high temperatures. Because of the mismatch of their coefficient of thermal expansion, residual 

stresses arise in the layers at room temperature, due to the fact that each layer is not allowed to 

shrink freely during cooling down after the sintering process. These residual stresses can lead to 

cracking of layers or delamination 77. In the last decades, many studies have been dedicated to the 

most common electrolyte and electrode materials, yet mainly as individual layers or in their bulk 

form 60, 61, 63, 64. However, the interactions between them and their bonding are a critical issue. Co-

sintering effects and interactions between layers are up to now not fully understood. The main aim 

of this doctoral thesis is to fill this gap, focusing on the role that layer deposition and derived bi-

material interfaces between layers play in the resulting mechanical response and its change during 

operation lifetime. 

The investigation within this work will be divided into the following main tasks: 

▪ Evaluation of elastic characteristics of the MEA and its components (i.e. individual layers) 

through destructive and non-destructive techniques from room to operating temperature; 

▪ Characterisation of the fracture behaviour of the MEA at different loading conditions 

(uniaxial and biaxial flexural strength); 

▪ Determination of the coefficient of thermal expansion of individual materials and analysis of 

internal stresses developed during co-sintering; 

▪ Assessment of the effect of ageing during operational conditions on the chemical and 

mechanical properties of the MEA; 

▪ Numerical analysis to support, explain and confirm the experimental results.  
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5. Methodology 

5.1 Materials and Specimens Preparation 

All the experimental material was provided by the German company Sunfire GmbH (Dresden, 

Germany).  

5.1.1 As-sintered MEAs 

The MEAs are of the electrolyte supported type and they consist of six functional layers. A list of 

them with their composition and nominal thickness is reported in Table 2. 

Table 2 List of the MEA layers with their composition and nominal thickness. 

Layer Material Composition Thickness [µm] 

Electrolyte 3YSZ (Y2O3)0.03(ZrO2)0.97 90 
Fuel Electrode    

Adhesive layer 40GDC Gd0.4Ce0.6O2 2 
Functional layer NiO:10GDC = 50:50 (NiO)0.5(Gd0.1Ce0.9O2)0.5 15 
Contact layer NiO:10GDC = 95:5 (NiO)0.95(Gd0.1Ce0.9O2)0.05 10 

Air Electrode    
Barrier layer 20GDC Gd0.2Ce0.8O2 10 
Functional layer LSCF La0.6Sr0.4Co0.2Fe0.8O3-δ 45 

The yttria stabilised zirconia electrolyte comes already sintered and in its sheet form from an 

external company (Kerafol - Ceramic tapes GmbH, Germany) while all the subsequent layers are 

produced in Sunfire. The green powders corresponding to each layer are first mixed with a binder to 

produce slurries. The obtained slurries are then screen-printed on the two sides of the electrolyte 

one by one on consecutive steps: first the 20GDC barrier layer and the 40GDC adhesive one, then the 

Ni-based fuel electrodes and finally the LSCF air electrode. After completing the screen printing of 

the first four layers, the resulting layered ceramic structure (i.e. SOC4 in Table 2) is sintered in 

a furnace at 1300 °C, in an air atmosphere, with variable heating and cooling rates of 45 °C/hour to 

80 °C/hour. The total sintering process takes about 48 hours. Once this sintering step is over, the last 

layer (i.e. LSCF) is added, again by screen-printing, obtaining the complete MEAs. The MEAs undergo 

another sintering step, this time at a lower temperature (1100 °C) and for a slightly shorter time of 

about 40 hours in total.  

 

Figure 19  Schematic representation of the MEA with its functional layers. 

The MEA is made up of co-sintered individual layers as schematically represented in Figure 19, and 

its overall properties are affected by the constraints arising between them. To investigate the effect 
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of these constraints on the mechanical properties of the MEA, some samples have been taken out 

from each production step (i.e. after each layer deposition). This approach led to six-layered 

structures, each of them with a different number of layers, and will enable the detection of the 

interactions between them. 

The layered structures have been named from SOC0, corresponding to the bare 3YSZ electrolyte, to 

SOC5, corresponding to the whole MEA, as illustrated in Table 3. Mechanical characterisations have 

been performed after each layer deposition, which means on each layered structure from SOC0 to 

SOC5. 

Table 3 List of the layered structures tested with their given names, brief description and nominal thicknesses. 

Sample Name Description t [µm] 

 SOC0 Electrolyte 90 

 SOC1 Electrolyte + Barrier 100 

 SOC2 Electrolyte + Barr. + Adhesive 102 

 SOC3 Electrolyte + Barr. + Adh. + Fuel Electrode (func.) 117 

 SOC4 Electrolyte + Barr. + Adh. + Fuel Electrode 127 

 SOC5 Electrolyte + Barr. + Adh. + Fuel El. + Air Electrode  172 

For the purpose of our investigations, different kinds of samples were prepared: 

▪ Rectangular plates: extracted directly from SOC0–SOC5 as-sintered plates of dimensions 

100 mm × 150 mm according to Table 3. The plates, being extremely thin and fragile, were 

glued onto a rigid support and cut into smaller specimens by precision diamond saw 

Isomet 5000 (Buehler, USA), with a constant speed of 7.8 mm/min; their edges were 

carefully ground/polished afterwards when needed. Samples with different dimensions were 

prepared according to the test to be performed: 13 x 5 mm2 for both the resonance and 

three-point bending tests, 4 x 3 mm2 for the ball-on-three-balls flexural test. The same 

procedure was used to obtain samples out of MEAs extracted from stacks operated in the 

SOFC mode for a different amount of working hours (namely 2000, 3000, 5500, 9000, 9500 

hours); 

▪ Dog-bone-shaped samples: extracted directly from SOC0–SOC5 as-sintered plates by laser 

beam cutting, suitable for uniaxial tensile tests. No consequent edge treatment was applied. 

The samples had a total length of 88.5 mm and a gauge 42 mm long and 3 mm wide. The 

exact geometry of the samples is illustrated in Figure 20. 

 

 

 

 

Figure 20 Optimised geometry and 
dimensions (in mm) of tensile samples. 

 

5.1.2 Bulk Materials 

In order to measure the coefficients of thermal expansion of the individual layers composing the 

MEA, cylindrical pellets were produced from the green powders corresponding to each functional 

layer (with the exception of the 3YSZ and the 20GDC) via cold uniaxial pressing in the universal test 

 



43 
 
 

system Instron 8862 (Instron, Norwood, MA). During this process, 3 g of each powder was placed 

into a metal die with an inner diameter of 12.75 mm. The pressure was applied by pressing of the 

piston with a 1 mm/min rate until reaching the plateau indicating that the maximum compression 

was reached.  

A compressive load of approximately 40 kN was applied in order to densify the samples. The pellets 

obtained were then sintered in a furnace (see Figure 21), following the same conditions previously 

described for the MEA production and cut into the rectangular shape required for the CTE 

measurements by means of dilatometry. 

 

 

 

5.1.3 Aged MEAs 

Concerning the investigation of the ageing process, the mechanical and chemical analyses were 

carried out on the MEA extracted from the stacks operated in the SOFC mode for a different amount 

of working hours. In particular: 0 (i.e. just after the joining process, with no exposition to the 

operating conditions), 2000, 3000, 5500, 9000 and 9500 hours. 

For the mechanical tests, rectangular plates were cut out from the 100 mm x 150 mm MEAs, using 

a precision diamond saw like described in the previous paragraph for the as-sintered MEAs.  For the 

chemical investigations, the edges of the specimens were carefully polished by an ion beam, in order 

to preserve their integrity. This decision came from the awareness that embedding the samples into 

resin and proceeding with traditional polishing might induce layer delamination and surface damage. 

5.1.4 Nickel Foam 

Nickel foam is one of the elements in direct contact with the MEA in the stack. Its function is to 

distribute the fuel flowing through the stack and make it get in contact with the fuel electrode. 

During the assembly of the stack, the nickel foam is weld to the metal interconnector in several 

points and mechanically pressed into it. Given the wavy geometry of the metal sheet, when the foam 

is pressed onto it, it deforms following the interconnector profile like shown in Figure 22.  

In suppliers’ data sheets and in literature there are data of nickel foams in their as-produced state; 

however, no data are available for such partial plastically deformed state.  Therefore, nickel foams 

pressed to different thicknesses and corresponding densities were tested at room and high 

temperature. Samples were cut out of metal sheets with different densities either in their pristine or 

deformed state by EDM. 

 

Figure 21 Pellets prepared from powders of individual materials used in the MEA manufacturing process. Left: uniaxially 
pressed pellets. Right: sintered pellets. 
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Figure 22 Cross section of a stack, with the detail of the deformed nickel foam pressed onto the metal 
interconnector and the MEA above it. 

5 .2 Elastic Characteristics Measurement 

In the last decade, thermo-mechanical models have been regarded as a powerful instrument to 

improve the efficiency of SOCs and lower their risk of degradation. These models, simulating the 

operating conditions, allow the quantification of the stresses arising in the stack and in the cell, and 

which might be responsible for the failure. This approach requires reliable values of the thermal and 

mechanical properties (e.g., elastic characteristics) of the materials involved. In particular, the elastic 

modulus is a fundamental input for the calculation of the critical failure stresses that result from 

thermal gradients across the ceramic layers. Elastic modulus is also necessary to evaluate the 

residual stresses that arise in the individual layers of the MEA when the cell undergoes thermo-cycles 

both during manufacturing and operation.   

Therefore, the assessment of the Young's and Shear moduli of the constituent layers of the MEA is 

beneficial for the design, mechanical reliability and safe operation of SOCs 66. The measurement of in-

situ elastic properties of a complex layered structure as the MEA is not an easy task; this is mainly 

due to the layers not being fully dense and to their extremely reduced thickness.  

In this work, the elastic characteristics of the samples extracted from the obtained experimental 

materials have been measured by three different tests. All tests have been performed on each 

layered structure listed in Table 3.  

5.2.1 Impulse Excitation Technique 

The Young’s and Shear moduli were measured on rectangular bars approximately 13 mm long and   

5 mm wide via Impulse Excitation Technique (IET). This involved the utilisation of the resonant 

frequency and damping analyser equipment HT1600 (IMCE, NV, Genk, Belgium) illustrated in 

Figure 23. The impulse excitation technique being a non-destructive method that provides fast, 

precise and repeatable measurements, is widely used in both science and industry 76. It allows the 

determination of elastic properties (such as elastic modulus, shear modulus and Poisson’s ratio) and 

internal friction of materials by measuring their resonant frequency. The measurement consists of 

exciting the sample by tapping it with a small projectile and recording the produced vibration spectra 

with a microphone, placed in the immediate proximity of the sample surface. The sample is usually 

supported at the nodal points by thin wires and the microphone is placed close to the vibration 

points with the maximum amplitude. After the acquisition of the signal, the resonant frequencies of 

vibration are derived from the digital signal by Fast Fourier Transformation (FFT). Depending on the 

position of the supporting wires, the mechanical impulse and the microphone location, it is possible 
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to detect different resonant frequencies. The flexural and torsional frequencies are the most 

significant as they are connected to the elastic and shear modulus of the material.  

In this work, flexural elastic modulus E was calculated from the resulting natural flexural resonance 

frequency (eigenfrequency), the sample density and dimensions according to the ASTM E1875-08 78 

standard following formula: 

𝐸 = 0.9465 ∙ (
𝑚 ∙ 𝑓𝑓

2

𝑏
) ∙ (

𝐿3

𝑡3) ∙ 𝑇1                                                (5.1) 

where:  

 E  = Young’s modulus [Pa]; 

 m  = mass of the specimen [g]; 

 b  = width of the specimen [mm]; 

 L  = length of the specimen [mm]; 

 t  = thickness of the specimen [mm]; 

 ff  = fundamental resonant frequency of the specimen in flexure [Hz]; 

T1 = correction factor for fundamental flexural mode to account for finite thickness of specimen, 

Poisson’s ratio, and so forth.  

and:  

𝑇1 = 1 + 6.585(1 + 0.0752𝜈 + 0.8109𝜈2) (
𝑡

𝐿
)

2

− 0.868 (
𝑡

𝐿
)

4

 

− [
8.340(1 + 0.2023𝜈 + 2.173𝜈2)(𝑡/𝐿)4

1 + 6.338(1 + 0.1408𝜈 + 1.536𝜈2)(𝑡/𝐿)2
]                                 (5.2) 

where: 

 𝜈  = Poisson’s ratio. 

Analogously, the flexural shear modulus G was determined from the natural torsional resonance 

frequency, the sample density and dimensions according to the formula: 

𝐺 =
4𝐿𝑚𝑓𝑡

2

𝑏𝑡
∙ (

𝐵

1 + 𝐴
)                                                          (5.3) 

where:  

 G = dynamic shear modulus [Pa]; 

 ft  = fundamental resonant frequency of the specimen in torsion [Hz];  

𝐵 = [
𝑏 𝑡⁄ + 𝑡 𝑏⁄

4(𝑡 𝑏⁄ ) − 2.52(𝑡 𝑏⁄ )2 + 0.21(𝑡 𝑏⁄ )6
]                                 (5.4) 

 A = empirical correction factor dependent on the width-to-thickness ratio of the specimen: 

𝐴 = [
[0.5062 − 0.8776(𝑏 𝑡⁄ ) + 0.3504(𝑏 𝑡⁄ )2 − 0.0078(𝑏 𝑡⁄ )3]

[12.03(𝑏 𝑡⁄ ) + 9.892(𝑏 𝑡⁄ )2]
]           (5.5) 

Poisson’s ratio was consequently determined from the flexural and torsional moduli, via the relation: 

𝜈 = (𝐸
2𝐺⁄ ) − 1                                                          (5.6) 

It has to be underlined that isotropic elasticity was assumed for the evaluations, even though this 

condition stands valid only for the electrolyte (SOC0). Indeed, the SOC1 to SOC5 specimens are not 

symmetrically laminated structures and they have porous layers, so they do not possess isotropic 

elasticity. Therefore probably we should not talk about Elastic modulus in its physical meaning. 

Anyhow the used approach allowed the estimation of the effective response of the laminates under 

investigation. Tests were carried out first at room temperature (Figure 23) and then in a furnace 

(Figure 24), in order to investigate the elastic response at SOCs operating conditions. To avoid 
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undesired geometric effects, in-plane dimensions of the specimens were maintained unaltered for all 

layers combinations.  

 

 

 
 
 
 

 

 

 
Figure 23 IMCE RFDA Professional System for 
the elastic property measurement at room 
temperature. The picture was taken from: 
http://www.imce.eu. 

 

 

 

 

 

 

 

 

 

 

Figure 24 IMCE RFDA HT1600 furnace for IET 
measurements at elevated temperatures. The 
picture was taken from: http://www.imce.eu. 

 

The test setup for the room temperature measurements is shown in Figure 25. The statistical data 

for each sample was determined from at least 20 independent measurements of their natural 

frequencies. Given the reduced thickness of the specimens, the detection of the signal was quite 

challenging and not possible using wires as support for the specimens. Therefore, to enable a better 

catching of the resonance frequencies, test specimens were placed on a foam support as shown in 

Figure 25 and the microphone was placed in the close proximity of the surface of the sample, close 

to the excitation point.  

For Young’s modulus measurements at elevated temperatures, the test setup and procedure were 

modified. The wired test setup suggested by IMCE (Figure 26) was not successful for our specific 

specimens, being extremely thin and light. During the measurements, the wires were not able to 

keep the sample in position, causing an unsuccessful data collection. To overcome this problem, 

samples were placed into an especially designed support made of calcium silicate foam Insulfrax 110 

(Unifrax ltd, UK), with the following composition: 61-67 % SiO2, 27-33 % CaO, 2.5-6.5 MgO. This foam 

has a density of 300 kg/m3 and it is designed to be used for high-temperature applications up to 

1100 °C. The support had a hole on the bottom to allow the automated tapping device to give the 

impulse to the sample as shown in Figure 27. Two bars made of the same calcium silicate foam were 

placed on the top of the specimen to keep it in the right position during the measurements. Tests 

were carried out in air atmosphere from room temperature up to 900 °C, with a controlled heating 

and cooling rate of 3 °C/min. After every excitation by the automated alumina projectile, the 
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frequencies were caught by a thin alumina pipe lined up with the specimens and connected outside 

the oven to the microphone. Data were recorded at a regular interval of 10 s. While for the room 

temperature measurements both torsional and flexural resonance frequencies were measured, in 

the furnace only the flexural frequency could be obtained because of the difficulty in detecting the 

signal due to the noise inside the chamber. Therefore, in order to evaluate the elastic modulus at 

high temperatures, the possible change of Poisson’s ratio with temperature was neglected and its 

room temperature value was used.  

In order to investigate whether the operating conditions affect the elastic properties of the MEA, 

room temperature IET measurements were performed on MEAs operated in a SOC device for 

different amounts of hours. The same test setup described for the as-sintered samples was used (see 

Figure 24). 

 

 

 

 
Figure 25 Test setup for the room temperature 
measurements of the elastic properties via IET. Detailed 
view of the microphone placement. 

 

  

Figure 26 Test setup for the furnace measurements of the elastic properties via IET using wires, suggested by IMCE. 
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Figure 27 Test setup developed for the high 
temperature measurements of the elastic properties 
via IET using ceramic foam support. 

5.2.2 Flexural Test 

The elastic modulus was determined also via flexural test. The three-point bending configuration 

with supporting rollers of 5 mm diameter and a 16 mm span was chosen for the flexural test. The 

specimens were placed on the two supporting rollers, with their long axis perpendicular to the 

rollers, and loaded at their mid-span by a loading pin. The measurements have been performed in 

accordance with the standard EN 843-2 79 at room temperature in air atmosphere on rectangular 

bars with nominal dimensions of 7 mm × 25 mm × total thickness (see Table 3). The tests were 

carried out under displacement control using a universal test system Instron 8862 (Instron, USA) with 

a 10 N load cell (see Figure 28); the cross-head speed was set to 100 µm/min. This setup allowed the 

application of quasi-static loading, necessary for the determination of the elastic properties of the 

specimens. Since the aim of this test was the determination of the elastic modulus, samples 

underwent three loading-unloading cycles controlled by the total deflection of 1 mm. 

 

 

 

The deflection was measured by a precise LVDT (HBM, Darmstadt, Germany) with a gauge length of 

2 mm, placed in direct contact with the bottom surface of the sample, and verified by Digital Image 

Figure 28 Test setup used for the measurements of the elastic modulus via 3PB. 
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Correlation (DIC) method (see Figure 29) 80. In order to secure the non-destructive character of the 

test, it was important to ensure that the sample deflection could fully recover after every loading 

cycle. A typical load versus displacement curve is illustrated in Figure 30. Given the non-symmetrical 

layout of the specimens under investigation, both sides of each sample were tested to evaluate the 

effect of this non-symmetry on the response to flexural loading. The flexural elastic modulus was 

calculated from the linear part of the unloading curve (see Figure 30), using the following equation 

provided by the EN 843-2 standard:   

𝐸 =
𝑎𝑙3

4𝑏𝑡3
                                                                     (5.7) 

where:  

 E  = Young’s modulus [Pa]; 

 a  = slope of the unloading curve [N/mm]; 

 b, t  = width and thickness of the specimen [mm]; 

 l  = span between support rollers [mm]. 

The choice of the unloading curve for the calculations allowed the minimisation of any friction effects 

caused by the extensometer and the rollers on the resulting modulus. 

  

 

 

 

 

 

 

 

 

 

Figure 30 Typical load-vs-

displacement curve, used for 

the evaluation of the E 

modulus via 3PB test. Taken 

from 
76

. 

 

 

 

Figure 29 Photographs taken during the bending test used for the DIC. Beginning of loading (left) and end of loading 
(right), showing the deformation of the sample. 
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5.2.3 Tensile Test 

Optimized dog-bone shaped specimens 81 (see Figure 31) were tested using the same Instron 8862 

machine used for the flexural test; this time a 5 kN load cell was chosen and tests were conducted at 

a constant displacement rate of 100 µm/min. The samples had a gauge length of 42 mm. Sandpaper 

was glued to the sample heads to ensure a perfect adhesion between the loading fixture (grips) and 

the samples, avoiding them to slip off the fixture. The grips were partially allowed to self-align during 

the first phase of the test. The test setup is illustrated in Figure 32.  

 
Figure 31 Optimised dog-bone shaped SOC0-SOC5 specimens (both sides) used for the tensile test.  

Elastic properties were calculated from the force-displacement/elongations traces. The sample 

elongation was measured by a DIC (Digital Image Correlation) method. Digital images were recorded 

during the tests by a CCD camera EOS D40 (Canon, Tokyo, Japan) with ultrasonic EF 100 mm f/2.8 

Macro USM objective (Canon, Tokyo, Japan) positioned in front of the samples, like shown in 

Figure 32. The position of the lens axis of the camera was kept fixed with reference to the testing 

machine and perpendicular to the surface of the sample. The camera was carefully placed with the 

aid of a three-axis rotation stage so that the CCD detector was always parallel to the sample surface, 

to avoid any image distortion. Before the test, specimens were flecked with black paint, in order to 

obtain a pattern, which allowed correlation computations 82. The look of a tensile sample ready for 

testing is shown in Figure 33. Young’s modulus was determined according to the Hooke's law:  

𝐸 = 𝜎 
𝜀⁄                                                                     (5.8) 

from the calculated stress-strain curves. For the calculations, the strain and stress field in the gage of 

the samples was assumed to be homogeneous during the tensile test. 

The stress-time curve was recorded during the experiment; a typical example is illustrated in 

Figure 34. The strain-time curve was derived from the image correlation, which gave a sequence of 

points that were interpolated and linearly fitted (see Figure 35). The Young’s modulus was then 

calculated from the relation between the slopes of the stress-time and strain-time curves, following 

the Hooke’s law previously mentioned. 
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Figure 32 Test setup used for the measurements of the elastic modulus via tensile test. 

 

 
 
 
 
 
 
 
 

 

 
 

 

 

 

 

 

 

 

 

Figure 33 Example of the tensile test specimen, spray painted for DIC method application. 

 
Figure 34 Typical stress vs time curve recorded during the 
tensile test. 

 
Figure 35 Typical strain vs time curve derived from the image 
correlation method. 
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5.2.4 Analytical and Numerical Calculations 

The layered structure of specimens, being non-symmetrical and non-isotropic, invalidated the use of 

the formula given by standards for the interpretation of experimental data obtained via the Impulse 

Excitation Technique and the Three-Point Bending test. Therefore, Finite Element Analysis (FEA) was 

necessary to support the experiments. These numerical calculations, besides confirming the 

experimental results, allowed the evaluation of the elastic characteristics of each individual layer of 

the MEA. 

Numerical simulations were not necessary for the tensile test data since the assumption behind the 

Hooks law (used for the calculation of the elastic modulus) were respected. Moreover, the loading 

configuration allowed the direct application of the rule of mixture (RoM) for the calculation of the 

elastic modulus Eadd of each layer added to the electrolyte by screen printing. Starting from the 

experimental data, Eadd was determined from the apparent elastic modulus Eapp measured 

experimentally for the whole laminate (with n total different layers), like the following: 

𝐸𝑎𝑝𝑝 =
𝐸𝑎𝑑𝑑 ∙ 𝑡𝑎𝑑𝑑

ℎ
+ ∑

𝐸𝑖 ∙ 𝑡𝑖

ℎ
 

𝑛−1

𝑖=1
                                                (5.9) 

𝐸𝑎𝑑𝑑 =
1

𝑡𝑎𝑑𝑑
(ℎ ∙ 𝐸𝑎𝑝𝑝 − ∑ 𝐸𝑖 ∙ 𝑡𝑖

𝑛−1

𝑖=1
)                                          (5.10) 

tadd and h are the thicknesses of the added layer and the whole laminate respectively (expressed in 

mm), while Ei and ti are the elastic moduli and the thickness of already known layers of the multi-

layered structure.   

As already mentioned, FE simulations were necessary to support the results obtained via 3PB and 

IET. These simulations enabled the extrapolation of the elastic modulus of individual layers from the 

experimental results through the iterative approaches described in the following paragraphs 76. For 

all the numerical models, the APDL language in SW ANSYS 16.2 was used. Quadratic shell elements 

SHELL281 of 200 µm with multi-layer option were chosen for the mesh. This choice was the most 

efficient from a computational time point of view. The Poisson’s ratios, thicknesses and densities of 

individual layers used for the calculations are listed in Table 4. 

Table 4 Layer properties used in the simulations. 

 Layer Material t [µm] ν [-] ρ [g/cm3] 

 Electrolyte 3YSZ 94 0.27 6.05 
 Barrier 20GDC 8 0.26 4.02 
 Adhesive 40GDC 5 0.23 2.94 
 Fuel Electrode func NiO:10GDC=50:50 13 0.25 3.99 
 Fuel Electrode cont NiO:10GDC=95:5 4 0.25 5.97 
 Air Electrode LSCF 52 0.30 2.36 

FE simulation of IET   

A schematic representation of the FE model of the resonance test via IET is shown in Figure 36. An 

iterative approach was used to determine the elastic modulus of each added layer: an estimated 

value of the elastic modulus of the added layer was introduced into the algorithm of the simulation 

and this value was adjusted with fixed increments ΔE until the simulated first eigenfrequency f1,FEA 

matched the one obtained experimentally f1,EXP. Simulations were carried out step by step, from the 

electrolyte (SOC0) up to the whole MEA (SOC5), adding one layer at a time. This means that the 

simulation started with the bare electrolyte and when the experimental and analytical results were 
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calibrated, the first GDC layer was implemented into the simulation. The next layer was added just 

after the properties of the previous ones were established. This semi-automatic approach, supported 

by the software Mathematica works with effective values only; therefore is not able to take into 

account the non-symmetrical layout of the laminate under investigation. For a more accurate 

reproduction of the test setup, no boundary conditions were assigned to the model, in order to allow 

the free vibration of the samples. Block Lanczos method was chosen for obtaining vibration modes 

and frequencies and for calculating the first flexural eigenfrequency of each   sample 76. 

 
Figure 36 Scheme and FE model of the iterative FE simulation procedure to estimate elastic modulus of added layer by IET 

test. Taken from 
76

. 

FE simulation of 3PB 

Besides the determination of the elastic modulus E of each individual layer, the FEA of the 3PB test 

allowed also the evaluation of their coefficient of thermal expansion α. This was possible thanks to 

the non-symmetrical layout of the specimens, which resulted in a different mechanical response 

depending on the side of the sample exposed to tension. The FE model consisted basically in an 

adjustment of the slope of the simulated loading curves to the experimental ones. Generally, 

a matrix of reaction forces associated with the applied load was calculated for given values of E and 

CTE in some expected ranges (i.e. 7.5 ≤ αadd ≤ 13.5 10-6 K-1 and 1 ≤ Eadd ≤ 250 GPa). This resulted in 

two surfaces representing the slopes of the loading curves of the added layer for the given material 

properties. The results of the simulations, combined with the experimental slopes, gave a unique 

combination of E and α for each added layer. This approach is schematically illustrated in Figure 37.  

The deflection of the specimens during the flexural test was significant and the rotation of the mid-

surface normal exceeded 10°; thus, the Kirchhoff hypothesis was no longer valid and nonlinear 

solutions and large deformations had to be taken into account in the FEA. Real contacts between the 

supporting rods and the samples were chosen and the samples were modelled as multi-layered 

structures with intrinsic residual stresses induced from the cooling that follows the sintering   

process 76. For this purpose, the specimens were exposed to a temperature gradient ΔT of 1250 °C 

before the 3PB simulation. Due to the CTE mismatch of the layers composing the MEA, residual 

stresses arise between them; these stresses, together with the non-symmetrical layout of the 

specimens, are responsible for the difference in the deflection of the samples, whose mechanical 

response depends on which one of their outer surfaces is in tension. 
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Figure 37 Scheme of the calculation of both CTE and elastic modulus of the added layer from the 3PB test and example of 
the FE model. Taken from 

76
. 

After the determination of the elastic properties of each individual layer via the analytical procedures 

described, the obtained values were used to calculate the overall elastic modulus E of the layered 

samples SOC0-SOC5 by the application of the rule of mixture. 

5 .3 Flexural Strength Evaluation 

The mechanical failure of the MEA and in particular of the electrolyte would be detrimental for the 

proper functioning of the device, as it would cause leakage between the two electrodes, with 

a consequently decreased performance of the whole SOC device 83. Thus, the mechanical integrity of 

the MEA has to be ensured over the whole expected lifetime. The characterisation of the strength of 

the MEA is necessary in order to define its reliability under a given stress distribution and 

environment. In particular, the assessment of the tensile strength is crucial for predicting the 

probability of failure of the ceramic cell.  

In the present thesis, all strength tests were performed at room temperature in air atmosphere. 

Experimental data were evaluated according to the Weibull statistical analysis. This is to take into 

account the inherently scattered nature of the strength of brittle materials, which cannot be 

described by a single strength value, but by a strength distribution. This distribution is defined by 

three parameters:  

▪ the Weibull modulus, m, which is a measure of the scatter of the strength data; 

▪ a size parameter, which in the case of thin sheets corresponds to the effectively loaded 

surface area; 

▪ the characteristic strength σ0, defined as the stress at which the probability of failure is 63 %. 

The characteristic strength σ0 and the Weibull modulus m of the Weibull distribution were 

determined by the maximum-likelihood method, following the standard EN 843-5. Both uniaxial and 

biaxial strength were measured. The first was assessed via three-point-bending test, while the 

second was measured via ball-on-three-balls test. Destructive tests were performed on each layered 

structure listed in Table 3 and also on MEAs exposed to operating conditions. Indeed, the exposure 

to operating conditions, with elevated mechanical and thermal stresses, aggressive atmosphere 

(both reducing and oxidising) and the contact with other components, might change the flaw size 

and distribution, thus altering the strength of the materials.  
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5.3.1 Three-Point Bending Test 

The uniaxial flexural strength was determined through the three-point bending (3PB) configuration. 

A universal test system INSTRON 8862 (Norwood, USA) was used for measurements. The samples 

were supported by ø2 mm rods, positioned 10 mm apart and they were loaded in the centre (see 

Figure 38). The flexural strength was calculated according to the formula provided by the EN 843 

(Part 1: Determination of flexural strength) standard: 

𝜎 =
3𝐹𝑙

2𝑏𝑡2
                                                                     (5.9) 

where:  

 F  = fracture force [N]; 

 b, t  = width and thickness of the specimen [mm]; 

 l  = span between support rollers [mm]. 

 

 

 

 

 

 

 

 

 

A 10 N load cell was utilised to allow a precise determination of the fracture force F. Each sample was 

compressed vertically to its mid-span, with a constant speed of 100 µm/min, until failure. The test 

setup utilised for the measurements is shown in Figure 39.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39 Test setup used for the measurements of the uniaxial flexural strength via 3PB. 

Figure 38 Schematic of the three-point bending 
configuration. 
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To take into account the possible effects of the non-symmetrical layout of the specimens on the 

mechanical response, every type of specimen was tested exposing both sides to tension. The 

minimum of 30 valid tests was conducted for each type of sample (SOC0 to SOC5, see Table 2) and 

for each sample orientation, for a total of ca. 430 specimens tested.  

Each sample was tested on both sides to take into account two aspects: 

(i) The electrolyte has a different surface refinement at the top and bottom side due to 

the manufacturing process; one side is smooth (doctor blade side) and the other is 

rougher (supported side). This aspect could lead to a difference in the strength of the 

two sides; 

(ii) The layered structures SOC1 to SOC5 have a non-symmetrical layout. 

Experimental data were evaluated via Weibull statistical analysis, following the directions given by 

the standard EN 843-5. For each set of data, the characteristic strength σ0 and the Weibull modulus 

m, together with their 95 %-confidence intervals were determined. 

5.3.2 Ball-on-Three-Balls Test 

After determining the uniaxial flexural strength, biaxial strength tests were performed. For this 

purpose, the ball-on-three-balls test (B3B) 57, 84, 85 was chosen. For the measurements, “as received” 

specimens were selected and a total of ca. 530 specimens were tested for this purpose. The 

measurements were performed in air at room temperature on rectangular plates with nominal 

dimensions of 4 mm × 3 mm × total thickness (see Table 2). The rectangular plates were 

symmetrically supported by three balls on one side and loaded by a fourth ball placed in the centre 

of the opposite side (see Figure 40); all the balls were made of hardened steel and had a diameter Rb 

of 2.38 mm, giving a support radius Ra of 1.3747 mm. Their elastic characteristics are Eb = 210 GPa 

and νb = 0.3. All B3B tests were performed under displacement control in a universal testing machine 

INSTRON 8862(Norwood, USA) with the aid of a jig especially produced at IPM, following the design 

from ISFK (Leoben, Austria) 86. It is very important that the specimen, loading ball and supporting ball 

are carefully aligned during the test; to fulfil this requirement, a guide was used. This guide was 

removed after applying some small force; at this point, the supporting balls and the specimen are 

held in place by friction, while the loading ball is fixed. After this step, the load was further increased 

until failure 87.  

 

 

 
 
 

 

 

 

 

 
Figure 40 Scheme of the 
ball-on-three-balls test setup 
for biaxial testing. 
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The displacement speed of the test was set to 500 µm/min, in order to achieve the fracture of the 

samples in less than 5 s. The test setup utilised is shown in Figure 41. 

 

  
 

 

Figure 41 Test setup used for the measurements of the biaxial flexural 
strength via B3B. 

Biaxial strength measurements are advantageous compared to uniaxial testing for the following 

aspects:  

▪ they require much simpler specimen preparation: as the tensile loaded area is far from the 

edges, the edge finishing defects are not influent; therefore, no thorough edge polishing is 

needed; 

▪ the induced stress state is similar to the one that commercial components experience during 

their lifetime (for example thermal loading); 

▪ biaxial stress states reveal the presence of defects better than uniaxial stress states. 

On the other hand, the loaded volume is very small when compared to other test setups (e.g. tensile 

test). 

Between the biaxial strength tests, the ball-on-three-balls assembly is particularly convenient as it 

does not require perfect flat specimens and there is no need for perfectly polished edges, as the 

region of maximum stress is restricted to a small portion of the tensile surface opposite the loading 

ball. Moreover, it possesses a high tolerance against measurement uncertainties. One drawback is 

that the threefold bending symmetry makes the stress analysis quite complex. Indeed, the exact 

knowledge of the relationship between the applied load and the maximum tensile stress in the 

specimen is required for a proper evaluation of the experimental data. However, a systematic 

method is so far missing and finite element simulations are necessary 84. 

The minimum of 30 valid tests was conducted for each type of material and for each sample 

orientation. In all fractured samples, the fracture originated in the tensile surface plane, in the centre 

of the three loading balls. The ideal fracture pattern would be characterised by a threefold symmetry 

fracture, as shown in Figure 42. However, in most of the cases, the plates broke in two pieces; this 

was probably due to the fact that the energy stored in the sample was not enough to complete the 

propagation of the third crack, whose the path is clearly identifiable anyway. In all the samples 

analysed, the fracture originated in at the surface exposed to tensile loading or at its near proximity 

(in the case of some layered samples). No damage caused by the loading ball was observed.  
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The flexural strength was determined from the experimental fracture force measured for each 

sample, via the equation: 

𝜎𝑚𝑎𝑥 = 𝑓 ∙
𝐹

𝑡2
                                                                    (5.10) 

where F is the maximum load at fracture, t the thickness of the specimen and f a dimensionless 

factor depending on the geometry of the specimen, its Poisson’s ratio and the geometry of the test 

jig. Considering that the thickness is one of the most influential parameters for the estimation of the 

maximum stress, it was carefully measured in the centre of all specimens (i.e. area where the 

maximum stress is located) before testing. To determine the f factor, FEM analysis was performed 

using the software ABAQUS. A schematic representation of the geometry used for the numerical 

simulations and the boundary and symmetry conditions is shown in Figure 43.  

 

 

 

 

 

 

 

 
 
 
 
 
Figure 43 FE-model 
example of the ball on 
three balls test assembly, 
half model. 

In Figure 44 an example of the first principal stress distribution in the specimen during biaxial loading 

is represented. It can be observed that: 

▪ The maximum stress arises in the centre of the tensile surface of the specimen (the red area), 

corresponding to the centre of the three balls; 

▪ The intensity of the stresses decreases sharply in the radial direction and also across the 

section (normal direction to the top specimen plane). Indeed, it can be observed that the 

central area, corresponding to a small fraction of the total volume, is loaded with the 

majority of the maximum stress. Therefore, localised strength measurements can be carried 

out; 

 
a) 

 
b) 

 

 

 

Figure 42 a) Ideal fracture 
pattern of a rectangular plate 
tested in the B3B test assembly. 
b) Typical fractured sample. 
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▪ The stress field is characterised by a cloverleaf shape, with a three-fold symmetry, due to the 

three supporting balls. 

For the simulation, the rectangular plate and the balls were modelled using 3D deformable elements 

of the C3D8R type. For the contacts between the loading and supporting balls and the specimen, 

surface-to-surface frictionless contact conditions were chosen. Given the symmetry of the system, 

only half of the testing setup was modelled in order to save computational time. The chosen 

geometry and boundary conditions are illustrated in Figure 43. For a proper simulation of the test, 

the following assumptions and constraints were used in the model: 

▪ The supporting and loading balls have the same radii and are made of the same material 

(steel with E = 210 GPa and ν = 0.3); 

▪ The centre of the loading ball (upper ball) is allowed to move only in the vertical direction, 

perpendicularly to the sample surface; 

▪ The centre of the supporting balls (lower balls) is fixed in order to restrict the rigid body 

rotation. 

  

Figure 44 FE example of the principle stress field in a rectangular plate specimen for a typical loading condition in a ball on 
three balls test. Left: perspective view. Top right: view on the top plane. Bottom right: section view of the plate. 

The experimental results were analysed according to the Weibull theory, following the same 

procedure used for the data obtained via the 3PB test. After the tests, fractographic analyses were 

performed for every sample set in order to characterise the fracture mechanisms and to investigate 

the effect of the layered layout on the crack propagation. For the analysis of fracture surfaces an SEM 

microscope (Tescan, Czech Republic) was utilised. For a more comprehensive understanding of the 

fracture process, the load-displacement curves were also analysed.  

5 .4 Coefficients of Thermal Expansion Measurement 

The MEA is made up of several functional layers joined together through a sintering process. A major 

challenge in the development of SOCs is to find performing materials with coefficients of thermal 

expansion as similar as possible, in order to avoid the development of mechanical stresses during 

operation. The perfect matching is clearly not possible, as each layer has also to fulfil the demanding 

electrical and electrocatalytic requirements for its proper function. Thus, the development of 

residual stresses inside the layers of the MEA is unavoidable. In order to have a better understanding 
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of these residual stresses, it is necessary to have an accurate knowledge of the coefficient of thermal 

expansion of each layer. Dilatometric measurements were performed to determine the thermal 

expansion coefficients in the temperature range from 20 °C to 900 °C. Bulk pellets made directly from 

the layer powder were prepared by cold uniaxial pressing and sintered afterwards (see Paragraph 

5.2.2). Each pellet was tested in a dilatometer (Netzsch, Germany) and dilatometric curves were 

analysed. For the measurements, each specimen was placed inside a retractable, tubular furnace, 

like the one shown in Figure 45. A spring-loaded pushrod was positioned against the specimen. The 

opposite end of the pushrod was connected to a linear variable displacement transducer (LVDT), 

which converts the pushrod displacement into a voltage; this voltage was then recorded and 

transformed into a displacement signal. The dimensional change of the sample was recorded as the 

pushrod transmitted the length change to the LVDT transducer. The displacement was registered in 

relation to the temperature measured with a thermocouple located in the proximity of the sample. In 

order to take into account for the inherent thermal induced dimensional change of the rod and of 

the sample holder, a calibration curve was applied. 

 

 

 

 

 

 

Figure 45 Netzch equipment used for 
the dilatometric measurements. 

5 .5 Effect of Ageing 

A reliable long-term operation of a SOC stack with a low degradation rate is necessary for the 

commercialization of this promising technology. In order to understand the degradation 

mechanisms, it is important to analyse the chemical and mechanical integrity of SOC components 

after certain operational time. During operation, SOCs are exposed to high mechanical loads that are 

typically deformation controlled: thermal stresses, residual stresses arising between MEA layers 

because of CTE mismatch and local stresses due to an uneven clamping of the cell. Besides these 

loads, the MEA undergoes also significant stresses derived from the clamping of the stack, together 

with local bending stresses caused by the contact between the metallic interconnect and the MEA 

not being completely flat. While residual stresses are quite low at operating temperature, stresses 

induced by clamping are quite relevant and could cause serious local damages. 

The effect of these harsh operating conditions on the mechanical and chemical integrity of the cell is 

of major concern. To investigate that, some stacks have been operated for a different amount of 

hours, either in an actual Combined-Heat-and-Power Valliant (Remscheid, Germany) system or in 

a test rig simulating the working conditions. In both cases the cells had to withstand thermo-

mechanical loads being operated at 860 °C while being exposed to both reducing and oxidising 

atmosphere for up to 9500 hours; some thermo-cycles (on-off cycles) were performed as well. The 

stacks were mainly operated in the SOFC mode; a study of a cell extracted from a stack operated in 

reversible mode (SOFC and SOEC) followed. A list of the samples tested, with the description of the 

operating conditions (amount of hours of operation, mode of operation, testing environment, fuel 

utilised, number of thermo-cycles and load modulation) is reported in Table 5.  
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Table 5 List of the exposed MEAs under investigation with ageing conditions applied. 

Ageing time 
[h] 

Operation 
Mode 

Environment Fuel Type Thermo-cycles 
Load 

Modulations 

0 - Joining station - 1 - 
2000 SOFC Test rig H2/N2 28 0 
3000 SOFC Test rig H2/N2 6 66 
5500 SOFC System CPOX 2 0 
9000 SOFC System CPOX ≈ 15 ≈ 20 
9500 SOEC + SOFC Test rig H2/H2O/N2 ≈ 30 0 

With “load modulation” is meant an applied load regime, consisting in a voltage change (24 – 18 -

 12 – 18 - 24) Amps with a holding time of approximately 2 hours for each voltage. A change in 

temperature from 860 °C to 810 °C is associated with this load modulation. CPOX stands for “catalytic 

partial oxidation” and refers to partial catalytic reformed natural gas. 

The sample reported in the table with 0 hours of operation corresponds to a cell extracted from a 

stack just after the joining process that every stack undergoes before being put into operation. This 

operation takes approximately 30 hours and it is realised into a furnace. During the process, the stack 

is exposed to a temperature gradient up to 950 °C, while an external load up to 1200 N is applied in 

order to ensure the mechanical joining of all the components. During the heating up phase, the 

furnace is filled with air and N2 and a constant 600 N load is applied; once the maximum temperature 

is reached, the joining process takes place and it is followed by a reduction phase, where some of the 

N2 is substituted by H2. In this reduction stage, the load is increased up to 1200 N. When reduction is 

finished, the amount of H2 is reduced and replaced by N2 and the stack is cooled down. 

5.5.1 Mechanical Characterisation 

5.5.1.1 Elastic Characteristics 

The elastic characteristics E and G of a commercial SOC, developed and produced by Sunfire, were 

investigated with respect to the influence of ageing. Data were collected via Impulse Excitation 

Technique. All measurements were carried out at room temperature, using the same test setup 

described in Paragraph 5.2.1. 

5.5.1.2 Flexural Strength 

After the determination of the elastic modulus, the effect of operating conditions on the mechanical 

strength of the MEA was investigated. Other than the mechanical properties of the electrolyte, the 

strength of the MEA is also influenced by the properties of the electrodes and their interfaces. 

Indeed, cracks originated in the electrodes could propagate into the electrolyte, causing a decrease 

in its strength. This weakening mechanism is accentuated either by internal residual stresses or by 

external stresses.  

For the measurements, ball-on-three-balls test (B3B) was chosen. To compare the results to the non-

aged MEAs, the same test setup described in Paragraph 5.3.2 was used. Fractographic analyses 

followed the tests in order to understand the fracture mechanisms which lead to cell failure. 

5.5.2 Chemical and Microstructural Characterisation 

Post-test analyses of the cells were performed using scanning electron microscopy (SEM). Samples 

were glued onto a rigid support and cut by high-precision diamond saw Isomet 5000 (Buehler, USA), 

with a constant speed of 7.8 mm/min. After a meticulous mechanical polishing, their edges were 
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Figure 46 a) Top view of a repetition unit extracted from a SOC stack. b) Detail of the deformed nickel foam (top view). 
c) Cross section of the non-deformed foam. d) Cross section of the deformed foam. 

additionally polished using an ion beam. This polishing technique, besides greatly enhancing the 

surface quality, avoided any further damaging of the cross sections.  

The microstructure of the cells was analysed via a Tescan Lyra 3 scanning electron microscope 

equipped with a field emission gun (FE-SEM) and an energy dispersive X-ray spectrometer (EDS). 

Both SEM/EDS methods were used to determine the elemental composition of the aged MEAs, in 

order to detect any possible change in their chemical composition caused by the ageing process. Line 

scans were performed to investigate the chemical composition change through the cross-section of 

the aged MEAs.  

5 .6 Nickel Foam 

5.6.1 Elastic Properties 

As already mentioned in Paragraph 5.1.4, the nickel foam is in a partial plastically deformed state 

when integrated into the stack (see Figure 46). The knowledge of its elastic properties in this 

deformed state is necessary for the numerical simulations. For this purpose, the foam was first cut 

into (12 x 91) mm strips and then evenly compressed to various strain levels, in order to obtain 

samples with different amount of plastic deformation. A list of the samples, with their initial and final 

properties (i.e. after compression) is reported in Table 6. In all cases, the foam had an initial density 

ρ = 1500 g/m3. 

 

 

 
 

Table 6 List of the nickel foam samples obtained via compression with their dimensions, absolute deformation and density. 

Sample 
Initial Dimensions 

t0 [mm]   b0 [mm]   l0 [mm]        
Final Dimensions 

tf [mm]   bf [mm]   lf [mm]         
ε 

[%] 

NiFoam_0  2.20 11.96 90.72 2.20 11.96 90.72 0 

NiFoam_1 2.20 11.96 90.72 2.05 12.08 90.75 9 
NiFoam_2 2.20 11.96 90.72 1.95 12.10 90.85 13 

NiFoam_3 2.20 11.96 90.72 1.50 12.22 90.94 34 
NiFoam_4 2.20 11.96 90.72 1.37 12.30 91.10 39 

NiFoam_5 2.20 11.96 90.72 0.74 12.50 91.26 67 
The subscript “0” refers to the initial state, while “f” refers to the final state (i.e. after the compression). 
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The different levels of compression of the samples listed in Table 6 have been chosen from the 

compressive loading curve shown in Figure 47.  

The plastically deformed foams obtained after compression were then tested in tension, in order to 

gather information on their elastic properties. Together with the pre-compressed foams listed in 

Table 6, tensile tests were performed also on three strips that have been cut from nickel foams 

extracted from a repetition unit, thus characterised by the wavy geometry shown in Figure 46d. All 

the tests were carried out using the same universal test system Instron 8862 (Instron, USA) described 

before; the cross-head speed was set to 1 mm/min. The samples had a gauge length of 

approximately 70 mm. To ensure a perfect adhesion between the loading fixture and the samples, 

the extremities of the samples were immersed into some resin which avoided them to slip off the 

fixture.  

 

 

 

 

 

 

 

 

Figure 47 Typical loading curve of the 
nickel foam under investigation. 

The elastic modulus of the foams was calculated via Hooke’s law (5.8) from the experimentally 

derived stress-strain curves. For the evaluation of the elongation of the foams, DIC method was 

utilised (refer to Paragraph 5.2.3 for a detailed description of the procedure utilised). Figure 48 

shows the look of the cross section of the samples after the compression process. 

   

   
Figure 48 Optical microscope images of the cross section of the samples for the tensile test. From the top left to the bottom 

right: t = 2.200 mm (initial state); t = 2.050 mm; t = 1.950 mm; t = 1.495 mm; t = 1.370 mm; t = 0.740 mm. 
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5.6.2    Strength at High Temperature 

After the room temperature measurement of the elastic properties, the effect of density on the 

mechanical response in compression of the nickel foam was investigated. Foams with three different 

densities (1500 g/m3, 3000 g/m3 and 4500 g/m3) were tested in compression at room temperature, at 

650 °C and 800 °C. For the measurements, a universal testing machine equipped with high 

temperature vacuum/inert gas chamber (Zwick/Roell and Maytec) was used. The machine was 

prepared for the compression configuration with silicon carbide compressive plates. The deformation 

was measured using Maytec extensometer via three extension alumina rods. The loading was applied 

in position control mode with cross-head speed set to 0.5 mm/min. Inert argon atmosphere was 

used to prevent the oxidation of the foam during heating up and loading.  
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6. Results 

6.1 Elastic Characteristics 

6.1.1 Impulse Excitation Technique 

All the as-sintered layered samples listed in Table 3 were tested at room temperature via IET in both 

flexural and torsional vibration modes; through this test, it was possible to determine their Elastic 

and Shear moduli, when the Poisson’s ratio was known. The average values of elastic and shear 

moduli measured at room temperature for SOC0 to SOC5 as-sintered samples are shown in the bar 

graph of Figure 49. A continuous drop in the value of the calculated elastic characteristics was 

observed since the deposition of the very first GDC layer. For the SOC0 specimen, which corresponds 

to the monolithic 3YSZ ceramic, E and G have an average value of 202 GPa and 80 GPa, respectively; 

these results are in good agreement with the literature data for similar materials 72, 88–90. With the 

addition of the diffusion barrier layer (SOC1), both the measured moduli drop significantly to 

approximately 80 % of the values measured for the bare electrolyte. Both elastic characteristics 

continue decreasing after each layer deposition; when the fuel electrode is also added (SOC4) E and 

G drop to 50 % of the initial SOC0 values, followed by a significant diminution to 20 % of the 

electrolyte value in the presence of the LSCF air electrode layer (SOC5). The standard deviation 

reported on the top of each bar reveals a good reproducibility of the measurements. The main cause 

of uncertainty was the sample thickness. 

 

 

 

 

 

 

 

 

Figure 49 Elastic and Shear modulus 
at room temperature of the layered 
samples SOC0-SOC5 measured by 
IET. 

Table 7 summarises the values of the natural flexural and torsional frequencies determined via the 

resonance test, together with the derived elastic modulus E, shear modulus G and Poisson’s ratio for 

each sample tested. All the reported values were calculated according to ASTM E1875-08 standard 

for isotropic materials. 

Table 7 Natural flexural and torsional frequencies from IET, with derived E modulus, G modulus, Poisson’s ratio. Standard 
deviation reported in brackets. 

Sample ff [Hz] ft [Hz] EIET [GPa] GIET [GPa] ν IET [-] 

SOC0  3328 (9) 4805 (14) 202.5 (1.9) 80.3 (0.5) 0.26 (0.01) 
SOC1 3297 (62) 5014 (46) 166.4 (2.1) 66.4 (0.7) 0.25 (0.01) 

SOC2 3183 (67) 5044 (15) 149.9 (3.2) 60.0 (1.1) 0.25 (0.02) 

SOC3 3261 (15) 5301(57) 110.7 (1.2) 44.3 (0.2) 0.25 (0.01) 
SOC4 3378 (41) 5303 (40) 102.0 (1.6) 41.7 (1.1) 0.22 (0.02) 

SOC5 3325 (51) 5025 (60) 40.5 (1.0) 16.5 (0.1) 0.24 (0.03) 
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The elastic modulus E was measured also as a function of temperature up to 900 °C. Because of the 

inherent noise in the furnace, it was not possible to detect the torsional frequency; thus, no data on 

the high-temperature shear modulus G are available. Results for the high-temperature flexural mode 

test of as-sintered SOC0 to SOC5 samples are individually shown in Figure 50. 

 

 Figure 50 Comparison of the Elastic modulus behaviour of SOC0, SOC1, SOC2, SOC3, SOC4 and SOC5 as a 
function of temperature. 

The graphs in Figure 50 report all the individual measurements collected during the heating up phase 

of the high-temperature resonance test (grey dots), together with a polynomial fit, represented by 

the red line. It can be observed that for all the samples, the elastic modulus E changes with 

temperature in a non-linear way. The elastic modulus shows an almost linear decrease with the 

temperature between 25 °C and approximately 450 °C. Above this temperature, it has a constant or 

slightly increasing trend until reaching the final testing temperature of 900 °C. This behaviour has 

been already reported in literature 61, 62, 91. The initial decrease might be attributed to the oxygen 
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vacancies order-disorder transition in the 3YSZ electrolyte, happening somewhere between 400 °C 

and 600 °C. The rearrangement of oxygen vacancies at the transition temperature and their hopping 

around yttria ions result in a considerable mechanical loss increment, leading to a relevant decrease 

of the elastic modulus 90. At higher temperature, the defect ordered structure is torn apart due to the 

breakdown of local ordering of vacancy-dopant structures. This new order-disorder transition could 

explain the volume increase, inducing a higher stress level in the samples and consequently a higher 

elastic modulus 61.  

The described temperature dependent behaviour is less pronounced whit the increasing number of 

deposited layers; this phenomenon can be explained by the effect of layers deposition and the 

derived interfaces and co-sintering mechanisms, which alter the behaviour of the bare electrolyte, 

mitigating its non-linear behaviour with temperature. 

For a better comparison of the results, Figure 51 summarises the behaviour of elastic modulus E 

versus temperature for all the samples analysed in a single plot. As observed for the measurements 

at room temperature, the elastic modulus decreases after each layer deposition. The most 

pronounced drop in the value of E (i.e. more than 50 %) corresponds to the last sample SOC5 when 

the air electrode functional layer is added. From the plots, it can be observed that the temperature 

dependent behaviour of elastic modulus E becomes less marked with the increasing number of 

deposited layers. Indeed, the behaviour for SOC5 (that represents the whole MEA) is rather constant 

over the whole range of temperature under investigation.  

 

 

 

 

 

 

 

 

 

Figure 51 Comparison of the 
Elastic modulus behaviour of 
SOC0, SOC1, SOC2, SOC3, SOC4 
and SOC5 as a function of 
temperature. 

 

6.1.2 Flexural test 

Figure 52 shows the values of elastic modulus E obtained via flexural tests. Unlike the results of 

resonance test, the bending tests revealed a dependence on the loading orientation. Indeed, the 

response of the same sample is slightly different depending on which of the two sides was exposed 

to tension. Therefore in Figure 52 are reported the results for both orientations. 

A continuous decrease in the elastic modulus E was observed after every layer deposition, 

analogously to what obtained via the IET. For the electrolyte, an average value E of 204 GPa was 

measured, independently on the tested side; this result is in good agreement with the one obtained 

through the resonance method and also the literature data 92, 93. The elastic modulus measured for 

SOC1 slightly drops to 203 GPa and 193 GPa when the barrier layer or the electrolyte were under 

tension respectively. The deposition of the second GDC layer has a little influence on the mechanical 
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response, with E values only a bit smaller than those obtained for SOC1: the measured values for 

SOC2 are 189 GPa and 192 GPa depending on the side under tension. However, with the addition of 

the fuel electrode functional layer (SOC3), a significant decrease of E was observed. In this case, the 

orientation of the sample has no influence on the results and the elastic modulus measures about 

128 GPa for both tested sides. A further decrease to approximately 55 % of the initial value was 

observed for SOC4 for both sample orientations: E measures 108 GPa when the GDC barrier layer 

was in tension and 113 GPa when the second layer of the fuel electrode was tested. An even higher 

reduction was measured when the LSCF air electrode layer was also added (SOC5); in this case, 

Young's modulus underwent a 77 % relative drop to 46 GPa when the fuel electrode was in tension 

and an even bigger decrease down to 41 GPa with the air electrode in tension (80 %) 76. 

 

 

 

 

 

 

 

 

Figure 52 Average elastic modulus 
obtained through three-point bending 
test. The name of each column refers 
to the layer which was in tension 
during the 3PB test. 

 

 

6.1.3 Tensile test 

The average E values for each layered sample determined via tensile test are plotted in Figure 53, 

together with the results obtained via IET and 3PB tests (for the latter, an average value of the two 

orientations is reported). These results with their standard deviations are summarised also in     

Table 8. The agreement between the elastic modulus E of the bare electrolyte (SOC0) obtained from 

the three different tests confirms the validity and accuracy of the elongations measured via the DIC 

technique. Besides, all the obtained values are in accordance with literature data for the same 3YSZ 

material. 

  

 

 

 

 

 

 

 

 
Figure 53 Average elastic moduli E of 
SOC0-SOC5 samples determined from 
tensile, flexural (3PB) and resonance 
tests (IET). 
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Table 8 Comparison of the E modulus obtained experimentally via IET, 3PB and tensile tests. 

Sample EIET [GPa] E3PB
a [GPa] E3PB

b [GPa] Etensile [GPa] 

SOC0  202.5  (1.9) 204.4  (1.2) 204.4  (1.2) 202.9  (3.2) 
SOC1 166.4  (2.1) 192.8  (2.5) 203.2  (1.2) 195.7  (3.8) 

SOC2 149.9  (3.2) 188.9  (1.2) 192.0  (0.8) 189.5  (6.7) 
SOC3 110.7  (1.2) 128.7  (1.9) 127.6  (1.8) 170.1  (7.8) 

SOC4 102.0  (1.6) 108.3  (1.7) 113.2  (0.5) 155.4  (4.5) 

SOC5 40.5    (1.0) 46.3    (0.2) 41.2    (0.4) 110.4  (4.0) 
a 

Fuel electrode side tested in tension. 
b 

Air electrode side tested in tension. 

The decreasing trend of Young’s modulus E with increasing number of layers is common for all 

methods; however, the values of E determined via tensile loading are generally higher than those 

determined via flexural loading; this discrepancy is particularly pronounced for the samples with the 

highest number of layers (i.e. SOC3, SOC4 and SOC5). Therefore, the tensile loading highlights a 

different response of the MEA when loaded in uniaxial tension and flexural mode. 

To better explain this discrepancy, it has to be pointed out that the elastic modulus E derived from 

the results of the tensile test is the only one determined according to the physical meaning of 

Young’s modulus (i.e. through the Hooke’s law). For the evaluation of the results obtained via 

resonance and flexural tests, the formulas given by the standards were used, but the assumptions 

behind their rightful utilisation were not accomplished. 

6.1.4 Analytical and Numerical Calculations 

As described in Paragraph 5.2.4, analytical simulations and numerical calculations allowed the 

determination of the elastic (Young’s) modulus of each individual layer composing the MEA. These 

data were evaluated via three different methods: 

▪ From the IET results, through a reverse iterative modal analysis. The E modulus of every layer 

was determined by matching the eigenfrequencies calculated via FEA with the ones obtained 

experimentally for a given sample via resonance test.  

▪ From the 3PB data, via an iterative approach analogous to the one used for the resonance 

test. This time the simulations aimed at the adjustment of the stiffness of the simulated 

samples to the one measured via the flexural test. In this case, the orientation-dependent 

response of the samples derived from their non-symmetrical layout, allowed the estimation 

of the CTE values of each added layer, besides the elastic modulus. 

▪ From the tensile test results, applying the rule of mixture (RoM). 

The E values gathered for each individual layer through the three methods mentioned above, 

together with the coefficients of thermal expansion α determined from the FEA of the bending test, 

are summarised in Table 9. The discrepancies between the results listed in this table are in some 

cases quite significant. The reason has to be found in the high sensitivity of the FE simulation results 

to the input data. This is particularly true for the thickness of the layers: it was observed that a 

change as small as 1µm in the input (thickness) affects the output (E) by approximately 10 %. This is 

quite straightforward to understand when looking for instance at equation (5.7); here the thickness 

of the sample appears in the third power, therefore a small change of this parameter may have a big 

influence on the resulting E modulus. 
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Table 9 E and CTE derived via FEA and RoM from IET, flexural (3PB) and tensile tests data. 

Layer Material 
𝑬𝑰𝑬𝑻

𝑭𝑬𝑨   
[GPa] 

𝑬𝟑𝑷𝑩
𝑭𝑬𝑨    

 [GPa] 
𝑬𝒕𝒆𝒏𝒔𝒊𝒍𝒆

𝑹𝒐𝑴    
 [GPa] 

𝜶𝟑𝑷𝑩
𝑭𝑬𝑨    

[10-6/K] 

Electrolyte 3YSZ 204   203 203 10.3 

Fuel Electrode      

Adhesive layer 40GDC 50 82 89 10.0 
Functional layer NiO:10GDC = 50:50 15 10 15 11.3 

Contact layer NiO:10GDC = 95:5 50 12 29 10.0 

Air Electrode      
Barrier layer 20GDC 70 120 102 10.7 

Functional layer LSCF 30 8 3 12.5 

An error analysis performed on the results revealed that their sensitivity is connected to the ratios 

between the substrate and the added layer thicknesses. An alteration in the initial input, even if 

small, could lead to a significant difference in the estimated elastic modulus of the last added layer. 

After determining the elastic modulus E of each individual layer via the analytical models, the 

obtained values were used to calculate the elastic modulus of the layered samples SOC1-SOC5 by the 

rule of mixture (RoM). The results are listed in Table 10 and compared to those obtained 

experimentally via tensile test. A good agreement between the data reported can be observed.   

Table 10 Comparison of E moduli obtained by RoM applied to IET and 3PB data and experimentally (Exp) by tensile test. 

Sample 
EIET (RoM) 

 [GPa] 
E3PB (RoM)  

[GPa] 
Etensile (Exp)  

[GPa] 

SOC1 195 197 196 
SOC2 187 191 190 

SOC3 168 171 171 

SOC4 164 166 155 

SOC5 125 119 110 

6.2 Flexural Strength 

An example of the detailed analysis of the experimental data obtained according to the Weibull 

statistical analysis can be found in the Appendix at the end of this thesis. 

6.2.1 Three-point-bending (3PB) test 

Selected characteristic load-displacement curves of all series (SOC0-SOC5) with the upper (air 

electrode) and lower (fuel electrode) side in tension are shown in Figure 54. The linear trend to 

fracture of the load-displacement curves denotes the brittle behaviour of the tested samples.  

  

 
Figure 54 Typical load vs displacement curves of the tested specimens with the upper (a) and lower (b) side under tension 

a)                                                                                         b) 
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Results from flexural tests in the three-point bending configuration were statistically evaluated in the 

form of Weibull plots, according to the standard EN 843-5: the strength of each specimen was 

ordered from the lowest to the highest and at each of them was assigned a failure probability 

𝑝𝑓 =  (𝑗 − 0.3) (𝑛 + 0.4)⁄                                                               (6.1) 

where j is the ranking position of the strength value and n the total sample population.  

The failure stress vs. the probability of failure curves of the tested specimens, with their respective 

Weibull modulus m, are shown in Figure 55.  

  

  

  

 

Figure 55 Weibull plots of the fracture stress distribution of the SOC0-SOC5 samples, obtained via three-point bending 
test. In each graph are represented two plots, one for each side of the sample under tension. 
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Each distribution was built on samples of at least 30 specimens, in order to ensure significance to the 

Weibull statistical analysis. All the samples have been tested on both sides, due to their non-

symmetrical structure. Also the electrolyte, despite being a monolithic material, was tested on both 

orientations. This is because the top and bottom surfaces have different qualities due to the 

manufacturing process: the surface that was in contact with the support during the tape casting has 

a rough finish, while the one that was on the side of the doctor blade is smooth. The strength 

distributions for both sides are shown in the form of Weibull plots in Figure 55a); they reveal only a 

negligible difference between the smooth and rough side. Therefore, we can state that the surface 

quality has no relevant influence on the mechanical response of the electrolyte.  

The bare 3YSZ electrolyte has at its rough side a characteristic strength of σ0 = 1019 MPa and at its 

smooth side σ0 = 833 MPa; both sides have a Weibull modulus close to m ≈ 3, which is near to the 

value that Atkinson and Seçul measured via the ring-on-ring test for the same material 60. This value 

for the Weibull modulus is quite low, indicating a high variability in failure load and consequently a 

low reliability of the ceramic component. This is quite typical for zirconia-based materials, as they are 

really sensitive to environmental variables (especially air humidity); indeed, tests have been 

performed in air atmosphere, in two different days and these conditions contributed to the scatter of 

the results.   

The Weibull distributions of failure stresses for the SOC1 samples are shown in Figure 55b). The 

Weibull failure stresses are σ0 = 688 MPa and σ0 = 1066 MPa for the samples tested on the GDC 

barrier side and the electrolyte side respectively. While the electrolyte side maintains approximately 

the same strength measured for the bare electrolyte, when SOC1 specimens were tested on the GDC 

barrier side, their Weibull strength decreased significantly. This is probably a consequence of the 

residual stresses that arose after cooling down from the sintering temperature. Most likely, the CTE 

mismatch between the two layers induced some pre-stresses in the sample that lead to an early 

failure. This result is in agreement to what was shown by Atkinson and Selçuk for YSZ/GDC laminated 

structures 94. Figure 55c) reports the Weibull strength plots for the SOC2 samples (corresponding to 

the electrolyte coated on both sides with GDC layers): when the samples were tested on the GDC 

barrier layer side the strength measures σ0= 638 MPa, which is close to the strength obtained for the 

previous sample; however, when the adhesive GDC layer (deposited on the smooth surface of the 

electrolyte) was in tension the characteristic strength drops to σ0 = 823 MPa. This strength decrease 

is accompanied by a significant increase of the m modulus, corresponding to a higher reliability of the 

layered structure investigated. The higher Weibull modulus of this tri-layered structure compared to 

the single-layer electrolyte could be a result of the sintering process, the formation of bonded 

interfaces between layers and shielding of zirconia based electrolyte from the environment. 

With the deposition of the first fuel electrode layer (SOC3), a further decrease in the strength was 

observed (see Figure 55d); this time, both sample orientations show a similar strength (σ0 = 530 MPa 

and σ0 = 478 MPa), with similar Weibull moduli, revealing that the presence of the fuel electrode 

probably leads to a different failure mechanism. The Weibull plots for SOC4 samples are reported in 

Figure 55e) and they prove that the addition of the second fuel electrode layer has only a small 

influence in the strength distribution: again, both tested sides measure approximately the same 

strength, with σ0 = 474 MPa and σ0 = 422 MPa when the fuel electrode side was on the tensile or 

compressive side of loading.  

Finally, Figure 55d) reports the Weibull plots for both orientations of the whole MEA (SOC5). As 

observed for the previous two samples, both sides show similar strength and Weibull modulus 

values. However, the addition of the last layer (i.e. LSCF air electrode) causes a further significant 

weakening of the layered structure. The MEA has at its air electrode side a characteristic strength of 

σ0 = 308 MPa and at its fuel electrode side σ0 = 272 MPa. In comparison with the electrolyte, the MEA 
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exhibits significantly lower strength values (approximately three times smaller). The reason of this 

weakening effect can be found in the weak nature of the electrodes; these are not strong enough to 

bear the residual tensile stresses induced by the CTE mismatch between layers and tend to crack 

during the cooling down from the sintering temperature. These pre-cracks act as stress concentrators 

and, if the interface is strong enough, they might extend into the electrolyte, thus weakening its 

strength. These results are in agreement with some literature data reporting that the yttria-stabilised 

zirconia electrolyte, when coated with the electrode materials, shows a much lower mechanical 

strength than the electrolyte by itself 77.  

The Weibull parameters describing the strength distribution for all the tested samples are given in 

Table 11. 

Table 11 Compilation of Weibull parameters obtained from uniaxial bending test, including the 90 % confidence intervals. 

Sample Tested surface σ0[Mpa] m 

SOC0 
Smooth 
Rough 

833.4 (747.7|926.3) 
1018.9 (894.3|1156.9) 

3.8 (2.8|5.0) 
2.9 (2.2|3.8) 

SOC1 
Electrolyte 
GDC barrier 

1066.0 (924.2 |1224.9) 
687.5 (653.7|722.1) 

2.4 (1.8|3.0) 
7.7 (5.8|10.2) 

SOC2 
GDC adhesive 
GDC barrier 

823.4 (804.3|842.5) 
638.1 (626.8|649.3) 

15.8 (11.9|20.6) 
23.3 (17.0|31.4) 

SOC3 
Fuel electrode 

GDC barrier 
529.6 (510.3|549.2) 
476.9 (451.7|502.8) 

12.3 (8.7|17.1) 
8.0 (5.7|10.8) 

SOC4 
Fuel electrode 

GDC barrier 
473.6 (459.9|487.4) 
421.9 (403.4|440.6) 

13.0 (9.8|17.1) 
8.4 (6.4|11.1) 

SOC5 
Fuel electrode 
Air electrode 

272.0 (267.9|276.1) 
308.2 (299.5|316.9) 

26.7 (19.6|35.7) 
16.0 (11.4|22.3) 

6.2.2 Ball-on-three-balls (B3B) test 

The biaxial flexural strength was measured via ball-on-three-ball load configuration. Like for the 

uniaxial flexural test, each sample was tested on both sides to account for the non-symmetrical 

geometry of the samples and the different surface qualities. As mentioned in Paragraph 5.3.2, the 

maximum stress of each specimen was estimated from its properties (geometry and material 

properties of the layers) and the measured fracture force using a FEM model of the test setup. 

The failure stresses of the samples in flexure B3B configuration are illustrated in Figure 56 in the 

form of Weibull plots. For the electrolyte (SOC0), the characteristic strength ranged between 

σ0 = 1819 MPa (rough side under tension) and σ0 = 1854 MPa (smooth side under tension), with both 

Weibull moduli close to m ≈ 20, as shown in Figure 56a). The Weibull parameters determined for 

both SOC0 orientations are really similar, revealing that the surface quality has a negligible influence 

in the strength of the electrolyte like already observed for the uniaxial strength results.  

For the SOC1 samples, corresponding to the electrolyte with addition of the barrier layer on the 

rough side, the characteristic strength measured σ0 = 1956 MPa when the electrolyte was on the 

tensile side of the loading and σ0 = 763 MPa when it was on the compressive side. While the strength 

of the electrolyte side is comparable to the one obtained for the uncoated 3YSZ electrolyte, a 

pronounced strength decrease is measured when the barrier layer side was exposed to tensile load. 

This is a clear effect of the residual stresses developed after the co-sintering of the two layers; even if 

the thickness of the GDC barrier layer (≈ 10 µm) is small compared to the electrolyte thickness 

(≈ 90 µm), the effect on the resulting strength is remarkable. 
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The addition of the second GDC layer results in the approach of the strength distribution plots of the 

two orientations; this means that, while the GDC barrier side maintains its strength (σ0 = 806 MPa), 

the electrolyte side, now coated with the GDC adhesive layer, undergoes a drastic weakening 

(σ0 = 962 MPa). The strength distributions get even closer to each other with the deposition of the 

two fuel electrode layers (SOC3 and SOC4). Observing the plots in Figure 56d) and Figure 56e), one 

might notice how the plots corresponding to the two sample orientations are almost overlapping. 

The Weibull strengths range between σ0 = 774 MPa and σ0 = 742 MPa for SOC3 samples and between 

σ0 = 775 MPa and σ0 = 730 MPa for SOC4. The higher values refer to the case in which the fuel 

electrode was on the tensile side of the loading, while the lower ones refer to the samples tested 

with the fuel electrode on the compressive side. The addition of the last layer, corresponding to the 

LSCF air electrode, has a minor influence in the mechanical response of the layered structure. The 

Weibull strengths measure σ0 = 843 MPa and σ0 = 802 MPa when the fuel electrode and the air 

electrode were in tension respectively. This slight strength increase should be related to the 

redistribution of stresses in the layers.  In Table 12 are reported the values of the measured flexural 

strength and Weibull modulus of each specimen, for both orientations. 

Table 12 Compilation of Weibull parameters obtained from biaxial bending test, including the 90 % confidence intervals. 

Sample Tested surface σ0 [Mpa] m 

SOC0 
Smooth 
Rough 

1854.4 (1818.8|1889.7) 
1818.9 (1782.2|1855.3) 

19.5 (14.7|25.5) 
18.0 (13.7|23.4) 

SOC1 
Electrolyte 
GDC barrier 

1955.9 (1901.2|2010.7) 
762.6 (747.2|777.9) 

12.2 (9.4|15.7) 
16.8 (13.0|21.5) 

SOC2 
GDC adhesive 
GDC barrier 

961.6 (943.1|980.1) 
805.7 (790.7|820.5) 

17.6 (13.6|22.5) 
18.0 (14.0|23.0) 

SOC3 
Fuel electrode 

GDC barrier 
774.0 (765.1|782.7) 
741.7 (728.4|754.9) 

30.2 (23.2|38.7) 
19.2 (14.8|24.6) 

SOC4 
Fuel electrode 

GDC barrier 
775.0 (762.4|783.3) 
729.5 (715.4|743.5) 

24.5 (19.0|31.1) 
17.4 (13.5|22.1) 

SOC5 
Fuel electrode 
Air electrode 

844.4 (838.9|849.7) 
801.7 (790.9|812.4) 

57.4 (43.4|74.8) 
25.9 (19.9|33.3) 

After the significant initial strength drop caused by the presence of the two GDC layers, it can be 

observed that the layered structures under investigation maintain - with good approximation - the 

same strength level. This result reveals that the outer layers have a minor influence in the resulting 

mechanical response of the MEA. Comparing the stress levels in the bare electrolyte (SOC0) with the 

one of the whole MEA (SOC5), it is clear that the strength of the electrolyte on the cell level is 

significantly reduced. The stress in the electrolyte at the failure of the MEA is less than half that of 

the bare electrolyte. The same conclusion was derived from the results of the three-point bending 

strength tests (see the previous paragraph).  

In order to understand the reasons behind this weakening phenomenon, fractographic analyses were 

performed by scanning electron microscopy on some of the broken specimens. The specimens were 

mounted in the vacuum chamber of a Scanning Electron Microscope Tescan LYRA 3 (Tescan, Czech 

Republic) with no tilt angle. All the observations were performed at a Working Distance (WD) around 

9 mm with an acceleration voltage of 20 kV. Before the analysis, samples were coated with a thin 

carbon film, in order to give them the required conductivity for enabling SEM observations. The most 

significant observed surfaces are reported below. 
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The fracture surfaces in Figure 57 belong to two 3YSZ specimens: one with one of the highest 

strength in Figure 57a)-b) and the other that fractured at low applied stress values in Figure 57c)-d). 

The fracture initiation site is clearly defined in both of them and no clear difference was found in the 

fracture mechanism, despite the strength divergence. Figure 57b) and d) show the fracture initiation 

Figure 56 Weibull plots of the fracture stress distribution of the SOC0-SOC5 samples, obtained via ball-on-three-
balls test. In each graph are represented two plots, one for each side of the sample under tension. 
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sites at higher magnification (104 x); it is possible to observe that on the surface the crack 

propagation is inter-granular, revealing a weak bonding strength, that might have been caused by the 

manufacturing process; then it becomes trans-granular on the inside. Figure 57d) clearly shows the 

fracture origin site on the outer free surface of the electrolyte. As expected, for all the tested single-

layer 3YSZ electrolyte samples, the fracture initiated on the tensile surface of the specimen, within 

the area of maximum stress determined via FEM (see Figure 44).  

  

  

 

Figure 58 and Figure 59 show the fracture surface of SOC1 specimens, consisting of the electrolyte 

with the addition of the GDC barrier layer on the rough surface. 

Figure 58 illustrates the fracture mechanism of this bi-layered specimen when tested with the 

electrolyte in tension. The fracture pattern is the same as the one observed for the single-layer 

electrolyte, meaning that the presence of the barrier layer on the top surface has no influence in the 

cracking mode. In Figure 59 are reported the fracture surfaces belonging to two SOC1 specimens 

tested with the GDC barrier layer on the tensile side of the loading. Two different fracture 

mechanisms are shown. The one in Figure 59a) is the typical mechanism, with the fracture initiating 

in correspondence of the outer surface of the GDC barrier layer. The magnified image in Figure 59b) 

clearly shows how the crack propagates with continuity through both the electrolyte and the barrier 

layer, revealing a high bonding strength between the two layers. The pictures in Figure 59c)-d) show 

the fracture surface of a specimen that failed at a low applied stress. Here fracture was caused by the 

Figure 57 a) and b) SEM images of the fracture surface of a 3YSZ specimen that showed a high strength during B3B test; 
sample tested with the rough surface in tension. c) and d) SEM micrographs of the fracture surface of a 3YSZ specimen 

fractured at low applied stress; sample tested with the smooth surface in tension. The dashed line in (a) and c) highlights 
the fracture initiation site. b) and d) show a magnified image of this site. 

  a)                                 b) 

c)                               d) 
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presence of a big defect at the interface between the electrolyte and the GDC barrier layer. This 

defect was responsible for the lower strength of this specimen. 

  

 

  

  

 

The typical fracture surface of a SOC2 specimen tested with the barrier layer on the tensile side of 

loading is illustrated in Figure 60. The fracture seems to start at the electrolyte/GDC interface and it 

Figure 58 a) and b) SEM images of the fracture surface of a SOC1 specimen tested in B3B with the electrolyte side on the 
tensile side of the loading. The fracture initiation site is marked by the white dashed line. 

Figure 59 a) and b) SEM images of the typical fracture surface of a SOC1 specimen tested with the GDC barrier layer in 
tension. c) and d) SEM micrographs of the fracture surface of a SOC1 specimen fractured at low applied stress because of 
a big defect at the interface between GDC layer and electrolyte (marked by the dashed line). The dashed lines in (a) and c) 

highlights the fracture initiation sites. b) and d) show a magnified image of this site. 

a)                                                                                           b) 

a)                                                                                           b) 

c)                                                                                           d) 

GDC 

3YSZ 

GDC 

3YSZ 
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propagates in both directions; however, the porous nature of the barrier layer makes the exact 

identification of the initiation site quite difficult. Another fracture surface of a SOC2 sample tested 

with the GDC barrier layer in tension is shown in Figure 61. This time the specimen showed higher 

strength than the average one; this higher fracture strength is probably associated with the multiple 

plausible fracture initiation sites showed in Figure 61a). A detail of one of them is illustrated in the 

micrograph in Figure 61b). Also in this case, the fracture seems to initiate at the interface between 

the GDC barrier layer and the electrolyte. 

Figure 62 reports the fracture surface of again of a SOC2 sample, but this time tested on the opposite 

orientation (i.e. with the GDC adhesive layer in tension). The fracture initiation area can be better 

observed in the magnified micrograph in Figure 62b); it can be observed that the fracture surface is 

not planar and probably the failure initiation point is located on the plane perpendicular to the 

image, in correspondence of the clearly visible step, highlighted by the arrow. This pointy is likely 

located at the interface between the two layers, in correspondence of the maximum tensile stress. 

  

 

  

 

Figure 60 a) and b) SEM images of the typical fracture surface of a SOC2 specimen tested in B3B with the GDC barrier 
layer on the tensile side of the loading. The fracture initiation site is marked by the white dashed line in a) and a 

magnified detail of it is shown in b). 

Figure 61 a) and b) SEM images of the fracture surface of a SOC2 specimen tested in B3B with the GDC barrier layer on 
the tensile side of the loading and that showed higher strength than the average. Multiple possible initiation sites can be 

observed in a); detail of the most probable one in b). 

a)                                                                                           b) 

GDC 

3YSZ 

a)                                                                                           b) 

GDC 

3YSZ 



79 
 
 

  
    

 

Examples of fracture patterns for both orientations of SOC3 samples are reported in Figures 63 - 64. 

Figure 63 shows the typical look of a fracture surface when the samples were tested with the barrier 

layer on the tensile side of loading and the detail in Figure 63b) clearly shows the fracture initiation 

site located at the interface between the two layers. 

  

 

A representative fracture pattern of a SOC3 sample tested in B3B with the fuel electrode layer 

exposed to tensile load is shown in Figure 64. Figure 64b) illustrates the detail of the most probable 

crack initiation site, which seems to be located at the interface with the 3YSZ electrolyte. In 

Figure 64a) the effect of compressive stresses acting on the upper part of the specimen can be 

observed, at the interface between the electrolyte and the barrier layer. For all the specimens 

analysed so far, no delamination between layers was observed, revealing good bonding and strong 

interfaces; indeed, all observed cracks propagate through adjacent layers with continuity.  

Figure 65 shows micrograph of the fracture surface of a SOC4 specimen, tested with the GDC barrier 

layer on the tensile side of loading. Observing Figure 65a) it is possible to notice a partial 

delamination of the fuel electrode in the compressive area (i.e. upper part of the specimen): a 

continuous crack runs along the interface between the YSZ electrolyte and the NiO/GDC fuel 

electrode. Figure 65b) shows the fracture starting site located at the outer surface and propagating 

Figure 62 a) and b) SEM micrographs of the typical fracture surface of a SOC2 specimen tested in B3B with the GDC 
adhesive layer on the tensile side of the loading. The fracture initiation site is marked by the white dashed line in a) and a 

magnified detail of it is shown in b). 

Figure 63 a) and b) SEM micrographs of the typical fracture surface of a SOC3 specimen tested in B3B with the GDC 
barrier layer on the tensile side of the loading. The fracture initiation site is marked by the white dashed line in a) and 

shown in detail in the magnified micrograph in b). 

a)                                                                                           b) 
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3YSZ 
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from the GDC layer into the electrolyte; this behaviour reveals a good bonding between the two 

layers. It has to be noticed that the presence of the fuel electrode on the compressive side of loading 

has no influence on the fracture behaviour. This is confirmed by the fact that the flexural strength of 

the SOC4 samples tested with the GDC layer on the tensile side of loading is, to a good 

approximation, the same as the one measured for the SOC1 samples, tested with the same 

orientation. The specimen under investigation broke in two pieces, but a clear “third branch” of the 

crack propagating through the electrolyte is present and highlighted by the arrows in Figure 65c). 

  

 

  

  

Figure 64 a) and b) SEM micrographs of the typical fracture surface of a SOC3 specimen tested in B3B with the fuel 
electrode layer in tension. The probable fracture initiation site, at the interface with the 3YSZ electrolyte, is marked by the 

white dashed line in a) and shown in detail in the magnified micrograph in b). 

Figure 65 SEM micrographs of a SOC4 specimen tested 
with the GDC barrier layer in the tensile side of loading. 
The magnification in b) shows the fracture initiation point 
on the outer surface of the GDC layer circumscribed by the 
dashed line. The same site is also highlighted by the 
dashed line in a). The arrows in c) indicate the “third 
branch” of the crack propagating through the thickness of 
the electrolyte.  
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An example of the fracture mode of a SOC4 specimen tested with the fuel electrode in tension is 

illustrated in Figure 66. This time, no delamination is observed and the fracture initiation site is 

located somewhere between the fuel electrode and the electrolyte.  

As shown in Figure 66b), the crack propagates with continuity from the fuel electrode into the 

electrolyte, meaning that the bonding between these layers is strong enough and the crack does not 

deflect along the interface. This could explain the strength decrease of the SOC4 samples when 

tested with the fuel electrode in tension; considering that the fuel electrode is weaker than the 

supportive electrolyte, it will start cracking at a lower applied stress. These cracks are not able to 

deflect along the interface with the electrolyte because of the strong bonding and they will penetrate 

into the electrolyte. This mechanism seems to have a detrimental effect on the strength of the 

layered structure analysed.    

  

 

The micrographs in Figure 67 illustrate a typical fracture surface of the whole MEA (SOC5), tested 

with the air electrode on the tensile side of loading. The fracture initiation site is located at the 

interface between the LSCF air electrode and the GDC barrier layer, in correspondence of the area of 

maximum stress calculated via FEM. A detail of this area is shown in Figure 67b). Before the failure, 

some cracks from in the air electrode layer and they expand until the substrate interface. The pre-

cracking of the air electrode is a consequence of the much lower strength of this layer in comparison 

to the electrolyte. Because of residual stresses derived from the mismatch of the thermal expansion 

coefficients, the air electrode encounters itself already in tension before the mechanical test; given 

that this layer is really porous and mechanically weak, it is not expected to support a much higher 

tensile stress during the flexural test. Therefore, it is likely to pre-crack at low applied stress levels. 

The dashed circle ellipse in Figure 67a) highlights an example of pre-crack starting at the surface and 

propagating to the interface with the barrier layer. Such cracks only form locally, therefore their 

influence on the overall stiffness is negligible and the force-displacement curve will not show any 

evident deflection from linearity. However, they will act as stress concentrators during external 

loading and might lead to an early failure of the laminate, when in correspondence of defects in the 

substrate. As a result, the failure stress and the characteristic strength of the electrolyte on the MEA 

level are much lower (more than twice) than those of the uncoated electrolyte samples 57, 95. 

 

Figure 66  Example of the fracture surface appearance of a SOC4 specimen tested with the fuel electrode on the tensile 
side of loading. 

a)                                                                                           b) 
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6.3 Coefficient of Thermal Expansion 

At first, CTEs were measured on the thin layered structures listed in Table 3. Obtained data though 

suffered by significant error because of the very small thickness of the specimens. Therefore bulk 

pellets were prepared by pressing and sintering the powders corresponding to each layer material, as 

described in Paragraph 5.1.2. Each pellet has been tested in a dilatometer from room temperature 

up to 900 °C and data have been recorded for both the heating and cooling phases of the test. 

Figure 68 shows the curves of the relative elongation versus temperature of the two NiO/10GDC fuel 

electrode materials.  

  

 

Given that they are a mixture of NiO and 10GDC in different percentages, the NiO and 10GDC graphs 

are reported as well as a term of comparison in Figure 69. The plotted lines in the graphs correspond 

to the heating up phase of the test. 

While the CTE of 10GDC shows a rather linear behaviour, the slope of the thermal expansion vs. 

temperature curve for pure NiO (Figure 69b) is different below and above 250 °C. This behaviour is 

related to the magnetic transition of NiO and is in agreement with literature data for the same 

material 96. The same slope change can be observed for the fuel electrode samples made of a mixture 

of NiO and 10GDC shown in Figure 68. This means that the Nickel oxide trend is prominent compared 

to the gadolinium doped ceria one. In the temperature range between 30 °C and 900 °C the CTE is 

Figure 67 SEM images showing a typical fracture surface of a whole MEA (SO5) tested with the air electrode side in 
tension. The circle in a) highlights a pre-crack in the air electrode. b) Detail of the fracture initiation site at the interface 

between the LSCF air electrode and the GDC barrier layer. 

 

  

Figure 68 Typical curve ΔL/L versus temperature of fuel electrode materials. a) NiO:10GDC=50:50; b) NiO:GDC=95:5. 

a)                                                                                           b) 
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14.2 x 10-6 K-1 for NiO and 12.2 x 10-6 K-1 for 10GDC. Predictably, the CTE of the composites increases 

with NiO content, approaching the one of pure NiO for the sample with 95 % content of NiO. 

Analogous results were found from M. Mori et al. 96 for NiO-8YSZ composites. 

  

 

Figure 70 presents an example of typical dilatometric data in air for the air electrode materials: the 

40GDC used as the barrier layer and the LSCF used as the functional layer. The CTE of LSCF is 

relatively linear (see Figure 70b), in accordance with what reported in the literature by B. Wei et al 97. 

The trend of 40GDC is analogous to the one obtained for 10GDC. According to literature, the thermal 

expansion coefficient of GDC increases with the increase of Gd content, as a consequence of the 

reduction of binding energy in Gd-doped ceria 98. This reduction of binding energy is associated with 

an increase of oxygen vacancies, which is responsible for the increase in thermal expansion. This is 

true for the values measured for 10GDC and 20GDC. However, the value obtained for the sample 

with 40 % Gd content is a bit lower. The reason behind this result is unclear. 

  

 

Table 13 resumes the average thermal expansion coefficients of all the materials analyzed, calculated 

from the respective dilatometric results in air. The CTE values for the 3YSZ electrolyte and the 20GDC 

barrier layer were taken from literature to have a complete overview (references in brackets). It is 

evident that there is some mismatch in the CTEs of consecutive layers.  

Figure 69 Typical curve ΔL/L versus temperature of fuel electrode materials components. a) 10GDC b) NiO 

Figure 70 Typical curve ΔL/L versus temperature of the air electrode materials (barrier and functional). a) 40GDC b) LSCF 

a)                                                                                     b)   

  

a)                                                                                   b)   
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Table 13 CTEs of the materials composing the MEA. 

6.4 Effect of Ageing 

6.4.1 Mechanical Characterisation 

6.4.1.1 Elastic Characteristics 

The Elastic and Shear moduli of the MEAs exposed to operating SOC conditions and listed in Table 5 

were measured at room temperature via IET. The average values of elastic and shear moduli 

measured for the aged MEAs are shown in the bar graph of Figure 71. The graph reports, for 

comparison, also the results of the as-sintered cells (AS) and those of the cells right after the stack 

joining process (0 hours). All the values lay in ± 14.5 - 15.5 % intervals from the average value; these 

fluctuations can be considered a consequence of inherent measurement errors. It can, therefore, be 

stated that operating conditions have no significant influence on the elastic response of the MEA. 

The standard deviation reported on the top of each bar reveals a good reproducibility of the 

measurements. The main cause of uncertainty was the sample thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 71 Elastic and Shear 
modulus at room temperature 
of the aged MEAs measured by 
IET. 

 

 

 

Material Composition Function 
α [K-1] 

250-800°C     30-900°C 

3YSZ (Y2O3)0.03(ZrO2)0.97 Electrolyte - 10.8 x10-6 [108] 

10GDC Gd0.1Ce0.9O2 Fuel Electrode 12.4 x10-6 12.2 x10-6 

20GDC Gd0.2Ce0.8O2 Barrier  12.5 x10-6 [109] 

40GDC Gd0.4Ce0.6O2 Adhesive 11.9 x10-6 11.3 x10-6 

NiO:10GDC=50:50 (NiO)0.5(Gd0.1Ce0.9O2)0.5 Fuel Electrode 13.2 x10-6 13.4 x10-6 

NiO:10GDC=95:5 (NiO)0.95(Gd0.1Ce0.9O2)0.05 Fuel Electrode 13.4x10-6 14.0 x10-6 

NiO NiO Fuel Electrode 13.8 x10-6 14.4 x10-6 

LSCF La0.6Sr0.4Co0.2Fe0.8O3-δ Air Electrode 15.8 x10-6 16.6 x10-6 
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6.4.1.2 Flexural Strength 

In order to understand the effect of operating conditions on the mechanical integrity of the MEA, 

biaxial flexural strength tests were performed on aged MEAs. The measurements were conducted via 

Ball-on-3-Balls loading configuration; this choice came from the less strict requirements on the 

quality of sample preparation of the B3B test setup compared to other techniques. This way, any 

further damage to the samples was minimised. All the samples listed in Table 5 were tested via B3B 

configuration, with the same test setup utilised for the as-sintered MEAs, in order to allow the 

comparison of the experimental results.  

The results of the MEAs extracted from a stack just after the joining process (i.e. reduced) are 

reported in the form of Weibull plots in Figure 72; the strength distributions of the pristine MEAs are 

also reported for comparison. Two different behaviours can be observed: when the when the cells 

were tested with the fuel electrode on the tensile side of loading, the strength of the cells after 

joining is higher than the initial one (σ0 = 991 MPa and σ0 = 844 MPa respectively); however, when 

the samples were tested on the opposite orientation, a strength decrease of approximately 50 MPa 

was measured (the characteristic strength drops from σ0 = 802 MPa to σ0 = 747 MPa). This strength 

loss was accompanied by a significant drop in the Weibull modulus. 

 

 

 

 

 

 

 

 

 

Figure 72 Comparison of the 
strength distribution of the MEAs 
after the stack joining process (pink) 
with the one of the as-sintered 
MEAs (red plots). The graph reports 
the results obtained for both 
samples orientations. 

 

 

After measuring the strength of the cells in their non-operated state, tests were performed on cells 

extracted from operated stacks. The results of the MEAs aged in a test rig simulating the working 

SOFC conditions are reported first, followed by the results obtained for MEAs extracted from 

a Combined-Heat-and-Power (CHP) Valliant system.  

Figure 73 reports the Weibull plots of the fracture stress distribution of MEA samples aged for 

2000 hours in a test rig (blue plots). These results are compared to the ones obtained for the as-

sintered MEAs, identified by the red colour. Like already observed for the reduced samples, when the 

MEA samples were tested with the fuel electrode on the tensile side of loading, the strength of the 

aged samples is higher than the one of the as-sintered ones (σ0 = 938 MPa and σ0 = 844 MPa 

respectively). This strength increase though is lower than the one measured for the reduced cells. 

However, when the same samples were tested with the air electrode in tension, a further strength 

decrease – compared to the reduced cells - was measured for the aged samples (σ0 = 675 MPa in 

comparison to the initial σ0 = 802 MPa and the σ0 = 747 MPa of the reduced cells). The reasons for 
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these strengthening and weakening effects according to the tested side will be studied later on in the 

discussions (see Paragraph 7.3.1). Despite the strength loss, the Weibull moduli m of the aged MEAs 

are in the same range of those of the as-sintered ones for both orientations. 

 

 

 

 

Figure 73 Weibull plots of the 
fracture stress distribution of the 
MEA samples aged for 2000 hours in 
a test rig (blue plots) compared to 
the results obtained for the as-
sintered MEAs in red. The results for 
both sample orientations with their 
Weibull modulus are presented. 

 

 

 

As predictable, an analogous 

behaviour was observed for the MEAs operated continuously in fuel cell mode for 3000 hours. As 

shown in Figure 74, the strength of MEA samples tested with the fuel electrode in tension is higher 

than the initial ones, and the characteristic strength is very similar to the one measured for the 

2000 hours-aged cells (σ0 = 951 MPa). On the other hand, the MEAs tested with the air electrode on 

the tensile side suffer a further strength drop from the initial σ0 = 802 MPa to σ0 = 647 MPa. For both 

orientations, a quite relevant decrease in the Weibull modulus m can be observed. 

 

 

 

 

 

 

 

 

 
Figure 74 Comparison of the 
strength distribution of the MEAs 
operated for 3000 hours (light blue) 
with the one of the as-sintered 
MEAs (red plots). The graph reports 
the results obtained for both 
samples orientations. 

 

 

Regarding the MEAs aged in the CHP Valliant system, Figures 75 - 76 show the strength distributions 

in the form of Weibull plots for MEAs operated in fuel cell mode for 5500 and 9000 hours 

respectively. Each graph compares the results of the aged MEAs with those of the as-sintered MEAs 

and reports the relative Weibull moduli. Like already observed for the cells aged in the test rig, the 
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characteristic strength of the 5500 hours and 9000 hours aged MEAs (σ0 = 693 MPa and σ0 = 689 MPa 

respectively) is approximately 100 MPa smaller than the one of the as-sintered cells (σ0 = 802 MPa), 

when tested with the air electrode in tension.  

It was observed before that the operating conditions would cause an increase of the strength of the 

MEAs aged in the test rig when the fuel electrode was exposed to tensile load. This is not valid for 

the cells operated in the CHP system; indeed, their flexural strength diminishes after 5500 hours 

(σ0 = 794 MPa) of operation and only a negligible decrease was observed after 9000 hours 

(σ0 = 765 MPa). The loss of flexural strength is accompanied by a drop of the Weibull modulus, for 

both orientations; this drop is particularly pronounced for the cells operated for the higher amount 

of hours.   

 

 

 

 

 

 

 

 

 

 
Figure 75 Comparison of the Weibull 
strength distribution of the cells 
aged for 5500 hours in a CHP system 
and the corresponding initial 
strength of the as-sintered cells, 
including the respective Weibull 
modulus. 

 

 

 
 
 
 

 

 

 

 
Figure 76 Comparison of the Weibull 
strength distribution of the cells 
aged for 9000 hours in a CHP system 
and the as-sintered ones, including 
the respective Weibull modulus. 

 

Finally, the flexural strength of a MEA operated in reversible mode (i.e. both fuel cell and electrolysis 

modes) for 9500 hours was measured. The obtained strength distributions for both sample 

orientations are plotted in Figure 77, in comparison to the initial strength of the non-aged MEAs. 

Again, the strength of the aged cells decreases when tested with the air electrode on the tensile side 

of loading (it drops from σ0 = 802 MPa to σ0 = 681 MPa). However, when the aged cells were tested 
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with the fuel electrode in tension, the measured flexural strength was sensibly higher than the initial 

one of the as-sintered cells. The characteristic strength measured for the aged cell was 

σ0 = 1191 MPa, while the initial one was σ0 = 844 MPa. This strengthening effect is much pronounced 

than the one measured for the cells aged in the test rig and it could possibly be caused by a stiffness 

increase of the outer layers due to a chemical transformation induced by operating conditions. To 

better explain this exceptional behaviour, SEM chemical and fractographic analyses were performed. 

The results are discussed in more detail in Paragraph 7.3.1. 

 

 

 

 

 

 

 

 

 

 

 
Figure 77 Comparison of the Weibull 
strength distribution of the cells 
operated for 9500 hours in 
reversible mode and the as-sintered 
ones, including the respective 
Weibull modulus. 

 

In order to have a better overview of the effect of operating conditions on the cell strength, Table 14 

summarises the results obtained for all the aged cells tested. The characteristic strengths σ0 and 

Weibull moduli m are reported for each sample, for both orientations, together with their 90 % 

confidence intervals in brackets.  

Table 14 Compilation of Weibull parameters obtained from biaxial bending test of the aged MEAs, including the 90 % 
confidence intervals. 

Ageing time [h] Tested surface σ0 [Mpa] m 

As Sintered  
Fuel electrode 
Air electrode 

844.4 (838.9|849.7) 
801.7 (790.9|812.4) 

57.4 (43.4|74.8) 
25.9 (19.9|33.3) 

As Sintered [RS]* 
Fuel electrode 
Air electrode 

951.3 (945.0|957.4) 
998.5 (989.1|1007.8) 

56.1 (42.4|73.1) 
37.1 (28.4|47.6) 

0 
Fuel electrode 
Air electrode 

991.4 (981.4|1001.2) 
746.6 (719.5|774.0) 

41.2 (30.1|55.4) 
9.3 (7.2|11.8) 

2000 
Fuel electrode 
Air electrode 

937.8 (927.0|948.4) 
675.0 (664.1|685.7) 

31.7 (24.0|41.2) 
21.9 (16.8|28.3) 

3000 
Fuel electrode 
Air electrode 

951.2 (929.1|973.3) 
646.7 (633.2|660.1) 

15.3 (11.7|19.8) 
17.1 (13.0|22.2) 

5500 
Fuel electrode 
Air electrode 

794.2 (782.8|805.5) 
693.4 (682.6|704.1) 

24.6 (18.8|31.8) 
25.5 (18.8|34.0) 

9000 
Fuel electrode 
Air electrode 

765.0 (744.8|785.2) 
688.7 (670.0|707.5) 

13.2 (10.1|16.9) 
12.9 (9.9|16.7) 

9500 
Fuel electrode 
Air electrode 

1190.8 (1152.6|1229.1) 
681.4 (671.3|691.3) 

10.3 (8.0|13.1) 
23.0 (17.8|29.4) 

* Residual stresses taken into account. 
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It has to be pointed out that the results discussed above did not take into account the residual 

stresses that are present inside the MEA as a consequence of the CTE mismatch between layers. Such 

stresses could have a considerable effect on the resulting strength of the as-sintered MEA. Thus, 

Table 14 reports also the characteristic strength and Weibull modulus of the as-sintered MEAs, when 

the residual stresses (calculated via FEM) were taken into account. The discussion of these results 

follows in Paragraph 7.3. 

6.4.2 Chemical Characterisation 

To have a better understanding of the effect of operating conditions on the integrity of the MEA, 

SEM observations were carried out on the cells operated in the Valliant µCHP system and compared 

to the non-operated ones. It is known that electrochemical degradation threatens SOC long-term 

performances and it is caused by multiple phenomena such as electrode microstructural changes, 

chemical decomposition of materials or contaminants poisoning. Among them, Ni agglomeration in 

the fuel electrode and LSCF material destabilization are considered to be two of the most significant 

mechanisms responsible for cell performance loss. Therefore, post-mortem SEM analyses were 

mainly focused on the investigation of these two mechanisms. 

The first part of this chapter is dedicated to the investigation of the air electrode, followed by the 

analysis of the fuel electrode. For all the SEM observations, a Back Scattered Electron detector (BES) 

was used to obtain a better contrast between the different phases; the pictures were taken at a 

Working Distance (WD) around 9 mm with an acceleration voltage of 20 kV. All the micrographs of 

the air electrode reported below report the YSZ electrolyte on the left, followed by the GDC barrier 

layer and the LSCF air electrode on the right.  

Figure 78 shows the look in cross section of the air electrode of a MEA in its pristine state, right after 

the sintering process. In this micrograph, the electrolyte, the GDC barrier layer and the LSCF air 

electrode are clearly identifiable. The GDC barrier layer has an approximately constant thickness of 

about 7 µm and it appears in a bright grey colour, while the YSZ and LSCF phases exhibit darker 

tones. Both the GDC and LSCF layers have porous microstructures (pores appear in black in the BSE 

image) and they show a good bonding between themselves and with the YSZ electrolyte support, 

with no signs of delamination. This is in agreement to what already reported in literature 55, 99.  

If we observe the MEA after being operated in fuel cell mode for 5500 hours, the look of the 

YSZ/GDC/LSCF cross section is the one illustrated in Figure 79. The GDC and LSCF layers undergo a 

coarsening of their microstructure, according to data already reported in the literature. This 

coarsening is responsible for agglomeration of LSCF nanoparticles, reducing the electrochemical 

reaction sites (namely three-phase boundary (TPB)) and consequently the electrochemical activity of 

the air electrode 100. Still a good adhesion between the GDC barrier layer and the YSZ electrolyte can 

be observed, while delamination occurs at the GDC/LSCF interface. The coarse layer on the outer 

surface of the LSCF that can be seen in Figure 79 is a LSMC (La0.65Sr0.3Mn0.9Co0.1Ox) contact layer, 

whose function is to guarantee a low resistive and long-term stable contact between the air 

electrode and the metal interconnector, ensuring an adequate current collection. 
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Figure 78 BSE (Back Scattered 
Electrons) photographs showing cross-
section of LSCF electrode with the GDC 
barrier, right after the sintering process 
at 1100 °C. Magnification: 3000 x. 

 

 

 

 

 

 
 

 

 

 

 

 

 
Figure 79 BSE image of cross-section of 
YSZ/GDC/LSCF interface for the MEA 
after 5500 hours of operation in fuel 
cell mode in a CHP system. 
Magnification: 3000 x. 

Figure 80 shows the cross section of a cell operated in fuel cell mode for 9000 hours. Its look is 

similar to the one reported in Figure 79 for the 5500 hours aged cell; however, the demixing of the 

LSCF layer seems to be more pronounced and its delamination from the GDC is significant.  

After the post-test analyses of cell operated under solid oxide fuel cell conditions, a cell extracted 

from a stack operated in alternate solid oxide electrolysis and fuel cell modes for 9500 hours was 

investigated. Figure 81 shows its appearance; significant microstructural transformations can be 

observed in comparison to the previous ones operated in fuel cell mode. At first glance it is evident 

how the demixing of the LSCF is much more pronounced; as Laurencin et al. 101 reported, this 

phenomenon is strongly favoured by the electrolysis operating conditions. The chemical change of 

the LSCF electrode was also described in other works:  F. Tietz et al. 51 reported on a modification of 

perovskite compositions after the electrolysis operation and the studies performed by C. Frey et al 102 

and K. Chen et al. 103 confirmed the decomposition of LSCF. In Figure 81 the formation of a dense 

phase on the outer surface of the air electrode can be observed. EDS analysis helped to identify its 
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elemental composition and revealed that it is MnO (see later in this section). This dense layer could 

be responsible for an increase in the stiffness and consequently for the strength increase measured 

via the biaxial flexural test. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 80 BSE image of cross-section of 
YSZ/GDC/LSCF interface for the MEA 
after 9000 hours of operation in fuel 
cell mode in a CHP system. 
Magnification: 3000 x. 

 
 

 
 
 
 
 
 
 
 
 
 

 

 

 

 
Figure 81 Cross-sectional BSE image of 
YSZ/GDC/LSCF interface after 9500 
hours of operation in SOFC/SOEC 
mode. Magnification: 3000 x. 

Figures 82 - 84 show the look of the NiO/GDC fuel electrode in its pristine state, after 5500 hours and 

9000 hours of SOFC operation.  In all these micrographs, the YSZ lays on the right side of the picture, 

followed by the thin GDC adhesive layer and the double-layered (i.e. functional and contact) 

NiO/GDC fuel electrode on the left (see Figure 82).  

The typical degradation mechanisms that affect Ni/GDC fuel electrodes are multiple: coarsening of Ni 

particles, migration of Ni towards the electrode surface and Ni depletion in the proximity of the 

electrode/electrolyte interface. These mechanisms have been widely studied in literature and the 

work of Zekri et al. 104 presents a complete overview . The coarsening/agglomeration of Ni particles 

are clearly visible in Figures 82 - 84 and it can be observed that Ni agglomerates are bigger in the 
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contact layer than in the functional layer. This is probably due to the difference in the initial Ni/GDC 

composition of the two layers: the content of GDC in the functional layer is much higher than the one 

in the contact layer and the presence of a stable GDC phase could act as a physical barrier to hinder 

the coarsening of Ni particles. With increasing operating time and because of the high operating 

temperature, the smaller Ni particles are slowly incorporated by the bigger ones so that the amount 

of small particles keeps decreasing in favour of the bigger particles. Indeed, in Figure 84 big Ni 

agglomerates can be observed at the electrode surface.  

The formation of Ni nanoparticles in Ni/GDC electrodes has been attributed to the possible 

formation of nickel hydroxide and to its following decomposition: the gaseous hydroxide rapidly 

reduces to pure nickel and agglomerates where the oxygen activity is lower. This Ni migration to the 

external contact layer of the fuel electrode could lead to Ni depletion in the region of 

electrolyte/electrode interface. It has been observed that the Ni depletion in this region becomes 

more pronounced in cells operated for a longer time. When comparing the micrographs of the cell 

operated for 5500 hours and the one operated for 9000 hours in Figure 83 and Figure 84 respectively 

it is quite evident how the presence of Ni particles is shifted towards the external surface of the 

electrode, leaving a depleted region at the interface with the electrolyte.  The large Ni particles in the 

functional layer in Figure 83 are nearly absent in Figure 84 and seem to have migrated quite entirely 

on the surface of the electrode.  

Moreover, the formation of GDC agglomerates can be observed, especially in the cell with the 

highest amount of operational service (see Figure 84). This agglomeration could affect negatively the 

ionic conductivity of the MEA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 82 Cross-sectional SEM image 
of NiO-GDC based fuel electrode and 
its interface with the YSZ electrolyte, 
right after the sintering process at 
1100 °C. Magnification: 3000 x. 
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Figure 83 Cross-sectional SEM image 
of NiO/GDC fuel electrode and its 
interface with the electrolyte, after 
being operated in SOFC mode for 
5500 hours. Magnification: 3000 x. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 84 Cross-sectional SEM image 
of NiO/GDC fuel electrode and its 
interface with the YSZ electrolyte, 
after 9000 hours of SOFC operation. 
Magnification: 3000 x. 
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In complementarity to the SEM observations, the cells microstructure was further analysed using an 

energy-dispersive X-ray spectrometer (EDS, Tescan). Line scans allowed a semi-quantitative 

elemental analysis of the samples; they were performed perpendicular to the electrode/electrolyte 

interface in order to determine the elemental distribution across the thickness. For the EDS 

measurements, a 3000 x magnification and a 20 kV voltage were chosen. The results on the air 

electrode are reported first, followed by the ones of the fuel electrode. 

Figure 85 shows the SEM cross-section of the air electrode of a pristine MEA, along with the 

elemental distribution obtained from the EDS line scans across the electrode. It can be observed that 

the elements in the LSCF electrode are nicely distributed across the thickness of the layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

The LSCF demixing reported in the literature and confirmed from the SEM observations is well 

identifiable in the EDS graphs of the operated cells reported in Figure 86 - 88. Literature works 

reported also an enhanced concentration of Sr at the GDC/YSZ interface after operation, which is 

responsible for a decreased cell performance 105. This phenomenon of Sr migration towards the 

electrolyte due to operation was only minimal in the cells observed in this work. As observed in the 

SEM micrograph of the cell operated in both electrolysis and fuel cell modes (Figure 81), the LSCF 

demixing was quite pronounced, together with the migration of the GDC barrier layer elements into 

the LSCF electrode layer. This migration was confirmed from the EDS analysis: Figure 88 clearly 

shows how the Gd and Ce of the barrier layer are not confined to this layer anymore, but migrate 

into the air electrode. The graph confirms also the presence of a dense MnO layer on the outer 

surface of the electrode. 

 
 

 

 

Figure 85 SEM/EDS analysis on a pristine 
MEA, just after sintering. SEM cross-section 
(top) and elemental distribution 
reconstruction from the EDS line scan along 
the line A-A (bottom). 
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Figure 86 SEM/EDS analysis on a MEA 
operated in fuel cell mode for 5500 hours. 
SEM cross-section (top) and elemental 
distribution reconstruction from the EDS 
line scan along the line B-B (bottom). 

Figure 87 SEM/EDS analysis on a MEA 
operated for 9000 hours in fuel cell mode. 
SEM cross-section (top) and elemental 
distribution reconstruction from the EDS 
line scan along the line C-C (bottom). 
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B                                                        B 
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Figure 89 shows the SEM cross-section of the fuel electrode of a MEA in its as-sintered state, along 

with the elemental distribution obtained from the EDS line scans across the thickness. All the layers 

are clearly identifiable. From right to left: the dense YSZ electrolyte, the adhesive GDC layer, and the 

functional and contact Ni/GDC electrode layers.  

As clearly shown in the EDS graph obtained from the line scan, the content of GDC in the functional 

layer is much higher than the one in the contact layer, as it is expected to be. Moreover, it can be 

observed that the content of oxygen in the contact layer is quite high; this is a sign that the nickel 

(i.e. after the sintering process) at this stage is still in its oxidised form (NiO).  

If we observe the EDS scan on a sample extracted from a stack just after the joining process (but still 

with not being exposed to operating conditions), it can immediately be observed that the NiO of the 

contact layer got reduced and became nearly entirely pure Ni (see Figure 90). Indeed, the oxygen 

content in this layer is sensibly reduced in comparison to the one of the pristine MEA.  However, the 

elemental distribution of the subsequent layers can be considered unchanged and, besides the nickel 

reduction in the contact layer, no further significant differences can be noticed between the two 

samples.  

 
 

 

Figure 88 SEM/EDS analysis on a 
MEA operated for 9500 hours in 
alternate electrolysis and fuel cell 
mode. SEM cross-section (top) and 
elemental distribution 
reconstruction from the EDS line 
scan along the line D-D (bottom). 
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Ni/GDC contact          Ni/GDC functional      GDC          YSZ 

E                                                                     E 

10 µm 

Figure 89 SEM/EDS analysis on the fuel 
electrode of a MEA in its pristine state. 
SEM cross-section (top) and elemental 
distribution reconstruction from the EDS 
line scan along the line E-E (bottom). 

Ni/GDC contact         Ni/GDC functional    GDC          YSZ 

F                                                                     F 

10 µm 

Figure 90 SEM/EDS analysis on the fuel 
electrode of a MEA after the stack joining 
process. SEM cross-section (top) and 
elemental distribution reconstruction from 
the EDS line scan along the line F-F 
(bottom). 
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SEM observations on the aged MEAs previously reported in this paragraph revealed the occurrence 

of three main degradation phenomena in the fuel electrode: coarsening of Ni particles, migration of 

Ni towards the electrode surface and Ni depletion in the proximity of the electrode/electrolyte 

interface. All of them were already clearly visible in Figures 82 - 84 and they were further confirmed 

by the EDS elemental analyses of the 5500 and 9000 hours-aged cells reported in Figures 91 - 92. As 

it can be observed in the graphs obtained via line scans across the thickness, the Ni particles formed 

big agglomerates and migrated towards the free surface of the fuel electrode, where a dense layer of 

nearly pure Ni and the almost total absence of GDC can be observed. Consequently, a decreasing 

content of Ni was measured when moving from the electrolyte towards the external surface of the 

electrode. While for the cell operated for 5500 hours in SOFC, it is still possible to distinguish the 

contact and functional layers of the electrode, the same cannot be said for the cell after 9000 hours 

of service (see Figure 92). In the 5500 hours-aged MEA some Ni particles are still visible in the 

functional layer; however, in the 9000 hours-aged MEA, they seem to have been completely 

incorporated from the bigger Ni particles located on the electrode surface. Yet, the EDS revealed that 

some nickel is still present in the functional layer (see graph in Figure 92), but in much lower amount 

compared to the as-sintered cell. Moreover, it can be observed that the initial structure of the fuel 

electrode, with its three functional layers (contact, functional and adhesive), is completely destroyed 

after 9000 hours of operation. 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Ni/GDC contact      Ni/GDC functional  GDC          YSZ 

     G                                                                  G 

10 µm 

Figure 91 SEM/EDS analysis on the fuel 
electrode of a MEA operated for 5500 
hours in SOFC mode. SEM cross-section 
(top) and elemental distribution 
reconstruction from the EDS line scan 
along the line G-G(bottom). 
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6.5 Nickel Foam 

6.5.1 Elastic Properties 

The typical stress-strain curve and the corresponding front views of a nickel foam specimen before 

and after the tensile test are shown in Figure 93.  

 

 

 

As already mentioned in the methodology chapter of this thesis, tensile tests have been performed 

on foams that have been first compressed to different levels of strain, and thus possessing different 

thicknesses and densities. Moreover, tensile tests were performed on three strips that have been cut 

from nickel foams extracted from a repetition unit, thus characterised by the wavy geometry shown 

Figure 93 a) Example of stress-strain curve of a Ni-Foam sample. b) View of the specimen prior and after the test. 

      Ni                            Ni/GDC                                YSZ 

H                                                                     H 

10 µm 

Figure 92 SEM/EDS analysis on the fuel 
electrode of a MEA operated for 9000 
hours in SOFC mode. SEM cross-section 
(top) and elemental distribution 
reconstruction from the EDS line scan 
along the line H-H(bottom). 

a)                                                             b) 
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in Figure 46. For each sample, the E modulus was calculated via the Hooke’s low from the slope of 

the linear part of the loading curve, as shown in Figure 93.  

The results of the tensile test performed on the partially deformed foams can be found in the graph 

of Figure 94. In this graph, the dependence of the foam E modulus (in the longitudinal direction) on 

its thickness is plotted. It can be observed that the E modulus increases linearly with the increasing 

compression level of the Ni-foam.  

Yield strength and ultimate tensile strength (UTS) are illustrated in Figure 95, together with their fits. 

Finally, Table 15 summarises the dependence of the elastic modulus E on the deformation in the 

thickness direction. The samples labelled with NiFoam_6, NiFoam_7 and NiFoam_8 correspond to 

the foams with the wavy geometry, extracted from the stack. In this case, the dimension indicated 

with l represents the gauge length during the tensile test, while Δl the total elongation (in 

percentage) of the specimens during the tensile test. 

 

Figure 94 Elastic modulus E measured via tensile test of pre-
strained Ni-foam samples. 

 

Figure 95 Yield stress and UTS measured via tensile test of 
pre-strained Ni-foam samples. 

Table 15  Summary of the results from the tensile test of Ni-foam. 

Sample 
Dimensions 

t [mm]   b [mm]   l [mm]        
E  

[MPa] 
YS 

[MPa] 
UTS 

[MPa] 
Δl     
% 

Pre-
strain 

NiFoam_0  2.20 11.96 70.00 486 1.02 2.88 15.0 0 
NiFoam_1 2.05 12.08 70.00 576 1.28 2.81 10.6 0.068 

NiFoam_2 1.95 12.10 70.00 692 1.20 3.24 14.0 0.114 
NiFoam_3 1.50 12.22 70.00 994 1.89 4.25 10.0 0.320 

NiFoam_4 1.37 12.30 70.00 1007 1.84 4.58 9.5 0.377 

NiFoam_5 0.74 12.50 70.00 1656 5.24 10.10 7.7 0.663 

NiFoam_6 1.70 11.00 70.00 1037 1.61 3.95 11.4 0.309 

NiFoam_7 1.68 11.13 70.00 1103 1.40 4.21 12.5 0.317 
NiFoam_8 1.67 10.98 70.00 1120 1.41 4.05 11.7 0.308 

6.5.2 Strength at High Temperature 

The results of the compressive tests of the nickel foam are reported in Figures 96 - 98. Tests were 

performed on foam samples characterised by three different densities: 1500 g/m3, 3000 g/m3 and 

4500 g/m3. Each figure reports the strain-versus-compressive stress graphs corresponding to these 

nickel foams. The foam with the density of 1500 g/m3 corresponds to the foam currently used in the 

stack studied in this work. Moreover, in each graph are reported the compressive stress values 

corresponding to foam thicknesses of 1.7 mm, 1.2 mm and 0.7 mm, which is the final thickness at 

which the compression was interrupted. Figure 96 reports the results of the tests performed at room 
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temperature; Figure 97 and Figure 98 those of the tests carried out in the furnace at 600 °C and 

850 °C respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 96 Strain vs Compressive 
stress curves of the Ni-Foams tested 
at room temperature. 

 

 

 

 

 

 

 

 

 

 

 
Figure 97 Strain vs Compressive 
stress curves of the Ni-Foams tested 
at 600 °C. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 98 Strain vs Compressive 
stress curves of the Ni-Foams tested 
at 850 °C. 
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7. Discussion 

7.1 Elastic Characteristics 

In Table 8 are listed the values of elastic moduli E of the SOC0-SOC5 layered structures determined 

by different test setups and loading configurations. As already observed by Masini et al. 76, the 

measured E for the bare electrolyte (corresponding to the sample SOC0) is about 203 GPa, 

independently from the experimental setup adopted. This is quite obvious, given the isotropic nature 

of the sample. With the addition of the first two GDC layers to the electrolyte, some differences can 

be observed: while no significant dissimilarities can be noticed between the results of the flexural 

and tensile tests, the resonance method provided E values considerably lower.  

With the further addition of layers, the magnitude of the E modulus determined via tensile loading is 

much higher than the one measured via resonance and flexural tests. It can be stated that, with the 

increasing number of layers and the layered structure becoming more complex, the elastic response 

becomes strongly dependent on the loading direction. Indeed, the results obtained via out of plane 

flexural loading (IET and 3PB) are much smaller than those measured via in-plane tensile loading. 

However, a common decreasing trend can be observed. The differences in the results obtained via 

different experimental techniques reveal the complexity of the mechanical response of the multi-

layered structure under investigation, incorporating additional acting effects.  

The presumptions given by EN 843-2 for the determination of the elastic modulus in the flexural test 

were not completely fulfilled. Thus, it would be probably more appropriate to refer to the values 

obtained in bending as “flexural stiffness” in a given direction, as it would not be fully correct to talk 

about elastic modulus in its physical meaning.  However, the obtained data are still valuable as they 

show the mechanical response of the MEA under a certain loading configuration and they are useful 

for practical applications. Indeed, the MEA is mainly exposed to bending and buckling loads when 

operating in a SOC stack. Therefore, assessing the response of the MEA in flexural loading is of major 

relevance and the results of the 3PB test can be used to have an idea of the overall flexural stiffness 

of the layered structures tested.  

Also for the IET, the ASTM E1875-08 standard prerequisites were not fully respected given the non-

monolithic nature of the materials tested. However, the natural frequencies determined via 

resonance test as well as the deflections measured during the flexural test were correctly measured. 

That being so, these parameters were used as inputs for the FE simulations, in order to determine 

the elastic characteristics of each individual layer of the MEA, following what described in 

Paragraph 5.2.4. The analytical determination of such parameters was quite demanding because of 

the complexity of the structure under investigation. First, being a non-symmetrical and multi-

material thin structure, the MEA could not be homogenised and treated as a monolithic material. 

Second, considered the influence of the sample orientation (i.e. which side was on the tensile side of 

loading) on the stiffness measured in bending, the MEA could not be considered as an orthotropic 

continuum. Finally, the exact determination of the layer thicknesses was not an easy task given the 

small dimensions of the samples and the variation given by the processing precision. As already 

mentioned in Paragraph 6.1.4, a small change in the thickness of the layers could lead to a 

substantial change in the final result. Thus, meticulous measurements had to be carried out.  

7.2 Flexural Strength 

The MEA is made up of co-sintered layers. Because of the CTE mismatch, residual stresses will arise in 

the layers during cooling from the sintering temperature, as the layers are bonded to each other and 
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are not allowed to contract freely. Therefore, the multi-layered samples are not in a stress-free state 

at room temperature before the mechanical tests. Some of the layers are already in tension while 

other in compression. These residual stresses are responsible for a more fragile MEA when handling 

it 106. For the proper evaluation of the strength at room temperature of the materials under 

investigation, these residual stresses have to be taken into account. The effect of residual stresses on 

the strength of bi-layer SOC materials has been already investigated and it has been reported that 

residual stresses could either strengthen or weaken the layered structure, depending on which of the 

layer is exposed to tensile loading. However, literature data deal only with bi-layer or symmetrical 

structures; the influence of residual stresses on the mechanical integrity of the whole MEA has not 

been reported yet.  

Looking at the results reported in Tables 11 - 12 for SOC1, it can be observed that the strength of the 

bi-layered structure slightly increases when the electrolyte is on the tensile side of loading, but it 

drastically decreases when the electrolyte is on the compressive side. The reason for this behaviour 

can be found in the residual stresses that develop in the sample after cooling down from the 

sintering temperature. A finite element model allowed the determination of the maximal residual 

stresses inside the layers: at room temperature, the electrolyte is in a compressive state (about 

50 MPa), while the GDC barrier layer is solicited by high tensile stresses of about 600 MPa (see 

Figure 99). Therefore, the barrier layer is already in tension before the flexural test and the applied 

stress necessary to reach failure is lower. At the contrary, the compressive stresses developed in the 

electrolyte act against the tensile stresses applied during mechanical testing, resulting in a strength 

increase. As one can imagine, this high residual stresses derived from the CTE mismatch will be 

accommodated by elastic and possibly non-elastic deformations, resulting in non-planar samples. 

The addition of the second GDC layer results again in compressive stresses in the electrolyte (about 

75 MPa) and high tensile stresses in both GDC layers (625 MPa in the barrier layer and 500 MPa in 

the last deposited adhesive layer). The stresses in the electrolyte and in the barrier layer are of the 

same magnitude of the one in the SOC1 samples; hence no significant difference is observed 

between the mechanical response of SOC1 and SOC2 samples tested with the barrier layer on the 

tensile side of loading. In contrast, the presence of the adhesive GDC layer with its high tensile 

stresses plays an important role in the strength of the tri-layered structure: the Weibull strength 

measured for SOC2 (tested with the adhesive layer in tension) becomes significantly smaller than the 

one determined for SOC1 samples (tested with the same orientation). 

 
Figure 99 Schematic representation of the development of residual stresses in SOC1 samples after cooling from the 

sintering temperature. The final residual stresses are a combination of the thermally induced stresses derived from the CTE 
mismatch between layers and elastic strains associated with them. 
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The presence of the fuel electrode layers has negligible influence in the failure load; this is in 

accordance with the fuel electrode having low residual stresses, low elastic modulus and low 

strength 95. The residual stresses measured for the two fuel electrode layers are about 90 MPa in 

SOC4 samples; this stress value is much smaller than the one calculated for the GDC layers.  

Also, the addition of the LSCF air electrode plays a minor role on the final strength of the MEA. 

Indeed, the characteristic strength measure for SOC5 samples is of the same order of the one 

obtained for the SOC4 ones. This means that the pre-cracks forming in the air electrode layer for 

relatively low applied stresses, are not able to penetrate into the electrolyte and they have no 

significant influence on the failure mechanism.   

As just described, the residual stresses building up in all the layers sandwiching the electrolyte are 

tensile; this is a consequence of their coefficients of thermal expansion that is higher than the one of 

the electrolyte (see Table 13). If these stresses are sufficiently high, cracks can form in the outer 

layers. These cracks are particularly detrimental on the strength of the laminate when the fracture 

energy of interfaces is high enough to avoid the deflection of such cracks along the interface 

between layers. In this case, the crack can propagate into the substrate, leading to early failure. In 

contrast, if the interfaces are weak, cracks formed in the outer layers are deflected when reaching an 

interface, resulting in layer delamination. In this case, the strength of the substrate (electrolyte) is 

not threatened by the outer layers and its failure will require the formation of a new crack in 

correspondence of a defect in the electrolyte itself. Thus, the final strength of the layered structure 

will be the same as the one of the bare electrolyte. This is not the case for the MEA investigated in 

this thesis, as the sintering temperature used during the manufacturing process is high enough to 

ensure proper bonding between layers 77. Thus, cracks that formed in the weaker layers can 

penetrate into the inner layers, resulting in much lower fracture strength of the multi-layered 

structure.  

In conclusion, the lower strength of the MEA when compared to the uncoated electrolyte can be a 

result of the development of cracks in the outer layers (originated from the residual stresses derived 

from the CTE mismatch) and of the strong bonding interface between layers. The tip of the cracks 

forming in the electrodes will act as stress concentrators at the electrolyte interface and they might 

easily penetrate into the YSZ electrolyte, thus lowering the final strength. 

All the analysed samples fractured within the area of maximum applied stress indicated in Figure 44. 

For better identification of the fracture initiation site across the section of the samples, FEA was 

used. In particular, the FEA of the biaxial flexural test allowed the estimation of the stress distribution 

across the section corresponding to a certain applied load. Figure 100 shows how the stresses 

distribute across the section of every sample for an applied load of about 4.5 N. In these results, 

residual stresses were taken into account. They were incorporated as a separate step in the model 

before calculating the biaxial flexural stresses. The cross-sectional distribution of the total stresses 

reveals that the maximum tensile stress is not always located at the outer surface under the tensile 

load. Indeed, in some cases, the maximum tensile stress arises at the interface between layers. This 

means that the fracture will not always initiate at the surface, but it could start at the most stressed 

interface between layers, depending also on the strength of individual layers. This is particularly 

evident for the SOC5 sample oriented with the air electrode on the tensile side of loading. In this 

case, the calculated maximum tensile stress is located at the interface between the LSCF electrode 

and the GDC barrier layer; the tensile stresses in the air electrode are pretty small compared to those 

developed in the barrier layer. Therefore, if the tensile stress present in the air electrode does not 

exceed the material strength, the fracture will initiate at the interface. The FEA results were 

confirmed by fractographic analysis on broken samples. 
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Figure 100 Stress distribution across the section of the layered samples tested in biaxial flexure. Compressive stresses are 
indicated in blue, tensile stresses in red.  

7.2.1 Comparison between uniaxial and biaxial flexural strength 

The Weibull plots in Figure 101 show the 3PB and B3B results for every sample side by side. 

A common decreasing trend of the characteristic strength with the addition of layers to the 

electrolyte was measured. However, significant discrepancies of Weibull strength were observed 

between the uniaxial and biaxial flexural test results.  

The reason for this can be found in the fact that two important aspects have to be taken into account 

when comparing the characteristic strength values obtained via these two different load 

configurations 84, 87:  

▪ A biaxial stress state is compared to a uniaxial stress state; 

▪ Tested specimens have different size and consequently different loaded areas. 

These aspects are particularly important considering that:  

▪ Biaxial stress states are more sensitive to the presence of defects than uniaxial stress states; 

▪ Bigger specimens are more likely to contain big defects that could lead to an early failure. 

This aspect is partially taken into account by the Weibull extrapolation of strength, which 

predicts lower strength values for bigger specimens. 

Despite the big differences of Weibull strength values (mainly derived from the big variation in the 

efficient volumes between 3PB and B3B samples) the Weibull modulus should remain constant. This 

is not the case for the results in Figure 101. Analogous results were already observed by A. Faes et al. 

for anode-supported SOFCs tested in uniaxial (tensile and biaxial (ring-on-ring) tests 107. The reason 

behind this phenomenon is not revealed. 
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7.3 Effect of Ageing 

7.3.1 Flexural Strength 

In order to have a better understanding of the mechanisms lying behind the fracture behaviour of 

the aged cells, fractographic analyses were performed on some of the broken specimens. 

Figure 101 Comparison between the uniaxial (3PB) and biaxial (B3B) strength results in the form of Weibull plots. Red plots 
correspond to the 3PB results, while blue plots to the B3B ones. 
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Analogously to what done for the SOC0-SOC5 specimens, the analyses were performed by scanning 

electron microscopy. The specimens were mounted in the vacuum chamber of a Scanning Electron 

Microscope Tescan LYRA 3 (Tescan, Czech Republic) with no tilt angle. All the observations were 

performed at a Working Distance (WD) around 9 mm with an acceleration voltage of 20 kV. Back 

Scattered Electrons Detector was used to facilitate the analyses. Before the observations, samples 

were coated with a thin carbon film, in order to give them the required conductivity.  

The fracture surface of a sample with 0 hours of operational service (i.e. right after the stack joining 

process) is shown in Figures 102 - 103. 

Figure 102 reposts two examples of fracture mechanism of samples tested with the air electrode on 

the tensile side of loading: one of a sample that broke at a high applied stress and the other that 

failed at an average stress value. The fracture surface showed in Figure 102 a)-b) is characterised by 

a wavy profile; this rough fracture surface is typical for materials with high fracture energy. The 

typical fracture mechanism is illustrated in the micrograph of Figure 102 c)-d). Given the porous 

nature of the materials, it is not easy to identify the exact crack initiation point. However, it is 

possible to identify the initiation area, which seems to be located at the interface between the GDC 

barrier layer and the LSCF electrode. In both presented cases, no delamination between layers was 

observed.  

  

  

 
 

Figure 102 SEM micrographs of the fracture surfaces of cells after with 0 hours of operation, tested in B3B with the air 
electrode layer in tension. a)-b) Fracture mechanism of a sample which showed high fracture strength. c)-d) Typical 

fracture mechanism. The probable fracture initiation areas are marked by the white dashed lines in a) and c) and shown in 
detail in the magnified micrograph in b) and d). 

c)                                                                                         d) 

a)                                                                                        b) 

LSCF 

3YSZ 

GDC 



109 
 
 

An example of the fracture surface for a sample tested with the opposite orientation is reported in 

the micrographs of Figure 103. The crack initiation area is located at the electrolyte/electrode 

interface and it is highlighted by the white dashed lines. The micrograph in Figure 103c) shows the 

detail of this area. It can be observed a thin dense interdiffusion layer that generates between the 

electrolyte and the fuel electrode. Even in this case, good interfacial bonding between adjacent 

layers can be observed. The fracture mechanisms observed for both orientations of the reduced cells 

are the same as the ones observed for the cells in their as-sintered state. 

  

  

Figure 104 shows the typical fracture surface of a cell operated in fuel cell mode for 2000 hours and 

tested with the LSCF air electrode on the tensile side of loading. Unlike what observed for the cells 

with no operational hours, the bonding between layers is not maintained: delamination of the LSCF 

layer from the GDC barrier layer was observed (see micrograph of Figure 104b). This detachment of 

the outer layer, being of no contribution in the external load bearing, could explain the strength loss 

measured via the flexural test. Indeed, the active area of the samples would be reduced because of 

the delamination, and the maximum stress induced by the external load would be distributed on 

thinner samples, hence weaker.  

The view of the fracture surface of a cell aged for 2000 hours, when tested with the fuel electrode in 

tension is reported in Figure 105. The flexural tests for this sample orientation revealed a strength 

increase in comparison to the strength value measured for the pristine cells. The reason for that 

could be explained by the fact that the NiO present in the as-sintered cells gets reduced to pure Ni, 

being denser and more ductile than its oxide. Some inter-granular cracks initiating in the fuel 

electrode can be observed in the magnified micrographs of Figures 105b)-c); these cracks though do 

Figure 103 SEM micrographs of the typical fracture 
surface of a cell extracted from a stack right after the 
joining process, tested in B3B with the fuel electrode layer 
in tension. The fracture initiation area is marked by the 
white dashed line in a) and shown in detail in the 
magnified micrograph in b) and c). 

a)                                                                                           b) 

NiO/GDC 

3YSZ 

c)                                                                                            
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not possess enough energy to penetrate into the electrolyte and the electrode/electrolyte bonding is 

strong enough not to let such cracks to deflect along the interface, causing delamination. Thus, the 

observed pre-cracks forming in the fuel electrode have no detrimental effect on the final strength of 

the cell. The fracture behaviour for the cells with 2000 hours of operation is the same as the one 

observed for the reduced cells shown in Figures 102 - 103. As the fracture behaviour of the 3000 

hours-aged cells is really similar to the one determined for the 2000 hours-aged cells, an analogous 

fracture mechanism to the one shown in Figures  97 - 98 is assumed. 

  

 

  

  

Figure 104 a) and b) SEM micrographs of the typical fracture surface of a cell after 2000 hours of operation, tested in B3B 
with the air electrode layer in tension. The probable fracture initiation area is marked by the white dashed line in a) and 

shown in detail in the magnified micrograph in b). 

Figure 105 SEM micrographs of the typical fracture surface 
of a cell after 2000 hours of operation, tested in B3B with 
the fuel electrode layer in tension. The fracture initiation 
area is marked by the white dashed line in a) and shown in 
detail in the magnified micrograph in b). c) Detail of pre-
cracks forming in the NiO/GDC fuel electrode.  

a)                                                                                          b) 

LSCF 

3YSZ 

GDC 

a)                                                                                           b) 

NiO/GDC 

3YSZ 

c)                                                                                            
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Given the similar mechanical response measured for the samples aged for 5500 and 9000 hours, 

fractographic analyses were performed only on the latter, assuming that mechanism leading to 

failure was the same for both sample typologies. Figure 106 shows the typical fracture surface of a 

9000-hours aged sample when tested with the fuel electrode side in tension. It is immediately 

noticeable that the LSCF electrode is missing. Because of the harsh operating conditions, this weak 

layer delaminated and it got completely removed during the preparation of the samples for the 

mechanical testing (i.e. extraction from the operated stack, cutting, etc.). The fracture initiation site 

is clearly identifiable at the electrolyte/barrier layer interface (see Figure 106b).  

The micrographs in Figure 107 report again the fracture surface of a sample aged for 9000 hours in 

SOFC mode, but this time the sample showed much higher failure stress. It can be observed that 

there are multiple crack initiation sites. Even in this case, the LSCF layer is missing. Figure 107b) 

illustrates the detail of one of the possible fracture initiation sites, characterised by an out-of-plane 

profile. Figure 107c) focuses on a crack in the GDC barrier layer; it can be noticed how this crack is 

trans-granular. Its origin is not clear: it might have been a consequence of residual stresses inside the 

layers or it might be propagation of the main crack that led to failure. The mechanism leading to 

fracture seems to be similar to the one observed for the 2000 hours-aged cells. 

  

 

  

Figure 106 SEM micrographs of the typical fracture surface of a cell after 9000 hours of operation, tested in B3B with the 
air electrode layer in tension. Detail of the fracture initiation site. 

a)                                                                                          b) 

GDC 

3YSZ 

a)                                                                                           b) 

GDC 

3YSZ 
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While the cells aged in the test rig simulating SOFC operating conditions showed a strength increase 

when tested with the fuel electrode in tension, for the cells aged in the CHP system a strength loss 

was measured. Fractographic analyses were performed in order to understand if the contradictory 

mechanical response was induced by a different fracture mechanism. The fracture surface in    

Figure 108 belongs to a 9000 hours-aged sample that showed an average strength value; therefore, it 

can be assumed as representative of the typical fracture mechanism for this kind of sample, when 

tested with the fuel electrode in tension. The crack seems to initiate at the interface with the 

electrolyte. Some vertical cracks (indicated by the arrows in the detailed micrograph of Figure 108b) 

can be observed in the GDC layer in correspondence of the initiation area. These cracks might be pre-

cracks forming before failure because of the weaker nature of the electrode materials; with the 

increasing applied load, they act as stress concentrators and fracture may initiate in correspondence 

of one of the crack tips, leading to a loss of mechanical strength.  

  

 

The micrographs in Figure 109 correspond to a sample that broke at high applied stress. Like already 

observed in Figure 108, the crack initiates at the interface with the electrolyte. This time though the 

exact crack initiation point is easily identifiable and it is marked by the dashed lines. This crack 

initiation point corresponds to the defect shown in detail in Figure 109b)-c). Given its different 

colour, it is most likely an inclusion. The magnified image in Figure 109c) shows it in detail; a crack 

starting from it and propagating into the GDC barrier layer is clearly visible. The fact that the defect 

Figure 107 SEM micrographs of the typical fracture surface 
of a cell after 9000 hours of SOFC operation, tested in B3B 
with the air electrode layer in tension. Multiple initiation 
sites visible in a). b) Detail of one of them. c) Trans-
granular crack in the GDC barrier layer.  

Figure 108 SEM micrographs of the typical fracture surface of a cell after 9000 hours of operation, tested in B3B with the 
fuel electrode layer in tension. Detail of the fracture initiation site. b) Detail of the electrolyte/electrode interface with 

vertical cracks in the electrode layer, in correspondence of the crack initiation site. 

c)                                                                                            

a)                                                                                          b) 

3YSZ 
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causing the failure was located in an inner position compared to the ones observed so far, could 

explain the higher strength value measured for this specific specimen.  

  

  

Fractography was performed also on the cells operated in the reversible mode for 9500 hours, as 

they showed a quite peculiar mechanical behaviour. Figure 110 shows the fracture surface of one of 

the cells tested with the air electrode on the tensile side of the flexural loading. Unlike what 

observed for the cell operated for 2000 hours in fuel cell mode, no delamination occurs for this cell, 

operated in both fuel cell and electrolysis modes. The crack seems to initiate from the external 

surface of the LSCF layer and the details of the electrolyte/barrier/air electrode interface and air 

electrode/contact layer interface, in correspondence of the fracture initiation area, are shown in 

Figure 110b) and 110c) respectively. The second interface plays no role in the fracture pattern. The 

weakening phenomenon measured for the 9500 hours-aged cells tested on the air electrode side can 

be explained by the fact that the LSCF electrode, being porous and weak, starts cracking at a low 

applied stress; these cracks are not able to deviate at the interface with the GDC layer because of the 

strong interfacial bonding. Therefore, they will act as stress concentrators and, whit the increasing 

load will penetrate into the GDC barrier later and the 3YSZ electrolyte, leading to failure.  

 

 

 

Figure 109 SEM micrographs of an exceptional fracture 
surface of a cell after 9000 hours of operation, tested in 
B3B with the fuel electrode layer in tension. The fracture 
initiation area is marked by the white dashed line in a).  
b)-c) Detail of the inclusion that led to failure.  

c)                                                                                            

a)                                                                                           b) 

LSCF 

3YSZ 

GDC 
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When the same type of cell aged in the reversible stack was tested on the opposite orientation, 

a strength increase was measured. The fractographic analysis helped explain this phenomenon. 

Figure 111 shows a representative fracture surface. The strengthening can be associated with three 

aspects visible from the micrographs in Figures 111 - 112: 

▪ The fuel electrode is delaminated from the electrolyte. The cracks initiating in the porous 

fuel electrode at low applied stress, deflect along the interface with the electrolyte because 

of the weak bonding, causing the delamination between layers.  Therefore, in order for 

failure to occur, a new crack has to start in the electrolyte, requiring an increase of the 

applied load and the samples result to be stronger;  

▪ Nickel particles of the fuel electrode are now aggregating, forming a denser and thus 

tougher outer layer (see Figure 111a) ; 

▪ Horizontal cracks are present in the electrolyte (see Figure 112). Such cracks were not 

observed for any other aged sample and they are probably induced by thermal stresses 

during operation. This hypothesis is confirmed by the fact that such cracks are present even 

outside the loading area, so they cannot be a consequence of the mechanical loading during 

the flexural test. The presence of these horizontal cracks might make the electrolyte act as 

a laminate so that the crack propagation path is hindered and slowed down. This 

phenomenon can be assumed to be responsible for a further strength increase.  

 

Figure 110 SEM micrographs of the typical fracture surface 
of a cell after 9500 hours of reversible operation, tested in 
B3B with the air electrode layer in tension. The fracture 
initiation area is marked by the white dashed line in a). b) 
Detail of the 3YSZ/GDC/LSCF interface in correspondence of 
the crack initiation site. c) Detail of the LSCF/contact layer 
interface.  

a)                                                                                           b) 

LSCF 

3YSZ 

c)                                                                                            

GDC 
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All the results discussed in Paragraph 6.4.1 didn’t take into account the residual stresses that 

unavoidably arise in the MEA due to the CTE mismatch between layers. While these stresses could be 

non-significant for the aged cells (as they possibly have been released at the high operating 

temperature) they could play an important role for the as-sintered MEAs.  

In Figure 113 are reported the strength distribution of the cell aged in the test rig for 2000 hours and 

3000 hours, compared to the ones of the as-sintered cells, this time considering the residual stresses. 

It can be observed that when the MEA samples were tested with the fuel electrode on the tensile 

side of loading (full plots), the strength distributions of the aged and non-aged samples are very 

similar, for both operating hours. This could be explained by the fact that the fuel electrode might 

delaminate after the continuous operation of few thousand hours, due to a weak bonding with the 

electrolyte; therefore, the strength is determined by the electrolyte 57. Therefore, if we consider the 

residual stresses in the as-sintered cells, it can be concluded that the strength of MEA samples tested 

with the fuel electrode in tension is not significantly affected by the prolonged operation. The main 

difference is the lower Weibull modulus m of the aged cell. On the other hand, the MEAs tested with 

the air electrode on the tensile side suffer a relevant strength drop, like already observed. 

 

Figure 111 a) and b) SEM micrographs of the typical fracture surface of a cell after 9500 hours of operation in reversible 
mode, tested in B3B with the fuel electrode side in tension. The fracture initiation area is marked by the white dashed line 

in a) and shown in detail in the magnified micrograph in b). 

Figure 112 Detail of the electrolyte pre-cracks. a) In the fracture initiation area. b) Outside the loaded area. 

a)                                                                                           b) 

a)                                                                                           b) 

NiO/GDC 

3YSZ 

Ni 
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a)

 

b)

 

 

For the cells operated in the CHP system, the results are analogous to those discussed in 

Paragraph 6.4.1: their flexural strength diminishes after 5500 hours of operation and it undergoes a 

further decrease after 9000 hours. The strength loss occurs either when the fuel electrode or the air 

electrodes were exposed to tension. The results in the form of Weibull plots are shown in Figure 114.  

a) 

 

b) 

 

 

To have a better overview of the effect of different operating hours and conditions, Figure 115 

compares the results obtained for all the testes MEAs. In Figure 115a) are reported the results of the 

MEAs tested with the fuel electrode on the tensile side of loading. It can be observed that the 

strength of the cells extracted from stacks operated in the test rig in fuel cell mode for 2000 and 

3000 hours, as well as the one from the stack operated in the reversible mode for 95000 hours, is 

higher than the one of the as-sintered cell. As already mentioned, this behaviour could be an effect 

of the weak interface between the fuel electrode and the electrolyte, which results in the 

delamination of the layers; therefore, the cracks forming in the electrode are not able to penetrate 

into the electrolyte. The cracks deviation at the layer interface results in a strength increase. 

Concerning the cell operated for 9500 hours, the strength increase is quite significant compared to 

the others and it cannot be fully explained by the change in fracture mechanism just described. Most 

likely the fuel electrode undergoes a toughness increase due to the operating conditions; this 

toughness increase would be the main responsible for the strengthening of the MEA.  

Figure 113 Comparison of the Weibull strength distribution of the cells aged in a test rig for 2000 hours (a) and 3000 hours 
(b) and the corresponding initial strength of the as-sintered cells, taking into account the residual stresses.  

Figure 114 Comparison of the Weibull strength distribution of the cells aged in a CHP system for 5500 hours (a) and 9000 
hours (b) and the corresponding initial strength of the as-sintered cells, taking into account the residual stresses. 
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In contrast to what just observed, the strength of the cells operated in a CHP system decreases with 

increasing hours of service. This strength loss could be due to a strong interface between layers, 

which would let the cracks forming in the electrode, penetrate into the electrolyte. The bonding 

between layers could get stronger with increasing time of operation, due to possible inter-diffusion 

mechanisms and densification; thus, this phenomenon could explain the weakening effect. The same 

conclusion can be applied to the results of the aged MEAs tested with the air electrode on the tensile 

side of loading, independently on the operating hours and conditions (see Figure 115b). Indeed, the 

strength drops even after a short operating time (2000 hours). Good news is that the strength does 

not seem to undergo any further significant decrease with the increasing operational hours: the 

Weibull plots are close to each other for all the aged MEAs tested. 

a) 

 

b) 

 

 

Given the similar amount of operating hours and conditions, Figure 116 compares the results 

obtained for the MEAs aged for 9000 hours in fuel cell mode and for 9500 hours in reversible mode. 

The initial strength distributions of the as-sintered cells are reported for comparison.  

 

 

 
 
 
 
 
 
 
 
 
Figure 116 Comparison of the Weibull 
strength distribution of the cells for 9000 
hours in fuel cell mode and 9500 hours in 
reversible mode, together with the 
corresponding initial strength of the as-
sintered cells. 

 

It can be observed that the strength distributions of the aged cells tested with the air electrode in 

tension are very similar and on the left side of the reference plot of the non-aged cells. However, a 

big discrepancy is noticeable between the strength of aged cells when their fuel electrode was 

 

Figure 115 Comparison of the Weibull strength distribution of the aged cells and the corresponding initial strength of the 
as-sintered cells, accounting for the residual stresses. a) Fuel electrode in tension. b) Air electrode in tension. 
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exposed to tension. While the strength of the cell operated in fuel cell mode decreases, the one of 

the cells operated in reversible mode increases, with respect to the initial strength. Fractographic 

analyses revealed that a weak interface between the electrodes and the electrolyte is beneficial with 

respect to the mechanical strength of the cell 57. 

7.3.2 Chemical and Microstructural Characterisation 

The SEM micrographs in the previous paragraph showed how delamination between the GDC barrier 

layer and the LSCF air electrode occurs after exposing the cells to operating conditions. 

M. Khan et al. 105 also reported this phenomenon and concluded that the delamination of the air 

electrode is highly affected by the thickness of the GDC layer. They observed that delamination 

occurs for a GDC layer thickness of at least 6 µm, which is also the case of the cell investigated in this 

work. This delamination is the main responsible for the cell degradation. The reason for it to occur 

resides in the CTE mismatch between the GDC and LSCF (α = 12.5 x 10-6 K-1 and α = 16.6 x 10-6 K-1 

respectively). Even if the mismatch is not so significant, a higher current density induces higher 

thermal stresses at the interface as a consequence of the Joule heating, which is in turn caused by 

ASR. Given that ASR is quite elevated in the case of a thick GDC layer, the CTE mismatch between the 

air electrode and the barrier layer is enlarged at operating conditions. Therefore, the air electrode 

delaminates and undergoes microstructural changes, which affect negatively the cell performance.    
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8. Conclusions 

The presented work dealt with the challenging characterisation of components involved in reversible 

SOC technology.  

The main focus was on the MEA that is the core of the whole stack, which is the component in which 

all the electrochemical reactions occur. The goal was to understand how the manufacturing process 

and the operating conditions affect the integrity of such fundamental multi-layered ceramic system. 

The experimental activity started with the assessment of the elastic properties of the MEA in its as-

sintered state, followed by the measurement of its flexural strength and coefficient of thermal 

expansion. Afterwards, the effect of operating conditions on the mechanical properties and chemical 

composition of the MEA was investigated. Finally, some studies were performed on the nickel foam; 

the relevance of such studies was given by the fact that the nickel foam is in direct contact with the 

MEA in the stack. 

The experimental activity carried on to accomplish the aims of this thesis, can be summarized as 

follows. 

8.1 As-Sintered MEAs 

For the mechanical characterisation of the MEA in its as-sintered state, six different samples were 

produced and investigated. During the samples preparation, the electrodes functional layers were 

screen-printed one by one onto the electrolyte, being this the support layer. Measurements were 

performed after every layer deposition in order to distinguish the influence of each individual layer 

on the final mechanical response. Moreover, given the different surface quality of the electrolyte and 

the non-symmetric and non-periodic layer placement, both laminate sides were subject of testing 

(i.e. twelve configurations were evaluated in total). 

▪ Evaluation of the Elastic Characteristics (E, G) 

The elastic characteristics were determined through three different tests: resonance test (via IET), 

flexural test (via 3PB configuration) and uniaxial tensile test.  

The results gathered via all the experimental techniques showed that the values of both elastic 

modulus E and shear modulus G decrease with the addition of layers to the electrolyte. The elastic 

characteristics measured for the whole MEA are significantly smaller when compared to those of the 

uncoated electrolyte. 

A good agreement between the results obtained through the resonance test (IET) and the flexural 

test (3PB) was observed; this is probably due to the fact that the same flexural loading mode was 

applied. However, the data obtained via the tensile test showed a significant discrepancy, especially 

in the case of samples with a more complex layered structure (SOC4-SOC5).  

The differences between results obtained through the flexural (out-of-plane) loading and tensional 

(in-plane) one revealed that the MEA has a complex behaviour, which is strongly dependent on the 

loading direction. The results on the determination of the elastic properties of the MEA have been 

published in reference 76.  
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▪ Characterisation of the Fracture Behaviour 

The uniaxial and biaxial flexural strengths of the MEA were measured via Tree-Point-Bending and 

Ball-on-Three-Balls loading configurations respectively.   

The statistical evaluation of experimental data according to the Weibull theory revealed a loss of 

both uniaxial and biaxial flexural strengths after each layer deposition, as observed for the elastic 

characteristics. The flexural strength of the electrolyte on the cell level was sensibly reduced.  

Fractographic analyses helped to reveal the fracture behaviour changes when individual layers were 

deposited. The reasons behind the weakening effect can be ascribed to the presence and 

redistribution of residual stresses, changes in the crack initiation site, porosity of layers and pre-

cracks formation in the electrode layers. In particular, the reason for the mechanical loss is 

a consequence of two main phenomena:  

(i) The formation of strong interfaces and constraints between adjacent functional layers 

during manufacturing and especially during the sintering process. Such interfaces, due to 

their high fracture energy, impede the cracks formed in the porous electrodes to deflect at 

the interface with the electrolyte. The tip of such cracks may act as stress concentrator at 

the electrolyte interface, so that the cracks can easily penetrate into the electrolyte, thus 

lowering the final strength; 

(ii) Residual stresses arising in the different layers of the cell as a consequence of the thermal 

expansion mismatch. Such stresses redistribute with the addition of layers to the 

electrolyte and act against or in favour of the externally applied load affecting the resulting 

strength. 

As a consequence of the described phenomena, a dependence of the mechanical response on the 

sample orientation (i.e. which side of the non-symmetrical samples was exposed to the tensile side of 

loading) was detected. 

▪ Determination of the Coefficients of Thermal Expansion 

The coefficients of thermal expansion of each material present in the MEA were measured via 

dilatometry on dense pellets obtained via uniaxial pressing of the green powders. 

A mismatch in the CTEs of consecutive layers was calculated. As a consequence, residual stresses 

arise within the MEA layers. Such stresses are responsible for: 

(i) The non-symmetrical mechanical response of the MEA. This is one of the reasons why the 

MEA cannot be homogenised and the study of its behaviour is quite complex; 

(ii) The much lower final robustness of the cell compared to the one of the electrolyte.  

8.2 Aged MEAs 

▪ Evaluation of the Elastic Characteristics (E, G) 

The Elastic and Shear moduli of aged MEAs were measured at room temperature via IET. All obtained 

values were close to the average ones determined for the as-sintered MEAs, revealing that operating 

conditions have no significant influence on the elastic response of the MEA.  
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▪ Characterisation of the Fracture Behaviour 

The biaxial flexural strength of aged MEAs was measured via B3B loading configuration, in order to 

minimise any further damage of the cells. Indeed, this test setup does not require a thorough sample 

polishing and eliminates the effect of edges contrary to the 3PB test.  

According to the operating conditions, the MEAs were exposed to, different behaviours were 

observed. 

The MEAs aged into the test rig, as well as those extracted from stacks right after the joining process, 

showed a strength increase when tested on the fuel electrode side and a strength loss when tested 

on the opposite orientation. Fractographic analyses helped to reveal the mechanisms responsible for 

these phenomena: 

(i) The LSCF electrode delaminated from the GDC barrier layer. This delamination resulted in a 

reduced active area of the samples during mechanical testing, leading to a loss of 

mechanical strength; 

(ii) The NiO of the air electrode, once reduced to pure Ni, is denser and more ductile, 

therefore stronger; 

(iii) The interface between the fuel electrode and the electrolyte possesses high fracture 

energy so that the cracks forming in the fuel electrode are not able to penetrate into the 

electrolyte. For the fracture to occur new cracks have to initiate in the electrolyte; this 

process requires more energy and results in a strength increase.   

The MEAs aged in the Valliant µCHP system showed a loss of mechanical strength for both tested 

sides. The most probable causes are the following:  

(i) The LSCF electrode delaminated from the GDC barrier layer and was completely missing; 

thus, the same phenomenon already described is responsible for the mechanical loss; 

(ii) The formation of pre-cracks into the fuel electrode was observed; such cracks acted as 

stress concentrators and, with the increase of external load, led to premature failure. 

The MEAs operated in a reversible SOC stack showed again a loss of mechanical strength when 

tested with the air electrode on the tensile side of loading. However, a significant strength increase 

was measured for the fuel electrode side. This strengthening can be associated with three aspects: 

(i) The pre-cracks initiating in the porous fuel electrode, deflect along the interface with the 

electrolyte because of the weak bonding, causing the delamination between layers.  

Therefore, in order for failure to occur, a new crack has to start in the electrolyte, requiring 

an increase of the applied load and the samples result to be stronger; 

(ii) Nickel particles of the fuel electrode are now aggregating, forming a denser and thus 

tougher outer layer; 

(iii) Horizontal (in-plane) cracks, probably induced by thermal stresses, form in the electrolyte 

and may make the electrolyte act as a weakly-bonded laminate, so that the crack 

propagation path is hindered and slowed down (same mechanism as in nacre). 
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▪ Investigation of Microstructural and Chemical Changes 

Among the phenomena threatening the long-term performances of SOCs, Ni agglomeration in the 

fuel electrode and LSCF material destabilization are considered to be two of the most significant. 

Therefore, post-mortem SEM analyses were focused on the investigation of these two mechanisms. 

With the exposition of the MEA to SOFC operating conditions, the GDC and LSCF layers underwent 

a coarsening of their microstructure. This coarsening got more pronounced with increasing hours of 

service and it was responsible for agglomeration of LSCF nanoparticles, possibly reducing the 

electrochemical activity of the air electrode. Moreover, delamination was observed at the GDC/LSCF 

interface.  

Significant microstructural transformations and an even more pronounced the demixing of the LSCF 

were observed for the MEA operated for 9500 hours in reversible mode. Indeed, this phenomenon 

has been reported to be strongly favoured by the electrolysis operating conditions. 

The typical degradation mechanisms that affect Ni/GDC fuel electrodes are multiple: coarsening of Ni 

particles, migration of Ni towards the electrode surface and Ni depletion in the proximity of the 

electrode/electrolyte interface. All these phenomena were observed in the investigated MEAs. 

With increasing operating time and because of the high operating temperature, the smaller Ni 

particles were slowly incorporated by the bigger ones so that the number of small particles kept 

decreasing in favour of the bigger particles, located in the proximity of the electrode surface. The Ni 

migration to the surface of the fuel electrode led to Ni depletion in the region of 

electrolyte/electrode interface, mainly in cells operated for a longer time. Moreover, the formation 

of GDC agglomerates was observed, especially in the cell with the highest amount of operational 

service. This agglomeration could affect negatively the ionic conductivity of the MEA.  
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▪ Thermo-mechanical behaviour of multi-layered ceramic systems for SOFCs. 41st International 
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Beach, Florida, USA. Poster contribution; 

▪ Mechanical Characterisation of Multi-Layered Ceramic Systems for SOC. 15th ECerS (European 

Ceramic Society) Conference, 11-15 June 2017, Budapest, Hungary. Oral presentation. 

Abstract in proceedings: ISBN 978-963-454-094-6; 

▪ Strength of an SOFC Electrolyte-Supported Cell. 12th International Conference on Ceramic 
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Appendix 

Example of Statistical Analysis 

The following appendix contains an example of the statistical analysis performed on the data 

obtained from flexural tests. The results reported refer to the electrolyte (SOC0) tested in B3B 

configuration, with the rough side on the tensile side of loading.  

This table shows the results of fitting a Weibull distribution to the data values in SOC0, tested with 

the rough side on the tensile side of loading (SOC0/rough). The shape and scale parameters were 

estimated using maximum likelihood. The minimum value of the distribution was assumed to be 

located at 0.0.  Of the 38 data values, 0 were treated as right-censored, meaning that the true values 

might be greater than was indicated. The shape parameter, which equals 18.652, indicates that the 

failure rate increases with age. The scale parameter, which equals 1818.85, is directly related to the 

mean failure time, which equals 1767.49. 

The Weibull plot is designed to determine whether the collected data can be reasonably modelled 

using a Weibull distribution. The data values are plotted along the horizontal axis, using a logarithmic 

scale. Along the vertical axis are the median ranks corresponding to each data value. If the data 

values are well-described by a Weibull distribution, then the plotted points should fall approximately 

along a straight line. The plot also includes a line to help judge whether or not the Weibull 

distribution is appropriate. The intercept and slope of this line are based on the shape and scale 

parameters as estimated by the method of maximum likelihood. 

 

 
 

Weibull Plot
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Est.: MLE
Shape: 18,652
Scale: 1818,85
Threshold: 0,0
Failures: 38
Sample size: 38

Sample size = 38 Estimated mean: 1767.49 

Number of failures = 38 Estimated std. dev.: 117.187 

Estimated shape = 18.652 95.0% confidence intervals 

Estimated scale = 1818.85 Shape: [13.8005; 23.0005] 

Specified threshold = 0.0 Scale: [1784.97; 1853.38] 
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Goodness of Fit - Kolmogorov-Smirnov Tests 

This pane shows the results of tests run to determine whether 

SOC0/rough can be adequately modelled by a Weibull distribution.  

Since the smallest P-value amongst the tests performed is greater 

than or equal to 0.05, we cannot reject the idea that SOC0/rough 

comes from a Weibull distribution with 95% confidence. 

 

This graph shows a frequency histogram for SOC0/rough.  In this plot, 16 intervals have been formed 

ranging from a lower limit of 900.0 to an upper limit of 2100.0. The number of data values in each 

interval has then been tabulated. The plot shows these frequencies. In addition, the probability 

density function for the fitted Weibull distribution has been superimposed on the histogram.  If the 

distribution fits well, the top of the bars should be relatively close to the line. 

Outlier Identification 

 

 

 

 

 

 

 

Sorted Values 

  Studentized Values Studentized Values Modified 
Row Value Without Deletion With Deletion MAD Z-Score 
1 1404.7 -2.45359 -2.70759 -3.32079 
2 1618.6 -1.05481 -1.08387 -1.36319 

Fitted Weibull Distribution

1000 10000

SOC0/rough

0

5

10

15

20

25

30

p
e
rc

e
n

ta
g

e

 Weibull 
DPLUS 0.108625 

DMINUS 0.107329 
DN 0.108625 

P-Value 0.761041 

Location estimates Scale estimates 

Sample mean 1779.9 Sample std. deviation 152.919 

Sample median 1767.55 MAD/0.6745 109.266 

Trimmed mean 1768.79 Sbi 106.377 

Winsorized mean 1767.3 Winsorized sigma 115.675 

95.0% confidence intervals 

 Lower Limit Upper Limit 

Standard 1730.99 1828.8 

Winsorized 1722.45 1812.2 
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3 1628.0 -0.993337 -1.01897 -1.27716 
4 1630.2 -0.978951 -1.00383 -1.25702 
5 1645.6 -0.878244 -0.898297 -1.11608 
...     
36 1898.6 0.776229 0.79216 1.19937 
37 1906.8 0.829852 0.84786 1.27441 
38 1974.5 1.27257 1.3167 1.894 
39 2001.1 1.44652 1.5065 2.13744 
40 2432.0 4.26435 5.9768 6.08102 

Grubbs' Test (assumes normality) 

Test statistic = 4.26435 

P-Value = 0.0000310717 

This analysis identifies and treats potential outliers in samples from normal populations. The top of 

the page displays the usual estimates of the mean and standard deviation, together with estimates 

which are designed to be resistant to outliers. For example, for the 40 values of SOC0/rough, the 

sample mean and sigma are 1779.9 and 152.919, respectively. The corresponding Winsorized 

estimates, in which 15.0% of the largest and smallest data values are replaced by values from the 

interior of the sample, are 1767.3 and 115.675. Note the impact of the Winsorized estimates on the 

confidence interval for the mean. The table in the middle of the output shows the smallest and 

largest values of SOC0/rough. The Studentized values measure how many standard deviations each 

value is from the sample mean of 1779.9. The most extreme value is that in row 40, which is 4.26435 

standard deviations from the mean. Since the P-value for Grubbs' test is less than 0.05, that value is a 

significant outlier at the 5.0% significance level, assuming that all the other values follow a normal 

distribution.  Similar scores are displayed after deleting each point one at a time when computing the 

sample statistics, and when the mean and standard deviation are based on the median absolute 

deviation (MAD). Values of the modified scores greater than 3.5 in absolute value, of which there are 

1, may be outliers. 

 

The plot shows each data value with bands drawn at 1, 2, 3, and 4 standard deviations around the 

sample mean. Note the value beyond 4 standard deviations, which should be examined closely to 

determine whether or not it is an outlier. 

 

Outlier Plot with Sigma Limits

Sample mean = 1779,9, std. deviation = 152,919
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Summary Statistics 

Count 40 

Average 1779.9 

Standard deviation 152.919 

Coeff. of variation 8.59143% 

Minimum 1404.7 

Maximum 2432.0 

Range 1027.3 

Stnd. skewness 4.44779 

Stnd. kurtosis 10.5186 

This table shows summary statistics for SOC0/rough. It includes measures of central tendency, 

measures of variability, and measures of shape. Of particular interest here are the standardized 

skewness and standardized kurtosis, which can be used to determine whether the sample comes 

from a normal distribution. Values of these statistics outside the range of -2 to +2 indicate significant 

departures from normality, which would tend to invalidate any statistical test regarding the standard 

deviation. In this case, the standardized skewness value is not within the range expected for data 

from a normal distribution. The standardized kurtosis value is not within the range expected for data 

from a normal distribution. 

 

This graph shows a box-and-whisker plot for SOC0/rough. A box-and-whisker plot is a good device for 

showing various features of a sample of data. The rectangular part of the plot extends from the lower 

quartile to the upper quartile, covering the centre half of the sample. The centre line within the box 

shows the location of the sample median. The plus sign indicates the location of the sample mean. 

The whiskers extend from the box to the minimum and maximum values in the sample, except for 

any outside or far outside points, which will be plotted separately. Outside points are points which lie 

more than 1.5 times the interquartile range above or below the box and are shown as small squares. 

Far outside points are points which lie more than 3.0 times the interquartile range above or below 

the box and are shown as small squares with plus signs through them. In this case, there is 1 outside 

point and 1 far outside point. The presence of far outside points may indicate outliers or a highly 

skewed distribution.  
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