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Chapter 0

Introduction

0.1 Background

With the upcoming of high performance ceramics in the fifties and sixties of the last 

century an environment was established in which the foundations where laid

regarding cost efficient processing of artificial new materials into new components 
and devices. This emerging of a new engineering material class propelled also the 

development of the so called solid oxide fuel cell (SOFC); a technology to transform 

efficiently chemical energy directly into electrical power. The unique characteristic of 
this ceramic based cell type is the utilization of a solid oxide electrolyte, which main 

characteristic is that it solely conducts oxygen ions at sufficiently high temperatures. 

The necessity of elevated temperatures becomes hereby also the key advantage as 

this kind of cell is the most tolerant among all fuel cells regarding the fuel type [l]. 

The potential fuels reach from gasified coal over natural gas to pure hydrogen, which 

opens up a multitude of potential applications. As one of the first manufacturers 

Westinghouse pioneered in the sixties with the manufacturing of the first SOFC, 

demonstrating the principle idea [2]. Several decades of research and development in 

academia and industry and several drawbacks later the technology has matured, 

which is for instance reflected in the fact that Solid-Power has achieved an initial 

electrical efficiency of 74% with a pre-commercial SOFC stack [3], while Ceramic 

Fuel Cell Ltd. has introduced its Bluegen system into the market with 60% ac net 

efficiency taking also the balance of plant into account [4], The latter value has been 

achieved on a small scale and is predicted to be even increased when going to larger 

nominal power outputs, as the power demand of supporting components of the 

system can be reduced [5] (see Figure 0.1).
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Figure O.It Comparison of different technologies for electrical power generation regarding the 
achievable plant efficiency and how it scales with the nominal power output of the plant. 
Original figure taken from [6] updated with the current prospective efficiencies of SOFC 
based plants.

Many countries are currently working on concepts to deal with the ever increasing 
demand of energy, while at the same time facing the inevitability to decrease the 

emission of pollutants and carbon dioxide. As for instance described consistently in 

the „Energiestrategie 2050“, „Energiekonzept 2050“ and „Energiestrategie 

Österreich (2020)“ of the federal governments of Switzerland, Germany and Austria, 

respectively, a central role falls to the reduction of the consumption of primary 
energy resources. One way of achieving this goal, is to steadily increase the overall 

efficiency of the national heat and in particular electricity production. SOFC' 

technology fits right into these concepts. Not only because of its electrical 

performance, discussed above, but also since it can be operated efficiently at small 

power scales. As shown in Figure 0.1 many alternative technologies suffer quite 

severely with respect to their plant efficiency coming to small power scales, so that 

they are comparably limited. For that matter the efficiency of SOFC devices proofs to 

be less sensitive. This creates the opportunity to place small power plants in a 

decentralized manner at sites where the electricity is actually consumed -  for
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instance single family homes in middle and north Europe. Because of the additional 

heat demand especially during the winter seasons also the waste heat, these plants 

inevitably produce, can be directly used on site. This simple fact has led to the 

development of so called micro combined heat and power plants (pCHPs), which 

reach an overall utilization of the chemical stored energy of the consumed fuel of up 

to 95%, A wide spread installation of these systems can therefore significantly 

contribute to the solution of the current and future energy challenges.

Although some manufacturers namely Ceramic Fuel Cell Ltd., Hexis and 

Toyota/Aisin already introduced first SOFC-based pCHPs into the market, these 

systems themselves have still to overcome certain challenges. First of all the costs 

related to production, installation and maintenance are at the moment too high for 

broad consumer acceptance. Further, robustness and longevity are issues, which are 

still subject to continuing optimization [7], The here presented collection of studies is 

addressing the latter two issues as it is concerned with the mechanical robustness 

and service strength of the very core element of a SOFOsystem, the fuel cell.

0.2 Solid oxide fuel cells

0.2.1 Working principle

A SOFC like any other fuel cell is an electrochemical device, transforming chemical 

energy into electricity and thus like any other cell requires three constituents as 

depicted in Figure 0.2: (j) an electrolyte, which separates spatially the oxidation and 

reduction reaction zones, which are (ii) the anode and (Hi) the cathode, respectively. 
At the cathode oxygen gets reduced with four electrons towards two oxygen ions, 

which then enter the electrolyte:

° 2(g) + 4e(cat/i) -* 2 0(2ei) (O.l)

The electrolyte exclusively conducts these oxygen ions to the anode where hydrogen 
is oxidized into water, while two electrons are released:

H 2{g} +  ofei) -* H 2 0 (g ) + 2e(“ n) (0.2)

Typically SOFC-based systems do not run on just pure hydrogen, but are rather fed 

with a fuel consisting of hydrocarbons, such as for instance methane, methanol or
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propane. Before entering the fuel cell these fuels are reformed either with water 

(steam reforming) and/or with oxygen (partial catalytic oxidation) and turned into 

most dominantly carbon monoxide and hydrogen [8]. Additionally to Equation (0.2) 

the carbon monoxide can be alternatively or simultaneously oxidised to CO2 at the 

anode according to:

C0(9) + °{el) -> C02(g) +  2e(an) (0-3)

However, as this reaction path possesses comparably slow reaction kinetics [9], 

predominantly the so called water gas shift reaction takes place:

c o (.g) + h 2 °  C ° 2 (g )+  H2 (q  4)

where the carbon monoxide is oxidised with water, which is the product of 

Equation (0.2).

Combining Equation 0.1-0.4 leads to the overall reaction:

(n + m) _n.
nH2 + m C O  +  -— - — -  02 -* n H20  + m C02 (0.5)

Three phases are required, in order for these single reactions to happen: First, a 

gaseous phase, which supplies the gaseous educts and leads away the gaseous 

products; Second, a phase, which conducts oxygen ions; and third an electrically 

conductive phase, which provides the electrons or electron holes, respectively. Only 

where these three phases come together, the so called triple phase boundary, the 

basic requirement, for these respective reactions to take place, are met. Note, that 

sometimes materials are used, which are mixed ionic and electronic conducting, thus 

representing the two required phases at once. Connecting the anode and cathode 
externally closes the circuit and the electrons released at the cathode can be 

transported to the anode.

In order to observe an electric current within this circuit, a driving electric potential 

is necessary. Like for every thermodynamic system, the driving force for a reaction is 

determined by the change of Gibbs free enthalpy. If the overall reaction happens 

within an electrochemical device, so that the reduction and oxidation takes place at 

spatially separated sites, this change in enthalpy can be translated into the so called 

Nernst potential (here for gaseous reactants) [10]:
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U N ernst ~ (0.6)

with A g° being the temperature dependent standard free enthalpy of the reaction, n 

the number of transferred electrons, R the universal gas constant, F the Faraday 

constant, pi the partial pressure and v, the stoichiometric pre-factor (negative sign if 

on the product side) of the respective species. In case of an SOFC, Equation (0.4) can

be simplified to:

Here, the superscripts A or C refer to the anode and cathode, respectively. 

Equation (0.7) reveals that the cell voltage of a SOFC is solely dependent on the 

difference of the oxygen partial pressure between anode and cathode side, reflecting 

that the gradient in the chemical potential of the oxygen is the actual driving force 

behind its diffusion in form of oxygen ions through the electrolyte. Already from the 

Nernst equation it becomes clear, that when a current is drawn from the cell, 

therefore oxygen transferred to the anode side, the partial pressure of oxygen there 

is raised and the observed voltage declines. Apart from this pure thermodynamic 

phenomenon, this decay of the cell voltage is further increased by several losses. 

With the current also the finite ohmic resistance at which the charge carriers are 

conducted creates an over potential which follows Ohm’s law and hence rises with 
the current linearly. Further losses are due to polarisation resistances, which reflect 

for instance the activation of certain kinetically hindered reaction steps (like charge 

transfer or vacancy creation) or the starvation of the reaction sites with fuel, as it is 

faster converted than it can be replenished via gas diffusion. These losses together 

with the drop in Nernst potential limit the power output a cell can deliver and 

determine the maximum efficiency it can be operated at.

(0.7)
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Fuel H2, CO H20, C 0 2

Anode

Electrolyte

Cathode

Figure 0.2: Working principle and structure of a solid oxide fuel cell

0.2.2 Cell

Having presented the basic principles of a SOFC, this section is concerned with how 

these fundamental aspects are actually translated into a working technology. The 

basic constituents of the cell are the anode, cathode and electrolyte.

(i) The main role of the electrolyte is to conduct exclusively oxygen ions, possessing a 

several orders of magnitude lower electronic conductivity. Otherwise a short circuit 
current would compensate immediately any electrical potential. For the cell to be 

efficient, the material to be chosen has to have sufficient ionic conductivity. The 

second task of the electrolyte is to completely separate the fuel and air or else 

leakage would decrease the Nernst voltage and lower the power output. Hence gas 
tightness has to be ensured. The established and mainly employed materials for 
these tasks are zirconia based electrolytes [11-13]. By doping zirconia with varying 

amounts of three valent metal oxides like yttria or scandia, extrinsic oxygen 
vacancies can be introduced into its structure (up to 5% of oxygen sites vacant), 

which gives rise to the high ionic conductivity [14, 15]. Basically the application of 

zirconia gives the SOFC its name and despite these high achievable vacancy

6
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concentrations, which promote ionic conductivity, zirconia is also responsible for the 

high operating temperatures encountered in the derived systems, as it just reaches a 

sufficient conductivity between 600°C and 800°C, depending on the specific 

composition and thickness [13, 16, 17].

(ii) The cathode on the other hand, has to conduct oxygen ions and electrons and has 

to offer diffusive pathways for the diffusion of oxygen and thus will always possess a

porous structure. Here the porosity has to be large enough, so that the polarisation 
losses due to fuel starvation are small, while a high ionic and electronic conductivity 

of the structure has to keep the ohmic losses to a minimum. It also must provide 

certain catalytic activity to promote the oxygen reduction, which is adjusted by the 

material selection and the total surface of the catalytic active sites. This is 

predominately achieved by manufacturing a porous ceramic composite out of 

(La,Sr)Mn03-s which is responsible for the catalytic activity and electronic 

conductivity and again zirconia based compounds, which provide the ionic 

conductivity [18, 19], A common alternative to this composite is the application of 

mixed ionic-electronic conductors such as (La,Sr)Co03-8 or (La,Sr)(Co,Fe)03-8, which 

provide sufficient catalytic activity even at temperatures lower than 800°C [20-23].

(iii) The demands on the anode are almost equal, differing in the requirement to 

promote the oxidation of hydrogen. The material of choice providing excellent 

catalytic activity and low electronic resistance is nickel. Basically, all commercial 

SOFC-anodes rely on it [24], As for the cathode it is combined with highly ionic 

conductive zirconia or ceria to form a porous cermet. However, nickel is prone to 

oxidation at elevated temperature, which sets certain boundaries on its application
[25].

Today there are two popular commercial concepts among several others meeting 

these requirements: the anode supported and the electrolyte supported SOFC, as 
sketched in Figure 0.3.

7
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a) b)

■
.I ____

■  Cathode

jj| Electrolyte Support

Figure 0.3: Principle sketch of an a) anode and b) electrolyte supported SOFC

The electrolyte supported SOFC distinguishes itself through the comparably thick 

electrolyte which gives the cell its structural integrity at the cost of a comparably 
high ohmic resistance, which has to be countered with an increased operating 

temperature. The two electrodes are screen printed typically in multiple sublayers 

onto the already dense electrolyte and then sintered [5, 26]. The main idea behind 
the anode supported cell on the other hand is to use a robust and comfortable to 

handle electrode to support a thin and dense electrolyte layer and subsequently the 

cathode layers. These layers are commonly applied by tape casting or screen printing 

methods [27]. Due to achievable thicknesses down to 8 pm, the ohmic losses at the 

electrolyte can be kept to a minimum, allowing lower operating temperatures.

0.2.3 Repeat unit

In order to utilize the potential of these cells, they must be incorporated into a 
functional unit to close the electrical circuit, to supply fuel and air and to lead the 

exhaust gases away, while preventing external and internal leakage of any of these 

gases [28]. During the electrochemical reactions at the anode (see Equations (0.2)- 

0.3)) electrons are released and have to be transferred to the cathode, where they 

reduce the oxygen (see Equation (0.1)). As the electrons are released and consumed 

throughout the whole cell area they have to be gathered and supplied to each area of 

the two electrodes. The electrodes possess a limited electrical conductivity, thus it is 

necessary to connect them homogeneously to a much more conductive current 

collecting component - the metallic interconnect (MIC). This keeps the conduction 

paths through the electrodes short and minimises the ohmic losses. Next to the 

current collection the MIC is also responsible for the homogeneous distribution of the

8
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fuel and the air, which is for technical reasons the source of oxygen. An 

inhomogeneous distribution of the two process gases would lead to local starvation, 

so that the active cell area and the local Nernst potential would decrease. The MIC 

must then also provide the necessary pathways for the exhaust gases to escape. As 

the current collection demands a maximised contact area, while the gas distribution 

requires wide array of gas channels, the MICs structure must realise an optimum 

between these two contradicting features. The MIC must also provide for an optimal 

thermal management by redistributing an inhomogeneous heat release. Further, the 

design has to support a sufficient sealing at the edges of the cell to ensure that no 

leakage of any of the gases occurs. The last main task of the MIC is to clamp the cell 

and the sealing evenly. All of the above mentioned requirements demand that the 

MIC, the cell and the sealing, whose assembly reflects then the actual repeat unit 

(RU), possess compatible thermal expansion coefficients. Any design of the RU now 

seeks to provide the highest global performance of the cell by optimising the above 

mentioned problems.

0.2.4 Stack

One single cell and hence a repeat unit typically does not generate enough power for 

most potential applications, it is therefore connected in series to form a stack of 
several RUs. The stack is then regarded as the actual power generating entity for 

any SO FC* system with a nominal power output of several hundreds to a couple of 

thousand watts. Within the stack again channels are incorporated, supplying all 

repeat units evenly with fuel and air, while each MIC connects the anode side of one 

cell with the cathode side of the subsequent one. Next to an even gas distribution, 

the stack itself has to be laid out in a fashion so that the temperature distribution 

over the hole stack is sufficiently homogeneous, while the thermal mass should allow 

for fast start up times.

Figure 0.4 shows exemplarily a stack concept developed by the Fraunhofer-Institute 

/JfTiS'-Dresden/Germany. Here the above made aspects and requirements for an 

optimal operation of an SOFC are realised. It is a planar rectangular closed cross 

flow design where the flow direction of the air and the fuel are perpendicular to each 

other. The active cell area is 127 cm2. The fuel streams through two channels onto 

the cells. The non-consumed fuel is lead out of the stack via two channels at the

9
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opposite side both towards an afterburner outside of the stack where it is burned off 

utilizing the additional heat. The sealing mounted at the sealing faces of each MIC 
closes off the fuel and the exhaust gas hermetically. The air flows openly and non- 

sealed in and out of the stack. The MIC structure is simply an array of parallel 

channels and sealing faces.

Figure 0.4: Stack concept M K  351 of the IKTS-Dresden/Germany (courtesy of IKTS) [29],

Figure 0.5 depicts an alternative concept of the pCHP manufacturer Hexis AG 
Winterthur/Switzerland. It is a unique planar radial open co-flow design. The fuel is 

distributed through a central hole, while the air is introduced via four air inlet 

channels at the outside and redirected from the inside back to the outside. The 

afterburner is integral to the stack and located directly at the circumference of the 

stack where air and the non-utilized fuel meet. This makes it a completely open 
stack as the air can in principle enter the anode side when the fuel flow stops. The 

necessary sealing of the fuel, air and exhaust gas during operation is realised just 

through respective sealing faces at the MIC which are simply pressed against the 

cell. Compared to the previous stack concept the MIC structure here is rather 

complex due to the radial geometry.

Fuel
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Fuel Metallic
(H2, CO) Interconnector

Afterburner

Interconnector Cathode

Figure 0.5: Current stack concept of Hexis AG Winterthur/Switzerland (courtesy of Hexis) 
[30].

Both concepts have overcome a series of difficult challenges, which was only achieved 

by extensive modelling of several different aspects influencing the cell performance, 

such as thermal-fluidic, electrochemical and thermo-mechanical models trying to 

elucidate the many parallel occurring processes and how they interact with each 

other at the cell [31-33], repeat unit [34, 35] and stack level [36-42]. Consequently 

after having taken principle design hurdles and found optimal material 

combinations, current research is mainly revolving around issues of longevity and 

robustness of today’s fuel cell stacks. The main problems which are still being 

tackled are:

the poisoning of the cathode’s catalytic activity by volatile chromium species 

stemming from the commonly used MIC-materials or other components [43- 

46]

- the degradation of the contact resistance between the MIC and the cell [47- 

49]
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leakage at the sealing, as a consequence of thermo-mechanical instabilities or 

chemical interactions between MIC and sealing [50-52] 

intra cell leakage due to cell fracture or defect in the electrolyte [31, 53, 54] 

robustness of the cell against deliberate or accidental red-ox cycles [55-58]

0.3 Mechanical testing of thin sheets

One of the key issues of this study is the evaluation of the mechanical strength of 

thin (< 200 gm) brittle tapes and sheets. This requires methods that overcome a 

number of difficulties, which are related to the combination of thin and brittle. In 

this section these difficulties will be addressed.

The nature of brittle materials such as ceramics lies in the fact that they display

inherently brittle fracture behaviour. Due to the absence of any plastic deformation 

local stress concentrations, as they occur at elastic inhomogeneities, cannot be 

equalised [59, 60], Therefore, small flaws or irregularities in the microstructure, 

such as pores, agglomerates or scratches at the surface can act as origins for cracks, 

which then extend causing failure [61]. The criticality of such a flaw is practically 

described for a linear elastic, homogenous material via the stress concentration 

factor K), which is defined as [62, 63]:

K/ =  a Yyfna (0.6)

with a being the characteristic size of the flaw, a the applied stress at a sufficient 

distance uninfluenced by the flaw and Y a dimensionless geometric correction factor 

depending on the specific load situation and geometry of the flaw. Values of 

geometric correction factor for varying common cases can be found in literature [64- 

66]. A flaw now becomes critical, which means a crack will originate and expand, if 

the stress concentration factor exceeds the material characteristic resistance against 

crack extension, the so called fracture toughness Klc [62, 63]. Given the fracture 

toughness, based on Equation 0.6 the strength can now be expressed as a function of 

the flaw size.

Within a samples or components volume, typically a multitude of flaws of different 

sizes are present. Assuming a uniform stress state, the strength, the stress at which 

failure occurs, is determined by the largest flaw, because there the least stress is

12
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required to reach a stress concentration factor, which equals the fracture toughness. 

In order to predict now the strength of a material, next to the fracture toughness, the 

size of the largest flaw has to be known. This fact creates one of the biggest 

problems, as this knowledge is hardly accessible.

The way this problem is resolved, is in general by turning to a probabilistic approach 

[67, 68], Jayatilaka and Trustrum pointed out that for most cases the frequency

density of critical flaws within a certain material decreases with the flaw size 
according to a simple power law and that under these circumstances the Weibull 

statistic is most suited to describe the strength distribution of this material [69]. Its 

fundamental equation is the Weibull distribution function, which expresses the 

probability of failure P as a function of the applied stress a and the volume V the 

stress is applied at (here in the general form for an arbitrary tensile stress 

distribution) [61, 70]:

m is hereby the Weibull modulus, reflecting the width of the distribution. V0 is the 

reference Volume and a0 the characteristic strength. The latter two parameters are 

interdependent, meaning that for a given distribution several sets of V0 and a0 are 

equivalent as long as the following relationship is fulfilled:

The most intriguing aspect implemented within Equation (0.8) is that the failure 

probability for a certain applied stress increases, if the stress is applied to a greater 

volume. This behaviour is intuitively comprehensible, when considering that it is 

simply more likely to find a large flaw within a larger volume than within a smaller 

one, as it is always the largest flaw, which determines the strength. This is an 
intrinsic property of brittle materials. Based on the above arguments, it becomes 

apparent that for most cases it is more suitable to describe the strength of a brittle 

material in terms of a failure probability at a given stress rather than giving an 
actual stress value called “strength” .

In order to predict the failure probability the three Weibull parameters of a material 

have to be determined via suitable strength tests. The main goal hereby is to test a 

material at a volume scale which is not too far off from the expected loaded volume

(0.8)

GO™ — Oo2m (0.9)
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during service. Otherwise an extrapolation towards larger or smaller volumes would 

cause large uncertainties as the Weibull modulus and the characteristic strength can 

only be determined with a finite certainty. Further the measured strength 

distribution might not even be representative or relevant if the scales of the 

measurement and the actual loaded volume during service differ too much [71-73], 

The volume scale is in principle determined by the selected test method and the 

respective dimensions of the test rig and the samples. Furthermore, the test method 

must allow for easily machinable and testable sample geometries as the accuracy of 

the determination of the Weibull modulus and the characteristic strength 

immanently depends on the number of samples tested [68], Also, an important 

requirement for a potential test method is that the applied force loading the sample 

results in a reproducible and defined stress field within the sample’s volume, with 

the condition that from the force and the chosen geometry of the test set up a 

straight forward correlation between the applied force and the corresponding stress 

field can be deduced,

Following the above made requirements it is found that for brittle materials the in 

principle advantageous tensile test is not suitable. Despite the potential advantages 

of loading a large volume with an easy to describe uniform uniaxial stress, it has 

proven to be too demanding regarding sample preparation and the set-up of the test 

rig. Practically it is hardly possible to apply a homogenous uniform stress field to a 

brittle sample causing a large and difficult to handle error for each measurement. 

See for instance Ref. [74], where, although nominally uniformly loaded throughout 

the whole cross-section, all samples failed at or close to the carefully polished edges. 

This is a consequence of small errors in the alignment of the force introduction.

Therefore ceramics are typically tested in a bending regime, such as four or three 

point bending or the Ring-on-Ring test (see also standards ISO 14704:2008, 

ISO 17565:2003 and ISO 6474-1:2010, respectively). All established bending tests 

rely on simple sample geometries such as bars and circular discs, while almost 

always analytically deducible relations between applied force F and obtained stress a 

exist and can generally be expressed as [75]:

p
a = gigeometry, v) — (0.10)

14



Chapter 0

with t the sample thickness and g being a dimensionless correction factor taking the 

geometry of the test rig and the sample and the Poisson's ratio of the tested material 

into account. However, this linear relationship between force and stress has a 
restriction. It is only valid, if the maximum deflection of the sample remains below 

about half of its thickness. Beyond this deflection, the relationship becomes more 

and more nonlinear. This is now the point where it becomes difficult to measure the 

strength distribution of thin sheet like samples for example ceramic tapes.

To illustrate these difficulties a 160 pm thick tape is considered. The first difference 

between thin and bulky samples is that the normalised bending stress over the 

sample height coordinate z, described generally by:

ct(z ) _  2z - t  
amax ~ t (0.11)

possesses a steep gradient. Therefore, any applied bending stress, which always 

reaches its maximum at the surface, decreases already 20 pm underneath the 

surface down to 75% of that maximum. Due to this steep stress drop, the probability 
to find a critical flaw rather scales with the loaded surface area S than the loaded 

volume. Hence, the Weibull distribution is written as:

integrating over the stressed surface area.

For specimens obtained from a 160 pm thick tape a test configuration must be built, 

where the maximum deflection is lower than 80 pm. Miniaturizing the widely 

established and standardised four-point-bending test, would require a span width of 

less than 2 mm and much smaller dimensions of the single components of the rig. 
Furthermore, the downscaling would lead to increased and difficult to handle 

uncertainties regarding the applied stress [76].

Also for the Ring-on-Ring setup small test rig dimensions would be required. 

Figure 0.6 depicts the evolution of the maximum deflection of aforementioned tape, 

taking the Weibull strength parameters and the elastic constants as given in 

Table 0.1. The calculation is based on a finite element model of a Ring-on-Ring test 

rig. The dimensions are shown in Figure 0.7 [31] with respect to the diameter of the 

inner loading ring. For the deflection to be less than half of the sample thickness the
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inner loading ring diameter should approximately not exceed 2-3 mm. Like for the 

four or three bending test the construction of a set up with these dimensions 

requiring a sufficiently small error are hardly achievable.

600- 

f  500-
3

I  400- 

8 
%
Q 300-| 
E

dull: cr0=1126 MPa, m=11 
O rough: a = 909 MPa, m=21

guide to the eye 
- guide to the eye

.O

Inner Ring Diameter (mm)

Figure 0.6: Expected maximum deflection for varying test rig size for a Ring-on-Ring 
geometry.

Hence, two approaches have been established to deal with this difficulty. The first is 

to test the strength in a large deflection mode preferably employing the Ring-on-Ring 

test, as this test allows neglecting edge defects of the samples. This then however 

requires a more advanced analysis of each measurement, which has to rely on a 

fairly accurate finite element model [77-80]. The model on the other hand demands 

the knowledge of all elastic parameters of the relevant components (rings and 

samples). Figure 0.8 shows the relationship between the effectively loaded surface 

and the test rig size with respect to the geometry depicted in Figure 0.7. By 

increasing the size, the loaded area can be increased along with the maximum 

deflection. However, Figure 0.8 already shows that this approach reaches fairly 

quickly its limit.
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Table O.D Weibull parameter and elastic constants used for the Ring-on-Ring finite element 
simulation.

Characteristic Weibull Surface Area Young’s Modulus Poisson’s
Strength a0 (MPa) Modulus m S0 (mm) E (GPa) Ratio v

Rough 
tape side

909 21 11 214 0.32

Dull tape
side

1126 11 18 214 0.32

Next to the careful determination of the actual fracture stress with regard to the 

measured fracture force, also the change of the effectively loaded surface area within 

a single sample set has to be accounted for in the statistical evaluation. This is 

because weaker samples are loaded on a comparably larger area than stronger ones 

[71]. Nonetheless, due to the large deflections the influence of friction becomes 

considerably large but is difficult to be factored into the finite element model. Hence, 

this test method can come with a considerable measurement uncertainty, which then 

can significantly disturb the correct determination of the Weibull modulus of a 

sample set of a material [81].

The second approach to directly and accurately measure the strength of thin and 

brittle samples is to come up with a test set up, which can be easily miniaturised, 

keeping the maximum deflection of the loaded samples and the measurement errors 

to a minimum, at the cost of a small loaded surface area. As a result of the search for 

a suitable set-up the Ball-on-three-Balls (B3B) test (see Figure 0.9), its correlation 

between applied stress and applied force and its sensitivity regarding mounting and 

sample errors has been revisited by Börger et al. [82-84]. It simply distinguishes 

itself by the fact that the support and load situation is always well-defined by the 

four contact points. The authors found that this test is particularly error tolerant. 

Further the test is very much suited for thin samples as the balls are readily 

available even in tiny sizes, while their correct arrangement is still feasible at small 

scales [85]. Another advantageous feature is that also rectangular samples are 

suited making the sample preparation cheap and easy [73, 86]. The main drawback 

here is however that the diameter of the effectively loaded surface area is just of the 

order of the sample thickness.
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-  Rotational symmetry 

Inner loading ring

/ *  *
/  R = 0.12 X D, ;D,  ̂2.4 X D,-----------------------------------------.----- _ _

Circular sample with thickness t =160 pm

Figure 0.7: Dimensions of the Ring-on-Ring-setup with respect to the diameter of the inner 
loading ring (D/), used for finite element simulation.
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linear force-stress relationship

guide to the eye 
■ - guide to the eye

Deflection: 295 pm

640 pm

66 pm 123 pm

. •©; *

50 pm

Inner Ring Diameter (mm)

11 13

Figure 0.8: Effectively loaded surface area for varying Ring-on-Ring test rig size for the two 
simulated materials given in Table 0.1 and according to the linear theory, where the 
effectively loaded surface area corresponds to the area enclosed by the inner loading ring 
[87],
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In order to measure the service relevant strength distribution of thin, extended and 

brittle components the ring-on-ring test in its large deflection mode remains despite 

the larger uncertainties the most suited set up. However, if it comes to evaluate the 

strength as a function of environmental influences like for instance atmosphere [88], 

temperature [89] or humidity [71, 90, 91] the B3B test becomes especially due to its 

accuracy the set-up of choice. Recent advances on this topic have led even to the 

possibility to measure the fracture toughness directly on thin samples [92] making it 

a powerful tool to directly and extensively characterise thin components regarding 

their intrinsic mechanical properties.

Figure 0.9: Principle sketch of the Balls-on-three-Balls strength test set-up (courtesy of Raul
Bermejo) [90].

0.4 About this thesis

This thesis is a collection of publications containing recent research on the topic of 

mechanical strength and failure of commercial electrolyte supported solid oxide fuel 

cells (SOFCs) provided by Hexis AG  (Winterthur/Switzerland). The general aim is to 

establish an understanding of the causes which lead to failure of the cells during 

operation, provide the necessary material data for a proper mechanical description of 

the cell and subsequently derive potential counter measures, which would reduce the 

probability of failure to a minimum. Based on this “single case study” general key 

aspects affecting the strength of these kind of cells are revealed from which general
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design, rules can be obtained, which will contribute to optimize other cells in different 

system environments.

To apply any design rule or to make an optimal material selection several material 

parameters of different cell components have to be gathered. Regarding the 

mechanical integrity of an electrolyte supported cell, the properties of the electrolyte 

are decisive. Hence, a large part of this thesis is concerned with proper and 

exhaustive description of several electrolyte materials, so that for any prospective 

electrolyte supported cell a well-founded selection regarding the electrolyte can be 

made.

The first study (Chapter l) elucidates the stress situation such a cell is subjected to 

and the failure mechanism, which causes cracking and ultimately complete fracture. 

For this purpose a classical failure analysis with a holistic top down approach is 

undertaken, including the survey of all possible stress sources, while putting them in 

perspective with the findings of a broad fractographic investigation.

One approach in order to minimise fracture is of course to increase the cells strength. 

Prior to any optimization step, this property has to be properly described though. 

This is the aim of the following chapters, where the focus is set on the analysis of the 

strength of the electrolyte, which is the structural backbone of the cell. As the 

electrolyte is of brittle nature its strength has to be described in the form of a 
distribution which assigns any spatial applied stress distribution a probability of 

failure. This will be mainly addressed in Chapter 2, by testing several commercially 

available zirconia tapes covering the influence of surface structure, composition, 

tested sample surface and tape thickness at room temperature. Furthermore the 

phenomenon of sub critical crack growth (SCCG) is looked into, which can be 

responsible for a substantial weakening of zirconia based materials. Secondly the 

influence of an increased temperature on the strength distribution and SCCG is 

investigated in Chapter 3.

The final study, Chapter 4, covers the influence of the two electrodes on the fracture 

behaviour of the cell with regard to temperature, ageing and atmospheres. 

Therefore, drawing a comprehensive picture of the strength of the cell, by which 

mechanisms it is governed and how it is affected by the environment.
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A bstract

For solid oxide fuel cells (SOFCs) one key aspect is the structural integrity of the cell and

hence its thermo-mechanical long term behaviour. The present study investigates the failure 

mechanisms and the actual causes for fracture of electrolyte supported SOFCs which were 

run using the current pCHP system of Hexis AG, Winterthur/Switzerland under lab 

conditions or at customer sites for up to 40,000 h. In a first step several operated stacks were 

demounted for post-mortem inspection, followed by a fractographic evaluation of the failed 

cells. The respective findings are then set into a larger picture including an analysis of the 

present stresses acting on the cell like thermal and residual stresses and measurements 

regarding the temperature dependent electrolyte strength. For all investigated stacks, the 

mechanical failure of individual cells can be attributed to locally acting bending loads, which 

rise due to an inhomogeneous and uneven contact between the metallic interconnect and the 

cell.
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1.1 Introduction

1.1.1 Background

Solid Oxide Fuel Cell (SOFC)-based systems are promising candidates for the 

conversion of chemical energy stored in natural gas or hydrogen into electricity. Due 

to the direct electro-chemical process it is possible to reach electrical efficiencies of 

70% and more. Therefore, a lot of effort has been undertaken to develop systems 

which provide these high efficiencies while using materials and processing routes 

which are commercially acceptable. After several decades of intensive fundamental 

and materials research some systems are on the market (for instance the BlueGen of 
Ceramic Fuel Cell Ltd. and Bloom’s Energy Server of Bloom Energy) or are close to 

their introduction (e.g, the Galileo 1000 N of Hexis). But despite the progress which 
is reflected in the availability of these devices nowadays, there is still room for 

improvement. Especially the long term issues have gotten more and more into the 

focus of the respective manufacturers. Some of the main problems which need to be 

improved are anode degradation, oxidation of the metallic interconnects, chromium 

poisoning of the cathode and the long-term thermomechanical stability of the whole 

cell and that within the frame of real operating conditions, like multiple thermo and 

redox cycles, variation in the quality of gas composition and accidental exposure to 

sulphur [1-4].

In this study the fracture behaviour and the individual causes for cell fracture of 

electrolyte supported fuel cells under real operating conditions are investigated. The 

examined cells were provided by Hexis AG  in Switzerland and run in the company’s 

current SOFOSystem, the Galileo 1000 N.

One of the main tasks of the electrolyte is to physically separate the fuel from its 
oxidant, which it fails after its fracture. In any case the resulting intra cellular 

leakage will have a short- or long-term impact on the overall stack performance and 

could in the worst case lead to the instantaneous death of the respective fuel cell 

system [5]. Some experimental works have already been published regarding the 

mechanical stability of electrolyte supported cells [6-8] and the fracture behaviour 

outside a system at ambient conditions [9, 10], but so far none to our knowledge 

where cell fracture has been considered and investigated within the environment of 
an actual operating system.
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1.1.2 System and Stack

The Galileo 1 000 N  employs a stack with a planar open radial design as sketched in 

Figure 1.1. Since the stack is “open”, cells are required to maintain their structural 

integrity upon multiple redox-cycling. Currently, only electrolyte supported cells are 

able to fulfil this demand while having the drawback of a higher ohmic resistance 

compared to anode supported cells. On the other hand the open design allows the 

stack mounting to be a relative simple process. The nominal operating temperature 
is 850°C, measured at the bottom metallic interconnect. The fuel is supplied after 

being partially catalytically oxidized through the central hole of the stack onto the 

cell via the inner gas inlet channels of the anode side of the metallic interconnect 

(MIC) (see Figure l .l ) . A fuel sealing plane at the opposite side prevents leakage 

onto the cathode. The air streams from the outside along four inlet channels towards 

the centre. It then flows back through the flow-field to the outer edge, where the non- 

utilised fuel is burned off and produces additional heat.

The MIC is a CrFe5 alloy manufactured and delivered by Plansee SE (Reutte, 

Austria) with a thermal expansion coefficient which matches that of the cell. The 

zirconia-electrolyte is purchased from Nippon Shokubai (Tokyo, Japan) and 

contained either 3 mol% of Y2O3 (3YSZ) or 6 mol% SC2O3 (6ScSZ). These compositions 

were chosen due to their superior mechanical strength compared to the common 

electrolytes with 10 mol% SC2O3 (lOSclCeSZ) or 8 mol% Y2O3 (8YSZ) according to the 

supplier’s data sheet. The discs are screen-printed with a Lao.75Sro.2Mn03-8(LSM)* 

8YSZ-cathode and a Ni-Ceo.4Gdo.602s-anode developed by Hexis.

In order to understand the mechanisms which are responsible for cell fracture,

stacks with a different operational history but the same design were chosen for post 

mortem inspection and fractography. Results from visual, light- and electron- 

microscopic analysis are then considered in a comprehensive context, laying the 

focus in particular on the mechanical behaviour of the electrolyte, as the element 

providing the cells integrity.
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Figure l.F Working principle of the stack of the Galileo 10 0 0  N (courtesy of Hexis AG).

1.2 Failure Analysis

1.2.1 Post Mortem Inspection and Fractography

Three stacks with 3YSZ and six stacks with 6ScSZ electrolytes were taken for post 
mortem inspection. Each system was running either at Hexis or at customer sites 

under real operational conditions in the frame of the German CALLUXproject [ ill . 

The operating time ranges from 300 up to 40’000 hours, the count of complete redox- 
cycles a stack had undergone from one to fourteen. After demounting, all examined 

stacks contained ruptured cells, while showing no severe or discontinuous loss in the 

overall performance during operation. This already indicates that the present stack 

design is relatively tolerant towards fracture and the resulting intra cellular 

leakage. This is due to the small pressure difference which is immanent to the open 

radial co-flow design. Nonetheless, a certain degree of leakage will happen reducing 

effectively the provided fuel. The quantitative assessment of the influence, which cell 

fracture has on the performance is the topic of a subsequent study.

28



Chapter 1

The fracture pattern consists predominantly of radial cracks which can be 

accompanied by secondary fracture around the central hole, as seen in Figure 1.2. 

Less often occurred cracks with a tangential orientation, which usually followed the 

gaps between the bar arrays of the anode flow-field structure until at some point 

turning sideways, running towards the outer edge of the cell. For the stacks operated 

for more than 4000 hours the leakage around some cracks might have caused 

structural changes in the anode which can be attributed to the local burning of the 

fuel leading to increased temperatures and concentration of water and oxygen which 

may oxidise the Nickel. This effect is usually more pronounced close to the outer 

circumference (increased water concentration due to the utilised fuel) especially 

above the air inlet channels where the maximum leakage rate is expected (see 

Figure 1.2)

Figure 1.2: Anode side of a ruptured cell after 6700 h operation and two redox-cycles.

Fractography reveals that the majority of the cracks originate at distinct sites with 

respect to the MIC. These are the sealing planes on the cathode side at the air 

entrance and the area close to the central hole with the fuel inlet bars and the 
opposite fuel sealing plane (marked red in Figure 1.3). At the air inlet sealing planes, 

fracture always is associated with small bumps of the MIC coating on the cathode 

side (Figure 1.4a)) with a height typically between 10 - 60 pm compared to their 

direct surrounding. This leads to an uneven distribution of the mechanical pre-load 

and the stacks own weight (which reaches up to a quarter of the pre-load). These
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bumps can occur randomly distributed over the whole MlOstructure. However, they 

coincide with fracture origin sites almost exclusively at the red marked areas in 

Figure 1.3.

Air Inlet Channel

Sealing Fuel Fuel Inlet Sealing
Plane Sealing Bars Plane

Figure 1.3* Cathode side (left) and anode side (right) MIC structure with the positions of the 
air inlet channels and the flow-fields. The areas where frequent cell fracture is initiated are 
marked red.

For stacks operated more than 4000 hours, cracks around the central hole become 

more frequent without being associated with bumps of the contact coating at the fuel 

sealing plane of the cathode side. Since no additional seal prevents the cathode from 

being exposed to the fuel flowing in the central hole, it will gradually be decomposed 

and lose its structural integrity, becoming a loose powder not able to support the cell 

at the fuel sealing plane, also leading to an undefined uneven distribution of the pre­

load.

Just behind the inner sealing ring the leaked fuel burns off with the cathode air, 

which creates a narrow zone of 0.5*0.6 mm where the decomposed cathode reacts 

with the electrolyte forming a new porous layer leaving the electrolyte grooved 

(Figure 1.5). EDX indicates the formation of several different zirconate compounds 

like La2ZrÜ7 or SrZr03, which have been already observed for LSM based cathodes 

[12, 13]. Although the surface profile is significantly changed these grooves do not 

appear to be origins for fracture, but only preferential pathways for crack 

propagation.

In general the crack initiation sites exhibit always the same morphology as 

represented by Figure 1.4b) and c), showing a rough and jagged fracture surface
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which is between 2-4 mm wide for radial cracks and can reach up to several 

centimetres for cracks starting with a tangential orientation. The fracture edge at 

the cathode side of the electrolyte is smooth, while the anode side shows rather a 

zigzag pattern. The ends of these zones are marked by an edge curved concavely 

towards the anode (see Figure 1.4c)), indicating that the crack extension did not 

proceed continuously but stopped, while changing the crack surface morphology after 
resuming propagation.

Figure 1.4: Crack origin at the cathode sealing plane at the air inlet channel with a) the 
associated bumps on the cathode side, b) the fracture surface of the cell from a tilted cathode 
side perspective with the delaminated cathode in the contact zone and c) the magnification of 
the fracture surface.
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Grooves

Electrolyte

Figure 1.5: Electrolyte and cathode m aterial reactions after 40000 hours of operation. For the

marked section the EDX-element mappings of La, Zr, Mn and Sr are shown (30 kV accelerat­
ion voltage).
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1.2.2 Mechanical Load Situation

(i) Pre-load■ After being able to identify the location for crack initiation the question 

of the fracture mechanism and the involved stresses leading to macroscopic cell 

rupture arises. The most apparent source for mechanical stress acting on the cell is 

the pre-load of 390 N on the stack which results in a vertical average compression of 

Qprei = 0.036 - 0.046 MPa considering the stacks own weight and assuming an even 

distribution. While these loads are very small, they might lead to significant stresses 

when distributed unevenly over the cell area. This is the case for the observed bumps 

on the cathode side which are associated with the crack origin sites. Here the pre­

load is concentrated and a certain deflection, which is the height of the bumps, is 

impressed in the cell. Assuming the cell to be clamped between two MICs and being 

lifted and pressed into the Nickel mesh the resultant stresses can be estimated. The 

respective elastic model is taken from Roark’s Formulas for Stress and Strain [14] 

and shown in Figure 1,6. This approach is just a rough image of the real load 

situation but can provide an upper limit of the occurring stresses, neglecting the 

stiffness of the Nickel mesh and a redistribution of the nominal pre-load. Since the 

maximum deflection ymax is given by the height of the bumps, it is possible to 

calculate the radius R for the lifted cell area. Taking the force F needed to bend the 

cell until the given deflection and comparing it with the nominal compressive stress 
Gpreithe system provides (F = aprein R2), R becomes:

where D* is the effective plate constant at the operating temperature calculated 

according to Hsueh and Luttrell [15] using the values in Table 1.1 and assuming a 
Poisson’s ratio of v = 0.3 for all layers. The resulting maximum stress which arises in 

this situation for the electrolyte at its interface with the anode is plotted for varying 

ymax in Figure 1.7 also following the approach of Hsueh and Luttrell, with:

EEl(t~ + + tgi — ẑ \ R
4 . ( 1 - v4 -  F (1 + v ) ln ; ;

(1.2)

where z£ is the neutral bending plane of the multi-layer, Em the electrolyte’s Young’s 

modulus and the respective thickness of the two cathode layers and the electrolyte

33



and r0 the contact radius. In order to assess the severity of these stresses the 

probability of failure is plotted as well using the Weibull equation [16]:

S .„ )  =  1 -  exp ] (1.3)

and the material parameters given in Table 1.2. Since no fitting material data is 

available in the literature, double ring bending tests have been performed on 

samples 30 mm in diameter of bare 3YSZ and 6ScSZ electrolytes using the test rig 

and FE-model described in [17] for evaluating the stresses and effectively loaded 

surfaces S0. Both sides of the electrolyte have been tested regarding their fracture 

stress at room temperature (RT) and a relative humidity of 37%, with a load rate so 
that the fracture time was between tf  = 10-15 s, showing that the side used for the 

anode layers is significantly weaker, since it is rougher than the cathode side. Since 
the roughness apparently determines the strength, the effectively loaded surface has 

to be taken into account rather than the effectively loaded sample volume. The 

rougher side of the 6ScSZ electrolyte has also been tested at elevated temperatures 

giving the Young’s modulus and the fracture strength values in Table 1.1 and 1.2. 

Applying the values valid for T = 950°C for the operating temperature T ~ 850°C 

makes the estimation more conservative regarding the failure prediction, since the 

strength would rise by lowering the temperature.

__________________________________________________________________________ Chapter 1

Table 1.1: Layer thicknesses and Young’s modulus for the different cell materials
Cathode
Current

Collecting
Layer

Cathode
Functional

Layer

Anode
Current

Collecting
Layer

Anode
Functional

Layer
3YSZ-

Electrolyte
6ScSZ-

Electrolyte

Thickness
(um) 70 15 30 10 140 160

Young’s - 
Modulus 
(GPa) at 
T=950°C

60* 40* 40* 60* 155* 140

Young’s- 
Modulus 

(GPa) at RT
70* 80* 50* 65* 212 202

ä
(25-1000°C)

(10-6/K)
11.00* 10.70* 12.50* 12.25* 10.90** 10.70**

A T after 
sintering

(K)
1075 1075 1195 1195

'taken from Kuebler et al. [17]; "values according to the supplier
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JF\ -—-  ITm . _____________

r 0 R
Figure 1.6: Elastic model for a circular plate being fixed at the outer edge at a radius R and 
loaded with an over a radius r0 evenly distributed force F.

It becomes apparent that the estimated stresses will most certainly not lead to 

fracture. Only at elevated temperatures and relatively high deflections does 6ScSZ 
become slightly susceptible to fracture, however bumps higher than 60 pm are scarce 

and thus play a lesser role. At RT the plate stiffness increases. Since the deflection is 

constant this leads to an increased stress, which is overcompensated by an increase 

in strength diminishing the likelihood for failure to be always close to zero. Because 

the stress is local and deformation controlled, a possible fracture event would only 

lead to a local crack, since any crack extension would reduce its own driving force by 

giving the cell the chance to comply.

Table 1.2: Electrolyte Weibull parameters for the two different electrolyte materials.
Characteristic Characteristic Effective Effective

Strength a0 Strength <r0 Weibull surface.S0 surface S0
(MPa) (MPa) modulus m at T=950°C at T=25°C

T=950°C T=  25°C (mm2) (mm2)
3YSZ 350* 937 31 6.0 6.0
6ScSZ 250 701 19 14.5 11.3

‘ estimated using the relation a0(25°C)/ cr0(950oC):=» Klc(25°C )l Klc(950°C) with Klc( D  being the 
mode I fracture toughness taken from [17]
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Figure 1.7: Maximum biaxial stress according to the elastic model shown in Figure 1.6 for a 
varying deflection ymax, 0prei=  0.04 MPa, Sef f  =  n r * ,  r0 =  1 mm and with the respective failure 
probability for 3YSZ and 6ScSZ electrolytes. Bottom: for T =  950°C, middle: for T =  950°C  
adding 50 MPa to account for possible thermal stresses (see Figure 1.8), top: for room 
temperature; the shaded area marks the typical height of the bumps on the cathode side.
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(ii) Thermal stress' During operation the conversion rate of the fuel and therefore 

the released heat decreases over the cell radius leading to an inhomogeneous lateral 

temperature distribution. A two-step numerical simulation of the repeat unit based 

on the model shown in Figure 1.8a) for a cell with 3YSZ electrolyte and the layer 

thicknesses of Table 1.1 has been performed employing the finite element software 

NMSESES (Z H A W -I C P Winterthur/Switzerland). First the temperature 

distribution for maximum power output (MPO) and open circuit (OC) conditions over 

the cell is calculated employing the numerical volume averaging method [18]. The 

condition, where the greatest power output is reached, represents the normal 

operating condition for the cell. When the stack is shut down the electrical circuit is 

opened before the fuel is turned off, leading for a short time to a new stationary 

temperature distribution represented by the OC-condition. In a second step the 

resulting thermal stresses are calculated linear elastically using the parameters in 

Table 1.1. The resulting maximum principle stresses within the electrolyte are 

shown in Figure 1.8b) and c). For the MPO- condition the electrolyte is at the outer 

circumference under tangential stress and slightly tangentially compressed at the 

inner cell area. Since the main part of the fuel is electrochemically converted at the 

inner cell area the temperature drops from the inside to the outside. In the case of an 

open circuit the whole fuel is burned off at the outer cell edge. Hence, the heat 

production takes place mainly at the outer edge of the cell creating a temperature 

gradient falling from the outside to the inside, resulting in a maximum stress which 

is of a tangential nature for the whole cell but also giving a positive radial 
component. For both conditions the peak mechanical loads are around 50 MPa 

appearing at the air entrance and at the inner cell edge in the case of MPO and OC, 

respectively.
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a)

V

Sr
Figure 1.8: a) 3D thermo-meehanical-flowmodel of ‘/sth of the cell to obtain the temperature 
distribution within a single repeat-unit and to calculate the stresses caused by local 
temperature-gradients; b) maximum principal stresses of a cell mounted in a repeat-unit 
under MPO-conditions and c) under OC-conditions for a cell with 3YSZ electrolyte. The 
highest stresses are indicated in yellow, stress-free zones are shown in black and compressive 
stresses in blue and green.
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It is possible to evaluate the failure potential of thermal stresses by calculating the 

mode I stress intensity factor K, for a crack being introduced at either the inner or 

the outer edge of the electrolyte. Following the approach proposed by Munz and Fett 
[19], which was already applied to a similar problem by Schneider and Danzer [20], 

K, is obtained by solving:

K i = f  o$ (x)h(a,x)dx (1.4)
h

where h(a, x) is the weight function weighing the stress perpendicular to the crack

faces Oq along the crack length. The respective expression for an annular circular 

plate can be found in the table book of Wu and Carlsson [21] and reads:

n=3,4 ,_3

A(*. a) -  - = =  V  ßi (a) ( l  -  £ ) 2 (1.5)
V27m K a'

For internal cracks n becomes 3 and for external 4. The coefficients ßt are given in 

[21] for discrete values of crack length a to plate width W. Figure 1.9 presents the 

stress intensity factor solutions for an internal crack (inner edge) in the middle of 

the flow field (45°) for the open circuit operation and for external cracks being 

introduced either in the air inlet channel (0°) or in the middle of the flow-field (45°) 

for MPO.

Taking the toughness of the 3YSZ electrolyte to be between 1,75 and 2 MPa m* at 

T=  950°C [17] an initial crack has to be between 1-2 mm in order to get extended. If 

the crack is close to the edge but still has two ends as seen in Figure 1.4 this length 

might be roughly up to twice as long, since the stress is distributed over two crack 

edges. After this sub critical length the stress intensity remains above the toughness 

being able to extend the crack from one edge to the other. Therefore, thermal 

stresses can explain the occurrence of the radial fracture, which includes the vast 

majority of cracks. But in order to do so flaws within the millimetre range have to be 

introduced into the electrolyte.
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Figure 1.9: Stress intensity factor solutions at various angles and internal and external 
cracks (dots are spline interpolated).

(iii) Residual stresses’- The five individual cell layers exhibit different thermal 

expansion coefficients, which cause thermal mismatch strains hence residual 

stresses after sintering and cooling upon room temperature. In order to assess these 

strains, strips of half cells have been prepared. These strips consist of a 160 pm thick 

6ScSZ electrolyte and either the two cathode or anode layers. The dimensions were 
95x10 mm2. The cells were sintered while being constrained to be flat. After 

sintering the different thermal expansions lead to a curvature of the strip, which 

was measured using a camera. The curvature is then fitted by a circle to obtain its 

radius. Although the deflection was above the strip thickness, the sample showed no 

significant inhomogeneous bending. The single electrolyte remains flat even after 

annealing at the sinter temperature, thus the curvature can be attributed solely to 
thermal mismatch. When repeating the measurement of one sample, the method 

gives results with a reproducibility of ± 5%. It is not possible to determine the 

thermal mismatch strains and thus the residual stresses for all three layers of the 

half-cell just by measuring the radius of curvature. Therefore, the two electrode 

layers are considered as one. Compared to the electrolyte the Young’s modulus of the 

electrode layers is similar and their thermal expansion coefficients are close to each 

other as well. Therefore assuming the electrodes to be one homogeneous layer will 

not influence the interpretation of the results.
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For a bilayer the thermal mismatch strain eth = (a ! (AT) -  a2 (AT))AT is easily 

accessible following the elastic solutions of Hsueh and Evans [22], while applying a 
thickness weighed average Young’s modulus and their combined thickness of the 

electrode layers. Figure 1.10a) shows the resulting biaxial stress in the electrode and 

the electrolyte obtained by applying the multi-layer solutions of Hsueh [23]. 
Additionally the nominal stresses which are to be expected according to the thermal 

expansion coefficients are presented. For comparison the radius of curvature for 

strips is calculated using the approach in [23], the data given in Table 1.1 and a AT 

which is the difference between RT and the respective sintering temperature. The 

stresses are then calculated as for the measured samples taking the two electrode 

layers as one. The residual stress for a cathode half-cell is relatively small and is 

close to what could be expected from the expansion mismatch. The deviation might 

be due to a lower effective temperature difference to the reference temperature 
(temperature with no residual stress) which is usually lower than the sintering 

temperature. The surface of the cathode after sintering shows a bubble-like 

morphology and small separate cracks which are characteristic for the cathode 

current collecting layer (see Figure 1.10c)). After etching and hence the removal of 

the LSM from the cathode the residual ceramic 8YSZ backbone of the former cermet 

structure of the functional cathode layer shows almost no defects.

The opposite is the case for the anode. After sintering the anode exhibits a 

completely developed channel crack network (see Figure 1.10b)). These channel 

cracks explain the large deviation from the measured stress and the nominal one, 

which is almost five times higher. That means that the anode cannot withstand the 

tension which emerges during cooling after the sintering. After being reduced the 

anode continues shrinking leading to a slightly increased stress level but leaving the 

crack pattern unchanged. The nominal compressive stress for the electrolyte at RT 

as part of a whole cell would be almost the sum of the single contributions of the 

electrodes being (TEi,nom= '43 MPa, while the measured stress would be 

aEi,exp= ‘ 15 MPa. The residual stress reaches its maximum at RT while it almost 

vanishes at operating temperature. This becomes even more apparent when taking 

into account that the reference temperature is always somewhat lower than the 
sinter temperature and that the reference wanders towards the operating 

temperature due to creep.
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Figure 1.10: a) Residual stresses of cathode and anode half cells at RT from curvature 
measurements (error bars represent the sample spread) and the corresponding expected 
stresses based on the thermal expansion coefficients and according to values in Table l . i ;
b) image of the anode and c) the cathode surface (BSE detector, 20 kV). The bubbles visible at 
the surfaces of the two electrode images are a consequence of the manufacturing process.

1.3 Discussion

Fractography reveals that the cell fracture happens in two steps. This is indicated by 

the two different morphologies of the fracture surface, which are clearly separated by 

distinct edges curved towards the anode (see Figure 1.11). At these edges the crack 

front comes to a halt. This is supported by the repeated observation of two of these 
pre-cracks in one extended crack. Underlining that the moment for the pre-crack 

formation is different from the one when the crack is being extended, otherwise there 

would be no chance for the development of a second pre-crack. It is obvious that the 

load which causes the pre-crack initiation is of local nature, while the cause for the 

overall crack extension has to be global. As already mentioned in Section 1.2.2, 

thermal stresses are fulfilling this requirement, as they are able to extend flaws in 
the range of several millimetres throughout the cell. This leads to the conclusion 

that the pre-crack has to form when the thermal stresses are absent or less 

pronounced. This is further supported by the fact that even a combination of the 

thermal stress peaks and the stresses introduced by the bumps on the cathode side 

are not sufficient to be the single cause for fracture, since the failure probabilities do 

not match with the observed damage, especially for the 3YSZ electrolyte 

(see Figure 1.7).
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Figure 1.1 B a) Pre-crack zone of a cell fractured at sealing plane at the air inlet; b) Magnified
crack origin.

So far only the stresses at the electrolyte have been considered as causes for 

fracture. But it has been already shown that the strength of the electrolyte can be 

affected by the electrodes as well [9, 10]. Given a substrate which is coated with a 
more compliant layer, cracks in the layer reaching down to the interface may 

penetrate into the substrate until a certain depth following laterally the cracks of the 

coating. This is the case for the anode layers as seen in Figure 1.10. The elastic 

problem of coatings on relatively thick substrates being under residual stress due to 

thermal mismatch has been already developed by Ye and Suo [24] and reviewed by 

Hutchinson and Suo [25], Depending on the elastic constants and the in plane stress 

and the thickness of the film, an expanding crack in the substrate being nucleated 

underneath a channel crack would have a positive energy release rate. The rate 

decreases with the depth. The substrate’s toughness decides whether a crack 

propagates and how deep, but in any case the crack extension would be stable.

The situation for the electrolyte as part of the cell is somewhat different (see Ref. 

[25]). Because of its comparable thickness with respect to the electrodes it gets 

significantly compressed when the electrodes are under tension. Therefore the 

energy release rate for a substrate crack in the electrolyte is lowered if not negative. 

Hence it is no surprise that without an external mechanical load no damage to the 

electrolyte due to the highly stressed anode is observed. Nonetheless, if an external 
load is applied to the cell overcoming the compressive stress and increasing the 

overall energy release rate for an into the substrate expanding channel crack, the 

anode will then become the strength determining element of the cell. Figure 1.12 is a 
comparison between the fracture surfaces of an anode half-cell (electrolyte with only 

one electrode) with a 6ScSZ electrolyte flexed either with the anode side or the 
uncoated electrolyte side under tension. In the first case the morphology is jagged as 

for the pre-cracks in the actual ruptured cells (compare Figure 1.4). In the second
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case, the electrolyte surface is smooth while the anode still displays a zigzag fracture 

line. The reason for this distinct behaviour of the anode is the fact that it is already 

greatly damaged, so that a global crack will follow the pre-existing channel cracks. If 

tension is applied on the anode, these cracks will be able to penetrate into the 

electrolyte imprinting the fracture path of the anode in the electrolyte. By comparing 

the morphology of Figure 1.12a) and 1.4 it becomes apparent that the crack origins 

for the observed pre-cracks are the pre-existing channel cracks of the anode.

Figure 1.12: Fracture edges of an anode half-cell with a 6ScSZ electrolyte after being flexed 
with the anode being either a) in tension or b) under compression.

The driving force for the propagation o f theses cracks into the electrolyte is given in 
any case by the inhomogeneous MIC-Cell contact (in the form of the bumps, the 

contact coating or the disintegration of the cathode at the fuel sealing plane) leading 

to multiple local stress peaks in the cell and the residual stress in the anode due to 
thermal mismatch. Both of these driving forces increase with decreasing 

temperature competing against the rising fracture toughness of the electrolyte, 

which gives a hint that the pre-cracks are formed during the cooling or the heating 

up of the stack. Additionally the electrolyte might exhibit a so called low thermal 

degradation (LTD). This is a phenomena characteristic to tetragonal stabilized 

zirconia like 3YSZ and 6ScSZ, where the strength severely suffers if the material is 

exposed to a humid media at temperatures between 150 and 400°C [26]. During 

cooling the stack needs several hours in order to reach RT, while residual moisture
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might linger in the fine pore structure of the functional anode layer. Furthermore, 

the nickel of the anode undergoes a magnetic phase transition between 200 and 

300° C so that the thermal expansion coefficient rises relatively steeply coming from 

high temperatures until it reaches a maximum at 240°C [27]. Hence, the residual 

stress will rise accordingly. LTD and this non-monotonic behaviour of thermal 

mismatch strain might crucially affect the failure probability and the formation of 

pre-cracks.

The explanation as for why the fracture origins for widely extended cracks are 

correlated with the stress peaks for the two presented operating conditions can now 

be given. Pre-cracks are probably formed throughout the whole cell since bumps on 

the cathode side are found for arbitrary sites at the MIC. The probability for these 

pre-cracks to propagate depends on the local thermal stress level, thus the stress 

peaks in Figure 1.8 correspond with the red areas in Figure 1.3, where crack origins 

were predominately found.

In order to prove these hypotheses it is necessary to measure the bi-axial bending 

strength of the cell over the whole temperature range in its oxidised state and for the 

operating temperature in its reduced one. Because the loads present are deformation 

controlled the critical strain of the electrolyte and the critical deflection of the whole 

cell should be taken into account in order to assess the susceptibility of the cell for 

fracture within the stack.

Furthermore, it remains unclear how the microstructural changes within the anode 

during operation, which have been reported by Holzer et al. for this anode material 

[28, 29], will affect the residual stresses. Additionally, for most of the Ni-based anode 

materials significant creep rates are to be expected at operating temperature [30]. 

Since all discussed sources for stress are deformation controlled, creep would simply 
relax crucial stresses and it would be therefore beneficial. However, the creep rate is 

mostly determined by the ceramic backbone which is with CGO different from the so 

far reported zirconia based ones. Hence, it is at this point not possible to consider 

possible creep effects.
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1.4 Conclusion

Nine SOFC stacks of the Galileo 1000 N  being operated at customers sites or at 

Hexis have been inspected post mortem. Each examined stack contained fractured 

cells. After a fractographical and fracture mechanical analysis it becomes apparent 

that for almost all of the cells fracture happens according to one distinct failure 

pattern. When mounted, the anode of the cells exhibits channel cracks as a 

consequence of the large thermal mismatch to the electrolyte. Due to the occurrence 

of bumps on the cathode side and the disintegration of the cathode at the fuel sealing 

around the central hole, the pre-load leads to local stress peaks loading 
predominantly the anode side of the cell. Along with residual stresses in the anode 

either due to thermal mismatch or the shrinkage due to the Ni-reduction, the anode’s 

channel cracks are able to propagate into the electrolyte. Because the external stress 

for the cell is local and deformation controlled, a stable pre-crack forms in the 

electrolyte most likely when the stack is below the operating temperature, hence 

while it is either cooling down, heating up or idle at RT. Such a damaged cell will 

most likely rupture at places where thermal stresses are high. These sites are at the 

air entrance while the stack operates at MPOconditions and around the central hole 

in the case of an OC. Pre-cracks might form in the whole cell but appear to be critical 

mostly at these areas.

Based on this failure analysis it is now possible to evaluate general and system 
specific design guidelines in order to reduce the cells failure probability, which will 

be part of a subsequent study.
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A bstract

Zirconia tapes are established for the application as electrolytes in solid oxide fuel cells. One 

of their functional tasks is to provide the structural integrity of the cell. The mechanical 

failure of the electrolyte would cause leakage between the electrodes, leading to a reduction 

of the performance of a whole fuel cell stack. In order to assess the reliability of a certain 

zirconia tape with respect to a specific stress distribution and environment, the strength has 

to be properly characterised. In the present study a selection of several commercial highly 

ionic conductive scandia doped zirconia tapes was investigated regarding their strength 

under inert and humid conditions at room temperature, which required the determination of 

the elastic constants and the fracture toughness as well.

The strength of the different zirconia tapes ranks according to their fracture toughness, while 

the strength distributions typically exhibit a Weibull modulus of m  =  10. It was found that all 

tapes suffer from sub critical crack growth, which leads to a limited lifetime at a given static 

load and a drastic reduction of the room temperature strength at time scales relevant for 

actual operation.
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2.1 Introduction

The determination of the tensile strength is a crucial issue in order to predict the 

probability of rupture of a ceramic electrolyte used in solid oxide fuel cells (SOFC)

since one of its main tasks is to physically separate fuel and air. The strength 

depends on two material specific features^ (i) The flaw size and shape distribution 

within the materials volume or at the surface and (ii) its fracture toughness [l]. Both 

are first of all influenced by the material processing and handling but also later on 

by the exposure to a system specific environment, where mechanical stresses, 

elevated temperatures and contact with other compounds may alter these properties 

either instantaneously or with time. For instance sub critical crack growth (SCCG) 

[2-5] and cracks growing from the electrodes into the electrolyte [6, 7] in combination 

with an applied stress influence the critical flaw size distribution, whereas 

temperature itself changes the toughness. Ageing effects, which are diffusion 

controlled and thus time dependent processes, may also de- or increase the materials 

resistance towards fracture [8-10], A sufficient understanding of these aspects is 

crucial to properly assess the suitability of a particular electrolyte for a specific 

system and cell type after its electrical and thermal properties have been found to be 

promising.

This study focuses on a detailed description of the strength distribution and hence 

the distribution of flaws of several commercially available electrolytes as well as 

subcritical crack growth at room temperature (RT). This provides the necessary 

foundations for the further description of the high temperature behaviour, ageing 

and the strength of electrolyte-electrode assemblies, which will be the topic of a 

subsequent article. Furthermore, electrolytes which are used as the structural 

backbone of SOFCs which are operated in so called p-Combined-Heat-and-Power- 

Plants such as the Galileo 1000 N  [ l l]  are kept idle at RT depending on the heat 

demand for some time of the year. In a previous study it was found that in these 

systems significant stresses in the cell and the electrolyte can occur due to an 

irregular distributed clamping load, which is applied to create a tight lateral 

electrical contact [12]. Hence it is relevant to also assess the strength under these 

conditions.
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The emphasis here lays on the characterization of scandia doped zirconia tapes, 

which are known for their high ionic conductivity [13] and 3 mol% yttria stabilized 

zirconia (3YSZ) as a reference material. A comprehensive overview of the available 

strength data of commercial and experimental tapes is given by Nakajo et al. [14] 

and includes different yttria stabilized zirconia and CexGdyOa-s compounds. For 

scandia stabilized zirconia two studies have been published addressing the strength 

of experimental lOSclCeSZ tapes [15] and of commercial 6ScSZ tapes [16]. The 

strength data published so far is somewhat difficult to compare and to interpret. The 

main problem is that brittle materials cannot be characterised by a single strength 

value but by a strength distribution, which is typically assumed to be of the Weibull 

type. This distribution however requires a set of three parameters to be defined [l], 

(i) the Weibull modulus, (ii) a size parameter, which is for thin sheets subjected to 

bending, as has been already pointed out by Malzbender et al. [16], the effectively 

loaded surface area, and Gii) the characteristic strength, which is the strength at 

which 63 % of the specimens fail. The latter value is bound to the corresponding 

Weibull modulus and the specific size parameter and without them meaningless.

The Weibull modulus and the characteristic strength are typically given, while the 

effectively loaded surface area is generally not mentioned (except for Ref. [16]). 

Hence, the strength distribution is not completely defined so that the published 
strength values have to be assessed with caution. Still, following trend is observable. 

Compared to 3YSZ all other materials with a superior conductivity appear to be 

mechanically less robust, which can be easily explained by the superior fracture 

toughness of 3YSZ. Furthermore, the Weibull modulus lies just between 4 and 9, 

which might be disastrous for achieving a high reliability and does not promote 

especially the application of the highly conductive compounds in electrolyte 
supported SOFCs. A high conductivity on the other hand is necessary to compete 

with anode supported SOFCs while providing enough robustness to ensure the long 

term structural integrity of the cell. Hence the motivation to characterise scandia 

doped zirconia tapes regarding their mechanical strength and lifetime in ambient 

environments and to assess their suitability.
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2.2.1 Material of study
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The experimental investigation was performed on four different zirconia compounds,
which were 3 mol% Y2O3 stabilized ZrC>2 (3YSZ), 6 mol% SC2O3 stabilized ZrCh 

(6ScSZ), 6 mol% SC2O3 and 1 mol% CeÜ2 stabilized ZrÜ2 (6SclCeSZ) and 10 mol% 

SC2O3 and 1 mol% Ce02 stabilized ZrÜ2 (lOSclCeSZ). The various ceramic tapes, 

which were mechanically tested in this study, were provided by the Hexis AG  

(Winterthur, Switzerland) and are commercially available. Based on the data of the 

manufactures the grain size (diameter d) of these compounds is dso% = 0.1 - 0.2 pm 
for 3YSZ, 650%= 0.5 -  1 pm for 6ScSZ, cfeoüü = 0.5 -  1 pm for 6SclCeSZ and 

d5o%= 2 ■ 4 pm for lOSclCeSZ.

Depth profile measurements were carried out for different tapes and their respective 

sides using a Leica DCM 3D confocal microscope with blue LED light. The roughness 

was calculated by taking the mean of the root mean squared of ten 15 mm long line 

scans choosing the devices smallest step size of 0.2 pm. Topographic images of 

different tapes and surfaces were obtained by mapping a 9 mm2 squared area with 

the same step size to check for large flaws and the general surface morphology.

2,2.2 Elastic properties

The elastic constants of 3YSZ, 6ScSZ, 6SclCeSZ were measured using the Impulse- 

Excitation-Technique (IET) as described in [17], As this method is not applicable to 

the mechanically tested tapes due to their in this regard too low thickness, 

rectangular plates (12x45x3.25 mm3) were manufactured for the sole purpose of 

determining the elastic constants of these three compounds. The 6ScSZ and 

6SclCeSZ samples were manufactured via uniaxial pressing and sintering 
(l580°C/2 h) from the same powder as was used for the respective tapes, while for 

3YSZ a powder purchased from Tosoh (Tokyo, Japan) was used. The sample 
densities were determined via the dimensions and the weight and are greater than 

or equal to 98 % of the theoretical density. These thick plates are then either placed 

on a cross or two parallel bars in order to measure either their flexural or torsional 

frequencies in accordance with the EN 843-2 standard. The elastic constants are 

obtained from these frequencies following the approach of Spinner and Tefft [18].
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2.2.3 Fracture toughness measurements
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The fracture toughness was determined applying the Single-Edge-V-Notched Beam 

method (SEVNB). For this purpose discs of 6ScSZ (thickness1 160 pm), 3YSZ (140 

pm), 6SclCeSZ (110 pm) and lOSclCeSZ (230pm) were cut into 5x50 mm2 stripes, 

ten for each material. A V-notch was then cut by a razor blade coated with diamond 

paste into one of the longer edges of each sample. This procedure resulted in either a 

well-defined notch with a root radius between two to four micrometres (see 
Figure 2.1a)), in a notch with a pre-crack ahead of it (see Figure 2.1b)), or in 

complete failure. The samples which survived were then tested in a 3-Point-Bending 

setup as described in [19]. Each test was conducted in a dry nitrogen atmosphere 

applying a load-rate so that fracture occurred in less than ten seconds. The apparent 

toughness Kjc is calculated for a support span width of B = 30 mm according to the 

CEN TS 14425S  standard and [20]:

... i  ■ k Y.
“  tsfw 2

(2.1)

with the dimensionless geometric factor:

a / a \ 2 / 0 \ 3 / a \ 4 (9.95
Y* =  1 .9 8 8 7 - 2 .8 3 7 — +  13.71 ( — ) -  23.25 ( — ) +  24.31 ( — )

W 'W '  vW ' '

where F is the fracture force, a is the depth of the notch or the combined depth of 

notch and maximum pre-crack length, W and t are the sample width and thickness, 

respectively.

Figure 2.1: SEM micrograph of a) a notch root and b) a pre-crack underneath a notch of two 
6SclCeSZ samples.
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2.2.4 Biaxial strength

The strength distributions of various tapes including different sides and thicknesses 

were measured performing either Ring- on-Ring (RoR) or Ball-on-3-Balls (B3B) 

bending tests. The sides possess a varying surface quality. The side of the tape which 

was cast on the support foil comes in two different ways. They are addressed as 

“smooth” if the ceramic tape was cast on a very smooth support foil or “rough” if a 

deliberately rough support foil was used. Compared to the smooth side the opposite 
side appeared rather dull and hence is called “dull” .

2.2.4.1 Ring-on-Ring tests

For the RoR-tests the same setup as described in [19] was used with the support ring 

being 25 mm and the load ring 12.5 mm in diameter. To ensure that no significant 
SCCG might influence the results, all specimens were tested in a dry nitrogen 

atmosphere at room temperature (RT), which in general varied between 21 and 

25°C. The load rate was chosen so that fracture occurred in less than 15 seconds. 
Discs of a diameter of 30 mm were obtained by laser cutting from 3YSZ (nominal 

thickness: 140 pm) and two 6ScSZ (nominal thickness: 160 pm) tapes, which were 

available either with a smooth and dull or with rough and dull surfaces. All the three 

different sides were tested independently.

The thickness of the tapes is relatively small compared to the dimensions of the test 

rig, so that the specimens fracture at large deflections. Hence the radial stress 

distribution has to be calculated by employing a rotationally symmetric 2D-finite- 

element-model (also described in [19]) to account for the strongly non-linear 

relationship between the applied load, the stress amplitude and the effectively 

loaded surface area, neglecting frictional effects. Apart from the geometry of the test 

rig and the load, the stress distribution strongly depends on the specimen thickness 

and its elastic constants. Therefore, the average thickness of every specimen was 

determined at five positions with accuracy of ± 0.5 pm and the elastic constants were 
taken from the respective IET measurements. Since the tangential stress component 

does not increase as much as the radial stress with increasing deflection as shown in 

Figure 2.2a), the first principle stress criterion (FPS) is chosen, which gives the 
maximum principle stress as the fracture strength. An evaluation between this

54



Chapter 2

approach and the principle of independent action (PIA) [l], where all principle 

stresses are considered, results in  no significant difference.

Figure 2.2: a) Stress distribution and b) the corresponding effective surface area for different 
applied loads considering a RoR test rig with 25 mm outer and 12.5 mm inner diameter 
loading a 030 mm and 160 pm thick 6ScSZ disc and assuming a Weibull modulus of m = 10.
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The effectively loaded surface area Se/ /  is calculated according tô

W(a) — (2-3)
where r is the radial position vector, r* is the radius where aeq, the equivalent 

uniaxial stress, becomes negative. By choosing the FPS criterion aeq is equal to the 

maximum principle stress. Since the effective surface is decreasing with increasing 
deflection and load and thus not constant over a set of measured specimens, as 

depicted in Figure 2.2b), the value corresponding to the characteristic strength 

assuming a Weibull distribution is chosen.

An analysis of the effect of the change of the loaded surface area over a sample set of 

up to 100 specimens was performed for the applied RoR test geometry and the used 

samples. An example calculation is presented in Figure 2.3 for a 160 pm 6ScSZ tape, 

for different Weibull moduli and an assumed characteristic strength of 1100 MPa. In 

general, the decrease of the loaded area with the load and deflection results in a 

decreased apparent and hence measured Weibull modulus. For moduli close or 

greater to m = 10 this effect however becomes negligible and has not been taken into 

account, which makes the results more conservative from a reliability perspective.
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m=10:---------original as tested
m=5: ........ original as tested
m=20:---------original as tested

0,5 .............................../■ ................................................................
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Fracture Stress (MPa)

Figure 2.3: Original versus apparent strength distribution for the RoR-geometry 
employed in the present study assuming a 160 pm thick 6ScSZ tape with a characteristic 
strength of 1100 MPa and a Weibull modulus of either 5, 10 or 20.

2.2.4.2 Ball'on-three-Balls tests

B3B’tests were conducted on rectangular specimens as described in [21], since 
samples are easily available in large quantity by cutting ceramic tapes with a 

diamond wheel saw. The strength analysis of the B3B bending tests was based on 

the work of Börger et al. [22, 23], where the maximum principle stress crmax is 

related to the fracture force Fvia:

<Jmax
F

~ f  7z (2.4)

t is the specimen thickness and /  a dimensionless proportionality factor, which 

depends on the thickness, size and Poisson’s ratio of the specimen and the diameter 

of the balls. This factor and the corresponding effective surface area (analogue to 

Equation (2.3)) were calculated for balls of three different sizes and for rectangular 

shaped specimens using the same finite element-model as in [21], taking into 

account the varying thicknesses and Poisson’s ratios.
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Since the model works within the confinements of linear plate theory, the maximum 

deflection of every specimen is limited to half of its thickness. Hence the balls radii of 

the used test rigs have to be adjusted to the thickness of the tested specimens. 

Therefore, balls with 1.2 mm diameter are used to test specimens as thin as 40 pm,

2.2 mm and 6 mm balls for thicknesses down to 100 pm and 140 pm, respectively. 

The B3B setup employing the 2.2 mm balls, which was used for most of the 

experiments, differs slightly from the one presented in [21], Instead of having the 

load ball underneath the specimen and three support balls on top, the setup has 

been reversed as shown in Figure 2.4. This has just one single disadvantage: The 

fracture test cannot be performed in a free standing regime, where the support balls 

are still able to roll and thus to follow the specimens’ deformation, leading to low 

friction. In a consecutive study however Börger et al. [23] showed that for fixed balls 

the systematic error is just less than 1%. On the other hand this setup allows 

performing measurements while a constant flow of a specific gas can be blown onto 

the surface which is subjected to tensile stress. The alignment for the ruby support 

balls was manufactured from stainless steel. Steel and ruby are well known for their 

very low coefficient of friction, which decreases the frictional error due to the non- 

free standing test regime to a minimum.

A \ f  l ) '
Figure 2.4: Ball-on-three-Balls multi atmosphere test rig for 4x3 mm2 sized zirconia
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Centring 

Specimen 
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2.3 Results

2.3.1 Fracture toughness

The fracture toughness is a crucial parameter, which reflects a materials resistance
towards fracture and is indispensable for life time calculation where SCCG is 

involved. It is also a parameter which depends on the manufacturing process and 

thus should be directly measured using the same samples, which are of further 

interest. This is a relative difficult task considering the generally low thickness, so 

among the possibilities the SEVNB-method was found to be the most promising one. 

Figure 2.5 shows the results of the SEVNB-experiments, where the 

fracture toughness for 6SclCeSZ and lOSclCeSZ was calculated from 

the pre-cracked specimens resulting in K!c bSclCeSZ = 3.7 ±0.1 MPa m‘4 and 

^ic,lOScicesz = 1-84 ± 0.2 MPa nT'5, respectively. It is known that a critical notch root 

radius has to be reached, which is in the range of a characteristic material 

dependent flaw size [24], in order to measure the true fracture toughness. Therefore, 

the apparent toughness KIcavp is plotted against the notch root radius to assess the 

results. A comparison between the KlCiapp obtained for the pre-cracked and notched 

samples of lOSclCeSZ and 6SclCeSZ shows that the notches are not sufficiently 

sharp enough to be equivalent to sharp edged cracks. Following the approach of Fett 

[25] the characteristic flaw size a can be determined by fitting the following implicit 

function^

where Klc is the true fracture toughness and R is the notch root radius. For 6SclCeSZ 

and lOSclCeSZ this gives flaw sizes of a6SclCeSZ = 0.80 pm and Oioscicesz = 0-84 pm. 

If the fracture toughness of 3YSZ (identical material compared to the one used in 

this study) is taken from [19] with Kic3YSZ = 5.0 MPa ml/! and the same procedure is 

performed, a value of a3Ysz = 0-83 pm is obtained. These values differ remarkably 

little from one another, despite stemming from different zirconia compositions. By 

applying Equation (2.5) with the mean characteristic flaw size of the values above, 

the true fracture toughness of 6ScSZ has been determined to be 

Kicfiscsz = 4.1 ± 0.25 MPa m* where the error is given by taking the sample spread 

and the lower and upper values found for a into account (also shown in Figure 2.5).

(2.5)
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Figure 2,5: Apparent fracture toughness against notch root radius including room 
temperature fracture toughness for 3YSZ taken from [19] and fit functions according to 
Equation (2.5),

2.3.2 Inert Strength under biaxial bending

It is an inherent property of brittle materials that their strength scatters, following 

typically a Weibull distribution. In order to characterize such a material, this 

distribution has to be determined, so that the failure probability or the 

corresponding reliability for a given load situation can be calculated. In order to 

compare different materials the test conditions have to be equivalent. SCCG usually 

affects the strength values in the presence of humidity, which is basically the case 
for normal laboratory conditions. This effect depends on the material itself as well as 

on load rate, initial flaw sizes and the level of humidity. While the level of humidity 

and the load rate can be controlled, the initial flaw sizes and the material specific 
humidity sensitivity are typically unknown. Therefore only inert conditions 

guarantee comparability, which for zirconia means practically to ensure the absence 

of significant humidity. In the present study all (if not indicated differently) strength 

tests were conducted either under dry argon or nitrogen atmospheres. The elastic 

constants needed for the stress calculation are presented in Table 2.1.
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Table 2.1: Material parameters including standard deviation and the fracture toughness 
including the sample spread of the tested Zirconia compounds. The Poisson’s Ratio v was 
calculated from the shear (G) and the Young’s modulus (£) according to v=E/2G -l .Values of 
lOSclCeSZ are taken from [26],

Material/
Parameter 3YSZ 6ScSZ 6SclCeSZ lOSclCeSZ

E (GPa) 214.3
(±0.1)

213.6
(±1.5)

209.5
(±0.1)

204.6

G (GPa) 81.6
(±0.1)

80.8
(±0.1)

79.7
(±0.1)

76.1

V 0.314
(±0.002)

0.321
(±0.005)

0.314
(±0.001) 0.345

Kic (MPa m ‘) 5.0*
(±0.24)

4.1
(±0.25)

3.7
(±0.1)

1.8
(±0.17)

* taken from [19]

The results were analysed according to the Weibull theory [l]. The parameters such 

as the characteristic strength cr0 and the Weibull modulus m of the Weibull 

distribution:

P =  1 -  exp (2.6)

are determined by the maximumTikelihood-method [27], The Weibull modulus m 

describes the scatter of the strength data, while the characteristic strength a0 is the 

stress at which the failure probability is: P{ao>$eff) = 1 -  e " 1 ~ 63%. A compilation 

of the Weibull parameters including Seff  of all tested materials, tapes and their 

respective sides is given in Table 2.2. Each measurement of a sample set results in a 

different Seff ,  since it depends next to the geometry of the test rig on the thickness 

and the Poisson’s ratio of the specimens and the Weibull modulus. Hence the median 

strength is plotted for comparative purposes as a function of S according to:

°>=50% (5 )  -  aP=so%(S -  Seff ) (2.7)

(which follows directly from Equation (2.6)) and is shown in Figure 2.6.

The dashed lines represent the extrapolation according to Equation (2.7). The lines 

are continuous if for several single values a common Weibull modulus is found fitting 
the single measurements while being within the 90% confidence interval of each 

measurement. The values obtained are shown for 3YSZ and 6ScSZ both for the rough 
and the dull sides.
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Effective Surface (mm )
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Figure 2.6' Strength data of Table 2.2 plotted against the loaded surface area. The dashed 
lines represent the extrapolation according to Equation (2.7). The lines are solid if for several
single values a common Weibull modulus is found fitting the single measurements while 
being within the 90% confidence interval of each measurement. The values obtained are 
shown for 3YSZ and 6ScSZ both for the rough and the dull sides.
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Table 2.2: Room temperature inert strength parameters and roughness for all tested materials, tape sides, thicknesses and specimen sizes. For cr0 
and m the 90% confidence intervals and for the roughness the standard deviations are given in the brackets.

Material /Side
Roughness 

Rrnts (um)
Sample
set size

Thick-ness 
d (pm)

Specimen size 
(mm)**

Characteristic 
strength a0 (MPa)

Median strength 
crso% (MPa)

Weibull 
modulus m

Effective surface 
Seff  (mm2)

lOSclCeSZ/ dull 0.18 (0.006) 30 230 4x3
1136(116811106) 1112 12 (15.019.2) 2.5E-02

lOSclCeSZ/ rough 0.8 (0.04) 30 230 4x3 679 (7001659) 665 11 (13.818.5) 2.8E-02

lOSclCeSZ/ smooth 23 160 10x10 1230 (133711133) 1241 4.5(5.913.4) 2.2E-01

0.173
(0.006)

29 140 4x3 2162(218812149) 2149 28(35.7121.7) 2.2E-03

3YSZ / dull 34 140 10x10 2056 (208312010) 2047 23(29.4118.7) 8.8E-03

14 140 0 30 1433 (150111369) 1407 10 (15.017.2) 1.5E+01

3YSZ / dull * 32 40 2x2 2544 (261112479) 2506 12 (15.119.5) 1.4E-03

3YSZ / rough
1,22 29 140 4x3 1634 (166111607) 1595 20(25.7115.6) 4.0E-03

(0.06) 15 140 0 30 1099 (111911079) 1089 26(36.7118.0) 6.9E+00

BSclCeSZ / smooth
0.08 102 110 4x3 2121

(0.03) 28 110 10x10 2066(215811978) 1989 8 (9.915.9) 9.7E-02

6SclCeSZ / dull 0.09
(0.01)

30 110 4x3 1975(200711944) 1929 20(26.0116.0) 2.4E-03

0.13
(0.003)

30 160 4x3 2017(205011985) 1989 20(25.3115.5) 5.5E-03

19 160 10x10 1863 (189411832) 1836 24(33.3117.8) 1.4E-02
6ScSZ / dull 44 160 0 30 1126 (115311100) 1097 11 (13.619.2) 1.8E+01

0.2
(0.05) 30 100 4x3 2072 (210712037) 2018 19(24.1114.8) 2.0E-03

0.9 30 160 4x3 1379 (140411354) 1360 18(22.4113.8) 6.7E-03

6ScSZ/ rough
(0.006) 27 160 0 30 909 (9231894) 885 21(27.1116.2) 1.1E+01

1.1
(0.05)

30 100 4x3 1327 (135911297) 1284 14 (17.7110.9) 3.6E-03

6ScSZ / smooth
0.041 19 160 4x3 2129(217912081) 2056 18(24.2112.9) 6.7E-03

(0.004) 30 160 o30 987 (10241951) 969 9(11.216.9) 2.5E+01

* measured under laboratory air conditions (relative humidity: 42%, load rate: 250 MPa/s) 
**samples with diameter 30 mm were tested with the RoR all other with B3B set-up
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By comparing different sides (dull, smooth and rough) of the investigated tapes it 

becomes obvious that the strength is strongly affected by the surface roughness, so 

that for small S a general trend is found where the strength decreases with the 

roughness. Hence the smooth and the dull tape sides have superior strength than 

the rough sides. Except for lOSclCeSZ this is also accompanied by relatively large 

values of the Weibull modulus. However this overall trend appears to be valid only 

for small loaded areas, since for 6ScSZ (dull and smooth), 6SclCeSZ (smooth) and 

3YSZ (dull) a transition towards lower moduli occurs coming to larger loaded areas. 

For 6SclCeSZ this transition can even be recognised within a single sample set as 

shown in Figure 2.7. The high strength samples follow a much steeper trend and 

thus higher Weibull modulus (m ~ 20) than the low strength ones (m ~ 5.5). The 

modulus was roughly estimated, by fitting the 30 weakest and the 30 strongest 
samples, being aware that a proper analysis would require the assignment of every 

specimen to one distribution or the other by fractographical means. Since the overall 

sample set does not follow a single distribution it is futile to assign the typical 

Weibull parameters.

Figure 2.7: Weibull plot of 102 specimens (4x3 mm2) of 6SclCeSZ loaded at their smooth side 
with B3B test.
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The limits of Sef f  however have to correspond to the lower and upper Weibull 

modulus and are given in Figure 2.6. For the rough sides of 3YSZ and 6ScSZ such a 
transition is not found for the experimentally covered range of 5, so that these 

samples retain their high modulus at large effective surfaces but at the cost of 

having a much lower strength to begin with. The low Weibull modulus of the smooth 

and dull lOSclCeSZ samples is interpreted such that the transition would occur at 

smaller tested surface areas. The transition presented here has also been found to 

occur for silicon-nitride samples tested over a wide range of S, where the high 

strength values are accompanied by a relatively high Weibull modulus too, which 

was reported by Danzer et al. [21].

Considering the four different zirconia compounds, lOSclCeSZ in general possesses 

the lowest strength, followed by 6SclCeSZ and 6ScSZ, while 3YSZ proves to be the 

strongest material. This ranking is in qualitative agreement with the fracture

toughness values (see Table 2.1), with respect to similar surfaces and tape sides. 

Only the strength of the smooth 6SclCeSZ is slightly higher than the respective 

6ScSZ side.

2.3.3 Effect of thickness on the strength

The ionic sheet resistance of zirconia electrolytes is of utmost importance. One easy 

way to keep this value to a minimum is to manufacture thinner tapes, which led to 

the development of tapes as thick as 40 pm. One question is whether these tapes 

maintain their strength compared to thicker ones. For this purpose a 6ScSZ tape 

with 100 pm and a 3YSZ tape with 40 pm have been tested using only the B3B-test, 

since it becomes more and more challenging to apply methods such as the RoR-test, 

which cannot be much miniaturised without increasing significantly measurement 

uncertainties (e.g. increasing deflection, increasing friction). The B3B becomes a 

good candidate to measure the bending strength of very thin specimens with low 

measurement uncertainties, which may affect the estimation of the Weibull 

parameters [28]. However with the thickness also the effectively loaded area Sej-f is 

necessarily decreasing and so the extrapolation to application-relevant surface areas 

gets even more uncertain. This is because of the limited knowledge of the true 

Weibull modulus and secondly because of the possible change of the strength 

governing distribution as discussed above. For the dull side of the 100 pm 6ScSZ
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tape it is possible to assume the same behaviour as for the dull side of the respective 

tape with 160 pm thickness, since its strength fits very well. The same on the other 

hand does not hold for the rough side. Having a similar roughness, its strength and 

Weibull modulus are significantly lower than the thicker reference tape. Also the 

dull side of the 40 pm 3YSZ tape has a much lower Weibull modulus than the tapes 

with 140 pm. The strength however is distinctively higher although it was measured 

in a humid environment. This makes it difficult to assess whether its inert strength 

extrapolated to surface areas larger than 1 mm2 is comparable. Concluding the above 

made observations, it is not without further information save to adopt strength data 

of thicker tapes for the design and layout considerations of thinner ones.

2.3.4 Fractography

Fractography reveals that the low strength of the rough tape sides is a direct 

consequence of the surface morphology as shown in Figure 2.8. It is characterised by

deep holes, which are interpreted as pores, originating from trapped air bubbles, 

where the largest act as fracture origins as seen in Figure 2.9a). For the high 

strength smooth and dull tested tape surfaces no fracture origins could be identified 

anymore, leading to the assumption that small grooves at the grain boundaries or 

slightly larger grains lead to failure. The lower strength is determined by surficial 

pores probably formed by air bubbles, which were trapped between the cast tape and 

the support foil (Figure 2.9b)), agglomerates (Figure 2.9c)) and inclusions 

(Figure 2.9d)), The transition in Weibull modulus thus follows from the relative 

scarcity of these three latter flaw types. For some tapes the B3B test loads such a 

small surface areas that it is simply too improbable to find one of these flaws, so that 

more frequent smaller micro-structural features become strength determining. For 

the rough tape sides the small pores cover the whole surface, which is why also a test 

loading small surface areas can measure the underlying distribution.
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Figure 2.8: Surface morphology of the rough side of a 6ScSZ (160pm) tape.

Figure 2.9: Examples of fracture origins of a) 6ScSZ (160 pm) rough side, b) lOSclCeSZ 
(230 pm) dull side, c) 6SclCeSZ (110 pm) smooth and d) GSclCeSZ (110 pm) dull.
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2,3.5 Effect of environment (humidity) on strength: subcritical crack growth

Since the perspective lifetime of a fuel cell is targeted to be seven years or more, 

while being subjected to humid environments on both sides, this strength lowering 

time dependent and life time determining effect has to be measured. The time

dependent strength in ceramics is explained by a sub critical crack growth (SCCG) 

mechanism, which is a common weakening mechanism for ceramic materials, where 

a stressed flaw grows stably under applied stress, while being typically in contact 
with humid air, until reaching a certain size (critical size) which then causes instant 

fracture [29, 30]. This growth might lower the strength on short, but most 

importantly on large, time scales. Typically SCCG is described via the crack growth 

velocity da/dt of a crack or a flaw with the size a, which follows a Paris law in the 

form o f

' napp\
<K,C)

(2.8)

where x?0 is the crack growth rate when the applied stress intensity factor Kapp 

reaches the fracture toughness Kjc. n is the so called crack growth exponent, which is 

the lower the more sensitive a material is to moisture. Following the definition of the 

stress intensity factor, Kapp does not just depend on the applied stress oapp but also 

on the crack size a [31]:

k app °a p p  F a (2.9)

with Y being the geometry factor of the crack. Hence, Kapp even grows at a constant 

applied stress, so that the crack growth rate accelerates itself. In order to describe 

this phenomenon the two parameters v0 and n have to be determined for a defined 

temperature and humidity. By inserting Equation (2.9) in Equation (2.8) a 

differential equation is obtained, where for an applied stress, which rises constantly 

with the load rate &, the following expression can be derived [l]:

log ffapp(£/ )  = l°g t - L j l o g ^
'ic (n + 1)

(n -  2) 0 (2.10)

with crinert being the inert strength in the absence of the SCCG effect and ay the 

fracture stress at the time of fracture fy. By measuring the strength as function of 

the load rate, it is now possible to determine the crack growth parameters for a
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specific level of humidity and temperature, while using the fracture toughness 

values given in Table 2.1.

Figure 2.10 depicts the results of these experiments, which were conducted for 

4x3 mm2 specimens applying the B3B test, while for 6ScSZ, 3YSZ and lOSclCeSZ 

the rough and for 6SclCeSZ the dull sides were loaded. Each plotted point (Jq 

represents the average between 12 and 18 specimens and is calculated applying 

following relation [32]:

where m* is the corrected Weibull modulus, taking into account that if SCCG occurs 

the original distribution with the Weibull modulus m gets narrower, since smaller 

flaws grow relatively faster than larger ones [33]. n and v0 are obtained by linear 

regression of the logarithmic strength versus the logarithmic load rate applying 

Equation (2.10) and a geometric factor Y = 0.85 for semi-elliptical surface cracks [34]. 

The SCCG corrected modulus is obtained by using the original Weibull modulus in 

Equation (2.11), to determine a preliminary value for the crack growth exponent. 

Recalculating the characteristic strength with the corrected Weibull modulus gives 
then the final n and v0 [32].

The room temperature crack growth parameters are listed in Table 2.3. In general, 

all the tested zirconia materials are sensitive to moisture regarding their strength. 

This underlines first of all the importance of measuring the inert strength, since 

already at large load rates a drastic decrease in strength of up to a 75% was 

measured. Secondly, it is shown that the humidity level of the surrounding medium 

affects the lifetime of these zirconia materials. The level of humidity is hereby just 

shifting the respective curves towards lower strength, while the exponent remains 
approximately constant.

N

\

(2 . 11)

with

m(n + 1)
TTl = —------r~-( n - 2 )
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Table 2.3: Crack growth paramerter at T -  22°C for different zirconia compounds measured 
in humid air (relative humidity given in the brackets) or deionised water.

Material 6SclCeSZ lOSclCeSZ 6ScSZ 3YSZ
Medium Water Air (92%) Air (40%) Water Air (92%) Air (32%)

n 65 37 54 56 55 54

v0 (m/s) 4E+02 4 E-03 9 E-01 9 E+00 9 E-02 3 E-02

Load Rate (MPa/s)

Figure 2.10: Humidity influenced characteristic strength normalised to the respective inert 
characteristic strength for various load rates, different zirconia compounds and humidity 
levels.

Com pared to already published crack growth exponents, the one presented in  

T able 2 .3  appear to be relatively large, which m eans that they indicate a lower 

sensitivity to hum idity. For 3Y S Z  exponents betw een 19 and 31 .5  [5, 35] and for 

8Y S Z  values betw een 19 and 21 .5  [36] have been reported. How ever, in these studies 

the crack growth was investigated on artificially introduced long cracks applying the  

double torsion technique. It has been pointed out, that a R-curve behaviour (rise of
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the fracture toughness as a crack propagates) can influence the effectively measured 

SCCG parameter, so that it appears less sensitive to humidity [31]. For zirconia such 

a rise of the fracture resistance has been reported to appear as a crack grows its first 

10 pm [37] running then in a plateau. The approach presented here tests small flaws 

and hence is affected by this R-curve effect. However it presents more reliable data 

on how the material actually behaves in a real load situation, since the behaviour of 

the strength determining flaws is tested directly.

2.4 Discussion

From a reliability perspective it is important to identify the largest flaws within a 

specimen’s volume or at its surface and their underlying distribution. From this 

follows the requirement to apply a test set-up which loads relatively large surface 
areas, as the extrapolation towards greater surface areas becomes more and more 

uncertain the further it goes. This reveals the greatest disadvantage of the B3B 

bending test. Although it provides a high accuracy, while easily large sample sets 

can be tested, the tested sample surface is too small to predict the strength for large 

areas and low failure probabilities. Apart from this general aspect, it was found that 
the strength distribution might change for different tested surface areas, as can be 

seen for the smooth and dull sides of 6ScSZ and 3YSZ. This leads to the conclusion 

that the RoR test is the most suited in order to determine the strength distribution 
relevant for a reliability assessment.

Based on the measured material data, i.e. inert strength, toughness and the SCCG 
parameters, lifetime predictions can be made for a given material. As an example, 

the design stress ostat, to guarantee a certain probability of failure P, over a certain 

time £f, for a given zirconia tape can be described as:

®stat{.S> t/) —
( K ,

ln ( r r p ) f )

\

t?0 t f  n Y 2 (j  -  l )

/

(2. 12)

which is a function of the considered loaded surface area. A fuel cell has typically a 

surface area on one side between 100 and 250 cm2, of which only a minor fraction is 

loaded [12]. Hence for farther consideration a loaded area of 10 cm2 is assumed while
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a failure probability of 1-’10,000 is taken. This is supposed to reflect the requirements 

of electrolytes as part of solid oxide fuel cells. The respective strength, which can be 

interpreted as a design stress, is plotted against the lifetime for a selection of tapes 

and their respective sides in Figure 2.11.

Comparing the inert strength with the characteristic strength values given in 

Table 2.2, it becomes clear how drastic the strength decreases, if realistic failure 

probabilities and loaded surface areas are assumed. This decrease mainly depends 
on the Weibull modulus of the strength distribution and is illustrated when 

extrapolating the characteristic strength of the smooth side of the 160 pm thick 

lOSclCeSZ tape. Here the measured characteristic strength of more than 1 GPa is 

reduced down to 33 MPa. This reveals that tapes with a Weibull modulus as low as 

m = 5 are practically of no use due to their unreliability.

Lifetime (d)

Figure 2.11: Strength-lifetime plot for different zireonia tapes and their respective surfaces 
following Equation (2.12) and the data given in Table 2.2 and 2.3 including the respective 
inert strength level assuming P = 0.0001 and S = 10cm2. For the dull side of 3YSZ and the
smooth one of 6ScSZ the strength for both measured humidity levels is displayed. The 
corresponding strength level of 8YSZ disregarding SCCG is included and taken from [38].
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The importance of the Weibull modulus is further highlighted as the originally 

weaker rough side of 3YSZ (see Figure 2.6) becomes stronger than the dull side due 

to its larger modulus. Judging from the fractography however, it is doubtful that this 

reflects the true behaviour. For the smooth and dull sides, near surface volume flaws 

are strength determining, whereas for the rough sides the surface itself limits the 

strength. This involves less scatter in the latter, but leads to a lower strength. There 

is no reason that near surface flaws are not present on these sides as well. They 

simply are not strength determining as they are less scarce than the surface flaws. 

When extrapolating towards a low failure probability the near surface flaws will 

become the crucial ones as they show a larger scatter and so will become at a certain 

flaw size scale more frequent (compare lower Weibull modulus of the smooth and 

dull surfaces of 3YSZ and 6ScSZ with the rough ones). Hence from a design 

perspective rather dull and smooth sides of zirconia tapes should be considered.

The ranking of the different zirconia materials regarding their inert strength does 

not change at low failure probabilities, as the Weibull for all materials is close to 
m = 10 (except the smooth side of the 160pm lOSclCeSZ). This indicates a 

comparable quality of the manufacturing process as the ranking basically follows the 

fracture toughness of the different compounds. Also taking SCCG into account has 

no significant influence on the ranking as the crack growth rates in humid 
atmospheres are comparable as well. It is interesting to note that the presence of 

humidity reduces the strength drastically already on small time scales, whereas at 

larger scales the strength is further significantly reduced. Figure 2.11 also depicts 

the strength decrease of the dull side of 3YSZ and the smooth side of 6ScSZ for 

different humidity levels. It is revealed that the amount is only of minor importance 
and that the crack growth parameters need to be determined for one representative 

environment, e.g. normal laboratory air. Further description of the high temperature 

behaviour, ageing and the strength of electrolyte-electrode assemblies will be the 
topic of a subsequent article.

Next to the scandia stabilized zirconia and the 3YSZ, the other prominent zirconia 

compound applied for SOFCs is 8 mol% Y2O3 stabilized ZrÜ2 (8YSZ). The best 

strength parameters at RT for this compound were published by SeJcuk and 

Atkinson [38] and read: a 0-  446 MPa, m = 6.7 and Seff~ 9 mm2 (estimated from the 

size of the inner loading of the ring-on-ring test rig). As the strength was not 

determined under inert conditions, the characteristic inert strength is roughly
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estimated according to Figure 2.10 to be 125% of the published one assuming a load 

rate greater than 100 MPa/s. Applying Equation (2.6) gives then the corresponding 

strength level for a P = 0.0001 and a S = 10 cm2 of a = 69.8 MPa and is also plotted in 

Figure 2.11. Compared to the other compounds, it possesses a rather low strength. 

Considering that this strength is then even further lowered if subcritical crack 

growth is taken into account, it appears to he not suitable for the application 

in electrolyte supported SOFC. This is further underlined by the fact 

that lOSclCeSZ with a comparable toughness (K,Ci8YSZ = 1.61 ± 0.12 MPa mw [36], 

Kic.ioscicesz = 1.8 ± 0.17 MPa mM) and thus with a comparable potential robustness, 

has a significantly higher ionic conductivity [39] and is therefore to be favoured.

2.5 Conclusions

(i) The large surface of electrolytes used in SOFCs requires the application of 

strength tests, which also load comparable surface areas, in order to determine the 

strength at low failure probabilities with a relative high confidence. It is found that 

Ring-on-Ring bending test is most suited for this purpose as the more accurate Ball­

on-3-Balls test loads too small areas and might even measure a not relevant strength 

distribution. Ball-on-3-Balls test on the other hand is well suited to describe material 

intrinsic properties such as static fatigue due to sub critical crack growth, where 

large amounts of specimens and a high accuracy is required.

(ii) Comparing the inert strength of the four different zirconia compounds 

investigated, it was found that the difference in strength is basically determined by

the fracture toughness. Hence the strength of the 6ScSZ and 6SclCeSZ is 
comparable to 3YSZ, while they provide a greater ionic conductivity. lOSclCeSZ on 

the other hand possesses a significant lower toughness which is directly reflected in 

a relatively low strength.

(iii) Extrapolating their strength down to realistic loaded surface areas and failure 

probabilities, the respective strength is much lower than the measured characteristic 

strength, which is due to a Weibull modulus close tom  = 10, as found to be common 

for most tapes. The strength of all compounds is further significantly reduced taking 

sub critical crack growth into account, which is promoted due to the omnipresence of 

moisture in environmental air.
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(iv) In general it can be concluded that if stresses are limited to less than 100 MPa, 

the application of the tetragonal zirconia electrolytes should be safe, which appears 

to be feasible.
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A bstract

Solid-Oxide-Fuel-Cell systems are efficient devices to convert the chemical energy stored in 
fuels into electricity. The functionality of the cell is related to the structural integrity of the 
ceramic electrolyte, since its failure can lead to drastic performance losses. The mechanical 
property which is of most interest is the strength distribution at all relevant temperatures 
and how it is affected with time due to the environment.

This study investigates the impact of the temperature on the strength and the fracture 
toughness of different zirconia electrolytes as well as the change of the elastic constants. 
3YSZ and 6ScSZ materials are characterised regarding the influence of sub critical crack 
growth (SCCG) as one of the main lifetime limiting effects for ceramics at elevated 
temperatures. In addition, the reliability of different zirconia tapes is assessed with respect 
to temperature and SCCG. It was found that the strength is only influenced by temperature 
through the change in fracture toughness. SCCG has a large influence on the strength and 
the lifetime for intermediate temperature, while its impact becomes limited at temperatures 
higher than 650°C. In this context the tetragonal 3YSZ and 6ScSZ behave quite different 
than the cubic lOSelCeSZ, so that at 850°C it can be regarded as competitive compared to 
the tetragonal compounds.
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3.1 Introduction

Electrolyte supported solid oxide fuel cells (SOFCs) are state of the art electro­

chemical devices, which are employed for the efficient conversion of chemical energy 

stored with in a fuel (e.g. natural or bio gas) into electricity. Such systems contain 

many ceramic components, which have to maintain their structural integrity in 

order to function properly throughout the whole targeted lifetime. Here the 

electrolyte is responsible for the cells structural integrity, while physically 

separating the fuel and the air from one another and providing a sufficient ionic 
conductivity. If the separation is not maintained, intra cellular leakage will 

negatively affect the cell and stack performance instantaneously, which is the case, if 

the electrolyte fractures.

In order to predict the risk of failure a prospective electrolyte has to be properly 

characterized regarding its mechanical behaviour within a system specific 
environment, which is characterised by mechanical stresses, temperature and the 

presence of chemically active species. Since the state of the art electrolytes are 

brittle ceramics, such as zirconia and ceria-gadolinia, the strength depends in 

principle on two material specific features: the flaw size and shape distribution, 

within the components volume or at the surface, and its fracture toughness [l]. Both 

are first of all influenced by the material selection, processing and handling but also 

later on by the exposure to a system specific environment, where mechanical 
stresses, elevated temperatures and the contact with other components may alter 

these properties either instantaneously or with time. For instance subcritical crack 

growth (SCCG) [2-5] and cracks growing from the electrodes into the electrolyte [6, 

7] in combination with an applied stress influence the flaw size distribution whereas 
temperature itself changes the toughness. Ageing effects which are diffusion 

controlled and thus time dependent processes may also decrease or increase the 

materials resistance towards fracture [8-10] or change the stress state due to creep 

relaxation. All these aspects have to be considered, when assessing the reliability of 

a ceramic component, while the proper and accurate determination of the initial 

strength distribution, which reflects the initial flaw size distribution, is the most 

crucial one. A comprehensive overview of the available strength data of commercial 

and experimental yttria stabilized zirconia and ceria-gadolinia tapes was given by 

Nakajo et al. [11], while scandia stabilized zirconia has received less attention [12- 

14]. Studies investigating the specific reliability of anode supported SOFCs for a
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given load environment were already undertaken by Nakajo et al. and Clague et al. 

[15, 16], However they lack a sound knowledge of afore mentioned material specific 

behaviour, simply due to the huge effort, which is required to thoroughly gather all 

necessary parameters.

Hence this study aims to provide understanding on how the temperature influences 

the mechanical properties such as strength, fracture toughness, subcritical crack 

growth and the elastic constants of zirconia-based SOFC electrolytes. The emphasis 
here lies on the characterization of scandia doped zirconia electrolytes, which are 

known for their high ionic conductivity [17] and 3 mol% yttria stabilized zirconia 

(3YSZ) as a reference material. The reliability of these tapes is discussed considering 

thermal stresses and clamping loads and the evolution of their strength at elevated 

temperatures taking sub critical crack growth and the change of the elastic 

constants into account.

3.2 Experimental

The experimental investigation is centred on four different zirconia compounds. The 

tape samples of 6ScSZ (commercial code: FF-2003501), 6SclCeSZ (FF-2003507), 
lOSclCeSZ (FF-2003505) and 3YSZ (FF-2003504) were supplied by Hexis 

(Winterthur, Switzerland) and had a nominal thickness of 160, 110, 230 and 140 pm 

respectively.

The elastic constants of 3YSZ, 6ScSZ, 6SclCeSZ were measured at various 

temperatures using the Impulse-Excitation-Technique (IET) as described in [18], 

while bearing the rectangular plates (12x45x3.25 mm3) either on a cross or two 

parallel bars in order to measure either their flexural or torsional frequencies in 

accordance with the EN 843-2 standard. These frequencies are then converted into 

the Young’s and shear modulus following the approach of Spinner and Tefft [19]. The 

samples were manufactured via uniaxial pressing and sintering from the same 

powder (also supplied by Hexis) as was used for the respective tapes, except for 

3YSZ, which was purchased from Tosoh (Tokyo, Japan). The powders have an 

average grain size between 0.5-0.6 pm and were sintered at 1580°C for 2 h. The 

sample densities were determined via the dimensions and the weight and are 

greater than 98% of the theoretical density.
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Ball-on.-3-Balls (B3B) tests were conducted on rectangular specimens as described in 

Ref. [20]. For 3YSZ, 6ScSZ, lOSclCeSZ the rougher tape side (side which was cast 

onto the support foil) and for 6SclCeSZ the dull appearing side (side which was 

opposite to the support foil during the casting process) was consequently tested. If 

otherwise, it is explicitly mentioned. The strength analysis of these bending tests is 

based on the work of Börger et al. [21], where the maximum principle stress omax is 

related to the fracture force F by:

where t is the specimen thickness and /  is a dimensionless proportionality factor, 

which depends on the thickness, size and Poisson’s ratio of the specimen and the 

diameter of the balls. This factor and the corresponding effective surface area have 

been calculated for balls with a diameter of 2.2 mm and plates of 4x3 mm2 using the 

same finite element-model as in [20], with the same test rig as described in [13]. The 

results are comprised in following sample and test rig specific fit-function:

which describes /w ith  an error of less than 1% for thicknesses between 0.1 < t < 0.4 
mm and a Poisson’s ratio between 0.2 < v < 0.4.

All B3B-tests have been performed in a force controlled mode providing a constant 

force rate (N/s) during each test. Using Equation (3.1) and (3.2) the applied load rate 

(MPa/s) can be obtained, which was between 700 and 1000 MPa/s (so that fracture 

occurred in less than two seconds), if not mentioned otherwise.

(3.1)

/  = 0.21427 +
((2.9136 + 9.958 mm~H -  4.65 mm~2 t2) ( l  + 0.9393 v) (3.2) 

1 + 9.63 mm- 1 1
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3.3 Results

3.3.1 Elastic constants as a function of temperature

In order to describe the elastic behaviour of thin plates the Young’s modulus and the
Poisson’s ratio have to be known and since electrolytes are operated at elevated 

temperatures, their elastic constants also have to be known at these conditions. 

Figure 3.1 shows the results of the IET experiments. Additionally the Young’s 

modulus of 3YSZ is plotted according to Giraud and Canel [22], which was measured 

using the same technique. Furthermore, the elastic constants of lOSclCeSZ are 

shown, which were taken from Kushi et al. [23] and which will be used for the 
following discussion of the present lOSclCeSZ tapes.

220

200 -

- 6ScSZ 
6Sc1 CeSZ 
3YSZ 
3YSZ [22]
10Sc1 CeSZ [23]

Shear Moduli

—i--------- 1---------- 1----------1----------1----------1----------1
400 600 800 1000
Temperature (°C)

Young's Moduli

Figure 3.1: Young’s and shear modulus at varying temperatures for 3YSZ, 6ScSZ and 
6SclCeSZ including the standard deviation of each measurement. A reference curve is taken 
for 3YSZ from [22], while the values of lOSclCeSZ are taken from [23].

All zirconia compounds display the same behaviour, while possessing comparable 

Young’s and shear moduli up to a temperature of 250°C. While 3YSZ then continues 

its monotonic decay agreeing with the data given in [22], all other compounds run 
through a minimum between 400 and 500°C, which becomes more pronounced as the
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content of doping is increased. This minimum is accompanied by increased internal 

friction and damping [23], This damping is responsible that the shear modulus of 

6ScSZ cannot be obtained with the applied method over a large temperature range 

between 300°C and 600°C. This is, because any torsional excitement is quickly 

absorbed, therefore no torsional vibration of the sample can be detected. The values 

taken for further discussion and analysis of the four different materials investigated 

in the present study are given in Table 3.1, including the standard deviation of the 

three samples from this study, which was calculated from at least ten single 

experiments per sample and temperature.

Table 3.1- Elastic parameters used for further discussion including the standard deviation 
given in the brackets. The Poisson’s Ratio vwas calculated from the shear G and the Young’s 
modulus E according to v=E/2G -l.Values of lOSclCeSZ are taken from [23],

T 3YSZ 6ScSZ 6SclCeSZ lOSclCeSZ
(°C) E (GPa) V E (GPa) V E (GPa) V E (GPa) V

25 214.3
(±0.1)

0.314
(±0.002)

213.6
(±1.5)

0.321
(±0.005)

209.5
(±0.1)

0.314
(±0.001) 204.6 0.345

250 195.2
(±0.8)

0.312
(±0.002)

194.2
(±1.4)

0.280
(4=0.01)

191.9
(±1.4)

0.314
(±0.004) 185.0 0.345

350 155.7 0.361

450 182.5
(±0.1)

0.336
(±0.002)

156.2
(±7) 0.3* 146.2

(±0.2)
0.340

(±0.01) 80.9 0.401

650 176.9
(±0.1)

0.337
(±0.002)

155.0
(±1.1)

0.372
(±0.022)

146.4
(±0.5)

0.343
(±0.005) 127.4 0.411

850 173.6
(±0.1)

0.334
(±0.001)

160.1
(±1.1)

0.340
(±0.006)

148.9
(±0.1)

0.308
(±0.001) 161.9 0.355

*Poisson’s ratio of 6ScSZ at 450°C was estimated due to the non-applicability of the IET- 
method at that temperature

3.3.2 High temperature inert strength

The operating temperature of electrolyte supported SOFCs is typically between 
700°C and 900°C, while the trend goes to ever decreasing temperatures. Therefore 

the strength of an electrolyte has to be known over the temperature range from room 

temperature to operating temperatures, in order to assess its suitability from a 

reliability point of view. For this purpose the four different zirconia compounds were 

investigated regarding their material specific temperature dependent strength. Since 

this behaviour does typically not depend on the size of flaws, the B3B-test was 

adapted for high temperature measurements by applying a test rig manufactured 

from alumina. For every temperature step at least 10 specimens per material were 

tested, selecting for 6ScSZ, lOSclCeSZ and 3YSZ the rough sides of the tapes and for
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6SclCeSZ the dull sides. To avoid SCCG all tests were conducted in dry 

argon(80%)/oxygen(20%). The oxygen was to ensure that zirconia does not get 

reduced at the surface, since it is unknown how this would affect the strength or the 

toughness.

Table 3.2 shows the results of the median strength for different temperature levels. 

For all materials 30 specimens were tested at RT, which resulted in a Weibull

modulus for 3YSZ, 6ScSZ, BSclCeSZ and lOSclCeSZ of ysz,rt= 20, fnescsz.RT = 18, 

™-6Scicesz,RT = 20 and m10SclCeSZRT = 11, respectively. For 6ScSZ and 3YSZ the 

Weibull modulus at RT was reproduced at 850°C testing more than 20 specimens 

(mwsz,850°c = 20, ^ 6scsz,85o°c= 18), which supports the assumption, that also at 

elevated temperatures the distribution and thus failure mechanism does not change 

and the same flaws are governing fracture. According to the definition of the stress 
intensity factor [24]:

Kic = (Jfrac y Vträ (3.3)

the fracture toughness Klc is proportional to the fracture stress Ofrac. Therefore, the

change in strength is solely attributed to a change in fracture toughness, making it 
possible to apply the following relation as a consequence of Equation (3.3) between 

the strength and the toughness:

g(n) *;c(TO
tf(T2) KIc(T2)

(3.4)

so that the temperature dependency of the toughness can be obtained (see also 

Table 3.2), applying the RT toughness values given in Ref. [13]. Figure 3.2 shows the 

toughness normalised to the RT-values. The applicability of Equation (3.4) is not 

always given, since flaws may alter with temperature. However, comparing the dull 

and the rough side of 6ScSZ and taking the directly measured toughness of 3YSZ 

into account, shows that for zirconia and the considered temperature range 
Equation (3.4) holds and delivers values within a justifiable error.

It is remarkable that the zirconia compounds consisting predominately of the 

tetragonal phase behave fairly the same, following the same monotonic decay, which 

is probably governed by the ability of the tetragonal phase to transform into the
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monoclinic phase and leads to the well-known transformation toughening [25]. The 

higher the temperature the lower the driving force for this transformation and hence 

the volume fraction at a crack tip, which transforms, decreases lowering the 

toughening effect. lOSclCeSZ does not possess this mechanism, which is why it has 

the lowest toughness to begin with. Its toughness is mainly determined by the 

surface energy, which together with the fracture toughness is proportional to the 

Young’s modulus [26], Hence, lOSclCeSZ follows qualitatively the trend of its 

Young’s modulus shown in Figure 3.1, which is in agreement with the strength data, 

toughness and Young’s modulus published by Orlovskaya et al, [18] and has also 

been found for cubic 8YSZ [2],

6ScSZ/rough 
ffl 6ScSZ/dull 
■ 6Sc1CeSZ/dull 

3YSZ/rough 
Kic 3YSZ

, C 10Sc1CeSZ/rough

\  - o

B

—i— •— i— 1— i— •— i— 1— i— ’— i— 1— i— •— i— 1— i— ’— i
100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 3.2: Temperature dependent fracture toughness normalised to room temperature 
values, including the normalised toughness of 3YSZ at 950°C taken from [27].

For SOFCs the dominant mechanical loads are typically deformation controlled, 

which means that a material has to sustain a certain deformation rather than a force 

or stress. This is the case for thermal stresses, residual stresses within the cell due 
to thermal mismatch strains and local stresses due to an uneven clamping of the cell 

[28]. Since clamping loads can become significant in magnitude and are present from 

RT to operating temperature, the temperature behaviour of the biaxial fracture 

strain (£frac,biax = Gfrac.biax ( l  — v )/£ ) is considered as well and shown in Figure 3.3.

w 1,0 <D

3  0,9

0,6 -

0 ,5 -W

£  0 ,4 - (S
E
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84



Chapter 3

For 6ScSZ and 6SclCeSZ the RT level is maintained until T =  450°C, from where it 

then drops down to 50% at 850°C. 3YSZ behaves similarly but begins its decay 

already at T -  250°C. Again lOSclCeSZ shows a complete different trend. Its 

strength minimum at 450°C is overcompensated by the Young’s modulus and turns 

into a maximum, while it retains at 850°C 90% of its RT fracture strain.

Table 3.2: Median strength for varying temperature and the corresponding fracture 
toughness calculated according to Equation (3.3) from high temperature strength data.

6-i ©

3YSZ 6ScSZ 6SclCeSZ lOSclCeSZ

°50%
(MPa)

KIC
(MPa m1/2)

°50%
(MPa)

Klc
(MPa mi'2)

ff50%
(MPa)

K,c
(MPa mi'2)

°50%
(MPa)

Kic
(MPa m ^ )

5.0* 4.1** 3.7** 1.8**
25 1595 (±0.24)

1360 (±0.25)
1929

(±0.1)
665

(±0.17)
250 1548 4.8 1365 4.1 1872 3.6 668 1.8
350 504 1.4
450 1107 3.5 973 2.9 1374 2.6 364 1.0
650 831 2.6 691 2.1 939 1.8 397 1.1
850 685 2.1 499 1.6 756 1.4 463 1.3

950 1.9*
(±0.21)

*Values taken from [27]; **Values taken from [13]

Figrue 3.3: Biaxial fracture strain normalised to the RT values for different zirconia 
compounds and varying temperature.
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3.3.3 Strength at high temperature affected by sub critical crack growth

If strength determining flaws are accessible by moisture which is omnipresent in 

environmental air, these flaws tend to grow subcritically if a stress below the 

respective fracture stress is applied. Thus the strength itself becomes dependent on

the time under load, which leads to a limited life time. Since the perspective 

operating time of a fuel cell can be up to eight years including several thermo cycles, 

while being subjected to humid environments on both sides, this effect has to be 
measured for varying temperatures. Typically SCCG is described via the crack 

growth rate da/dt of a crack or a flaw with the size a, which typically follows a Paris 

law in the form of:

where v0 is the reference velocity, which is the crack growth rate when the applied

stress intensity factor Kapp reaches the fracture toughness Klc. n is the so called 

crack growth exponent, which is lower the more sensitive a material is to moisture. 

Since Kapp depends not just on the applied stress aapp but also on the crack size a, 

expressed by (analogue to Equation 3.3):

Kapv =  °avv y Vrcü (3.6)

with Y being the geometry factor of the crack, which was set to Y = 0.85 to reflect 

semi-elliptical surface cracks [29], which remains independent of the crack size for 

small cracks. SCCG can now be described by the two parameters v0 and n, which 

have to be determined for a defined temperature and humidity. By inserting 

Equation (3.6) in Equation (3.5) a differential equation is obtained. If the applied 

stress is constantly increased with the load rate d, following expression can be 

derived [l]:

>Og (Tapp (</) =  log af  = logd d r log
' 2 Kfc (n +  1)

7T Y2 (n -  2) ° (3.7)

with (Tinert being the inert strength in the absence of the SCCG effect and af  the 

fracture stress. By measuring the strength as a function of the load rate, it is
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possible to determine the crack growth parameters. For the four zirconia compounds 

investigated in the present study these parameters have been already published at 

RT for different humidity levels by Fleischhauer et al. [13]. It was found that already 

at RT the strength is affected drastically by SCCG even at small time scales. In the 

present study, 6ScSZ has been chosen to investigate how this effect changes with 

temperature by measuring the strength as a function of the load rate while keeping 

the absolute humidity constant at a partial pressure of pH20 = 11.5 mbar (43% 

relative humidity at T = 22°C) and applying the same data analysis procedure as in 

Ref. [13]. The constant humidity was ensured by bubbling a dry 

argon(80%)/oxygen(20%) mixture through a saturated aquatic K2C03-solution kept 

at T=  22°C and is supposed to represent environmental air. The results including 

the data at RT taken from [13] are shown in Figure 3.4.

At T = 250°C the strength shifts to greater values, which leads to a strengthening of 

6ScSZ at elevated temperatures, while being subjected to humid environments. This 

phenomenon has not been reported before in literature and is at this point not 

soundly understood. Interestingly this effect apparently requires a certain time 

under load, as no strength increase has been found for the samples tested at a very 

high load rate of 1 GPa/s, although they were held equally long compared to the 

other samples at 250°C prior to the test. It is also remarkable that the crack growth 

exponent just significantly changes at T = 450°C towards a much lower value. At 

T=  650°C instead of a continuous strength decay a formation of a threshold strength 

oth is recognisable, which at T =  850°C is even at the level of the inert strength. For 

the rough side of 3YSZ the threshold strength at T = 650°C and a partial water 

vapour pressure of pmo = 8 mbar (30% relative humidity at T = 22°C) has been 

determined to be ath.6S0’C = 797 MPa (crinerti650°c = 840 MPa), while at 850°C no 

significant crack growth occurred as well.

Hence the effect of SCCG becomes very limited at higher and for the operation of 

SOFCs rather relevant temperatures. This trend has been already reported for 

3YSZ, 8YSZ and also for magnesia partially stabilized zirconia by Alcala and 

Anglada [5], Choi [30] and Davidson et al. [31], respectively and leads for zirconia 

compounds to the general assumption that at temperatures greater than 800°C no 
significant humidity related SCCG occurs.
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Figure 3.4: Strength dependence on the load rate of 6ScSZ at vaying tempertures including 
the respective inert srength levels, SCCG parameter and observed threshold strength at 
T= 650°C and T= 850°C. The inert strength is determined at a loading rate close to 1 GPa/s.

3.4 Discussion

Having determined the strength distribution, the temperature dependence and the 

SCCG parameter, it is finally possible to compare and assess the investigated 

zirconia compounds regarding their strength in humid environments for different 

temperatures. If no SCCG occurs the strength a is a function of the required failure 

probability and the loaded surface area and can be described via the standard 

Weibull distribution [l]:

i_

a(5, P, T) =  ObCT)m In (3 ‘8)

where the temperature dependency is expressed through the characteristic strength 

cr0, which can be obtained from RT values by applying Equation (3.3). If SCCG has to 

be taken into account, the respective time dependent strength is obtained by the 

combination of Equation (3.5-6) and (3.8) and becomes:
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n (T ) -2 \ l /n V")

a(T,S,P,tf )  =
v0(T )tf nY*  ( ^ - l )

(3.9)

/

with the reference velocity v0 and the crack growth exponent n being temperature 

dependent as well. If SCCG reaches a threshold, Equation (3.8) is applied again 

inserting the respective time independent threshold strength instead of the inert 

strength. Taking the strength data of the dull sides (side of the cast tape which was 

opposite to the support foil) of commercial 3YSZ, 6ScSZ and lOSclCeSZ tapes from a 
previous study [13], given in Table 3.3, the influence of temperature and SCCG can 

be quantitatively assessed for a given system and its respective load environment. 

To give an example how these different dependencies influence the strength, the load 
environment of the p-CHP (small scale combined heat power plant) the Galileo 

1000N of Hexis AG  (Winterthur, Switzerland) [32] is considered for further 

discussion, which has been described in a previous study [28]. At T = 850°C it is 

assumed that the peak loads are caused by thermal stresses, which effectively load a 
surface area S of approximately 10 cm2 of the total cell area of 200 cm2. For simplicity 

the same area is kept constant for varying temperatures. As one single failed cell 

might harm a whole stack and can lead to significant performance losses, a required 

failure probability P of 1:10,000 is assumed, which means that in average, roughly 
every hundredth stack might contain a failed cell. The prospective operating time of 

the stack is 8 years, of which the system remains idle between 0-50% of the time, 

depending on the heat demand. Therefore, a life time t/of four years is considered for 

RT, while at T = 850°C no time dependent strength decay is expected. According to 

Equation (3.8) and (3.9) the respective strength of the three zirconia compounds is 

shown in Figure 3.5 including the 90% confidence intervals.

Apart from the thermal stresses, residual stresses and clamping loads are also 

present at all times, thus also during thermo cycling. Hence the strength of 6ScSZ is 

plotted also for 250 and 450°C according to Equation (3.9) assuming a life time of 

twenty days, which is a rough and conservative estimation of the cumulated time the 

electrolyte is subjected to SCCG at the respective temperature during cooling down 

and heating up, as one complete thermo cycle requires one day, assuming twenty 

cycles during 8 years. At 650°C the threshold strength observed for 3YSZ and 6ScSZ
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is translated analogue to Equation (3.4) into a threshold stress intensity factor Ki.th, 

below which no SC CG occurs, applying the respective inert strength and the 

corresponding fracture toughness at 650°C. Again following Equation (3.4) the RT 

strength given in Table 3.3 can be translated into the SCCG affected strength at 

650°C applying the threshold Klxh instead of the fracture toughness. The strength of 

3YSZ at 450°C is given, using the K,xh = 2.2 MPa m* at 450°C given by [5], while the 

respective strength of 8YSZ at RT and 900°C is given as comparison and taken from 

[33]. Among all the published data, this data shows until now the highest achievable 

strength at high temperatures for this compound and is at the same time the most 

dependable since it was obtained testing 30 and 20 specimens, respectively applying 

a low friction high temperature RoR set up, which ensured a high level of accuracy. 

The RT SCCG affected strength was calculated, using the threshold stress intensity 

factor Klxh = 0.72 MPa m'A and the fracture toughness of Klc = 1.51 MPa mA

4 years 20 days No SCCG

Figure 3.5: Strength of different zirconia tapes including the 90% confidence intervals at 
varying temperatures for S =  10 cm3 and P -  0.0001, taking SCCG for different lifetimes into 
account.
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Table 3.3: Selection of strength and SCCG data at RT used for further discussion taken for 
8YSZ from [33] and the other compounds from [13]. The values given in the brackets are the 
90% confidence intervals.

Characteristic 
strength cr0 

(MPa)
Weibull 

modulus m
Reference 

surface area 
(mm2)

Crack 
growth 

exponent n

Reference 
velocity v0 

(m/s)
3YSZ 1433

(150111369)
10

(1517.2) 15 55 0.09

6ScSZ 1126
(115311100)

11
(13.619.2) 18 54 0.9

lOSclCeSZ 1136
(116811106)

12
(15.019.2) 0.025 37 0.004

8YSZ 446*
(468 1 425)

6.7
(8.4 I 5.2) 9"

8YSZ
(900°C)

282
(2961268)

8
(10.715.7) 9”

* taken as inert strength, although measured in humid air 
**values roughly estimated, as they are not explicitly given

When taking SCCG into account the strength over the temperature of 3YSZ and 
6ScSZ does not show a monotonic decay as for the inert strength depicted in 

Figure 3.2. At T = 450°C the strength becomes comparable with that at T = 850°C, 

while it rises again when coming to lower temperatures. Considering lOSclCeSZ, it 

is revealed, that SCCG leads to a lower strength at RT than at 850°C, where it 

surprisingly even reaches up to the levels of the tetragonal zirconia compounds. 

8YSZ on the other hand appears to be the weakest of the common zirconia. 

Comparing the strength to the magnitude of thermal stresses which are expected to 

rise due a generally given inhomogeneous temperature distribution throughout the 

cell and which are typically in the range of 50-60 MPa [16, 28, 34, 35], it is revealed 

that 8YSZ is not suited for the application in electrolyte supported fuel cells.

To evaluate the risk of cell failure the strength, which can be interpreted as a design 

stress, is plotted for 6ScSZ, lOSclCeSZ and 3YSZ at RT, assuming again four years 

of lifetime and at 850°C versus the failure probability for varying loaded surface

areas, as shown in Figure 3.6. Assuming again thermal stresses in the range of 50- 

60 MPa the depicted zirconia compounds show a high reliability even with loading 

surface areas as large as 100 cm2. Interestingly the differences between the three 

materials at 850°C are small if not negligible considering the confidence intervals 

given in Figure 3.5. Next to thermal stresses the electrolyte is also subjected to 

stresses due to the clamping, as the contact between the metallic interconnect (MIC) 
and the cell is never perfectly flat and leads to local bending, and residual stresses 

due to thermal mismatch of the cell components. The residual stresses are small at
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operating temperatures, while they increase if the cell is cooled down to RT, putting 

the electrolyte under a slight compressive load (~20 MPa) [28, 36]. Hence the 

residual stresses can be neglected for further discussion. Stresses due to clamping on 

the other hand can become significant and might lead to local damage [28]. 

Figure 3.6 can now be used to reveal the allowed magnitude of clamping stresses. 

For 3YSZ and 6ScSZ the respective analysis just has to be made at operating 

temperatures, since the strength at RT is significantly higher. Depending on the 

tolerated risk of failure and the area where the peak stresses (superposition of all 

expected loads) act on, stresses apart from thermal stresses (assumed to be 
~50 MPa) can reach between 50 and 150 MPa. For lOSclCeSZ the difference in 
strength between RT and 850°C is roughly the amount for the reported thermal 

stresses, hence the allowed clamping loads for this material have to be oriented on 

the RT strength level, which results in a similar range of 50-150 MPa as for the 

tetragonal compounds. Hence according to the strength data given in Table 3.3, the 

highly conductive lOSclCeSZ compound can be regarded as competitive compared to 

3YSZ and 6ScSZ from a reliability perspective.

Figure 3.6: Strength of lOSclCeSZ, 3YSZ and 6ScSZ versus failure probability for different 
considered loaded surface areas at RT and 850°C. Also plotted are the respective points given 
in Figure 3.5.
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3.5 Conclusion

(i) The change of strength of the tested zirconia compounds with temperature can be 

attributed solely to the change of the fracture toughness, so that any given RT 

strength can be translated into the respective strength at elevated temperatures.

(ii) The tetragonal zirconia compounds have similar monotonic temperature decay of 

their inert strength, while the cubic lOSclCeSZ shows a minimum at 450°C. The 

minimum of the inert fracture strain lies for all compounds at 850°C.

(iii) At 850°C SCCG does not affect the strength of these zirconia compounds, while 

6ScSZ shows the greatest sensitivity at 450°C. Taking SCCG into account, the 

temperature behaviour of the strength becomes more complex and depends basically 

on the required lifetime of the component at each temperature it is exposed to. This 

also highlights the importance of the determination of the inert strength, as it is 
crucial to calculate the strength degradation and correspondingly the lifetime.

(iv) Based on the requirements associated with the operating conditions of the 
Galileo 1000 N, it was found that it is sufficient to assess the reliability of the 

tetragonal zirconia compounds just at the operating temperature, whereas for 

lOSclCeSZ at least the stress environment at RT has to be considered as well, since 
its fracture strain and stress was found to be lower at RT than at 850°C.

(v) Based on the strength data of a previous study, the overall stress levels that the 

electrolyte experiences while maintaining a level of reliability has to be limited 

between 100-200 MPa, depending on the specifics of the respective system, which 

appears feasible. It was further found that lOSclCeSZ can be regarded as 
competitive compared to 6ScSZ and 3YSZ.

(vi) The Ball-on-3-Balls bending test proves to be very suitable to characterise 

material specific properties such as the change of strength with temperature or the 

determination of the sub critical crack growth parameter, as it is very accurate and 
requires only small samples with a rectangular shape. Additionally any gaseous 

media can easily be applied during testing, to ensure a defined environment.
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A bstract

For the proper function of solid oxide fuel cells (SOFC) their structural integrity must be 
maintained during the whole lifetime. Any cell fracture would cause leakage and partial 
oxidization of the anode, leading to a reduced performance, if not catastrophic failure of the 
whole stack. In this study, the mechanical strength of a state of the art SOFC, developed and 
produced by the Hexis AG/Switzerland, was investigated with respect to the influence of 
temperature and ageing, whilst for the anode side of the cell the strength was measured 
under reducing and oxidising atmospheres. Ball-on-3-Ball bending strength tests and 
fractography conducted on anode and cathode half-cells revealed the underlying mechanisms, 
which lead to cell fracture. They were found to be different for the cathode and the anode side 
and that they change with temperature and ageing. Both anode and cathode sides exhibit the 
lowest strength at T = 850°C, which is greatly reduced to the initial strength of the bare 
electrolyte. This reduction is the consequence of the formation of cracks in the electrode layer 
which either directly penetrate into the electrolyte (anode side) or locally increase the stress 
intensity level of pre-existing flaws of the electrolytes at the interface (cathode side).
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4.1 Introduction

Solid oxide fuel cells (SOFCs) are state of the art ceramic based components, to 

convert chemical energy of many different fuels into electrical energy. The electrical 

efficiency of the underlying electrochemical conversion process can reach up to 70%. 

One requirement for these high levels of efficiency is the physical separation of the 

fuel from the oxidizing air, through the gastight electrolyte. This ensures that the 

fuel is not directly burned off. Any kind of leakage reduces the amount of effectively 

utilizable fuel and therefore causes lower efficiency.

One way for leakage to occur in a SOFC system is when the electrolyte fractures and 

the gas tightness is no longer maintained. Hence the mechanical reliability of the 

electrolyte as part of the cell has to be ensured during the whole time of operation! 

including thermo and red-ox cycles.

One approach is to keep possible tensile stresses acting on the cell to a minimum. 

This can be done, for instance, by proper thermal management, in order to reduce 

the thermal stresses that are caused by inevitable thermal gradients over the cell 

area [l]. Another way is to select the electrodes and the electrolyte in a way, so that 

the strength of the cell and the corresponding reliability is sufficiently large. An 
overview over the mechanical properties of several gadolinia-ceria and zirconia 

electrolytes can be found in Ref. [2-4], Beside the properties of the electrolyte, the 

robustness of the cell is further determined by the properties of the electrodes and 
their interphases or interfaces, respectively. In previous studies it has been reported 

that cracks within the electrodes may extend into the electrolyte, thus weakening its 

strength [5-7], This damage process is either promoted by residual stresses or when 

an external tensile stress is applied to the electrode.

In the present study the robustness and the reliability of a state of the art electrolyte 
supported SOFC is investigated, which was provided by the Hexis AG  (Winterthur, 

Switzerland). The cell is characterised by an initial power output of 22 W, when 

supplied with 4 g/h of partial catalytic reformed natural gas per cell (corresponds to 

52 W), operated at 0.7 V cell voltage and 850°C. The steady state power degradation 

at a constant voltage operation is 0.7%/1000 h [8]. This cell is employed in the 

current Hexis p-Combined-Heat-and-Power plant, the Galileo 1000 N. Further 

information about the stack and system is also given in Ref. [8]. Here the cell has to 

endure any given mechanical load being operated at 850°C, while being subjected to
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reducing and oxidising atmospheres for up to 40’000 hours and several thermo red­

ox cycles (on-off cycles). In order to take these different aspects into account, Ball-on- 

three-Balls (B3B) bending strength measurements have been performed on cathode 

and anode half-cell specimens covering the whole relevant temperature range from 

room temperature up to 850°C, whilst the anode half cells were tested either in their 

reduced or oxidized state. Possible ageing effects are investigated by testing half­

cells obtained from cells, which were continuously operated for up to 12’000 hours.

4.2 Experimental

4.2.1 Specimens

The SOFC from Hexis consists of five layers as shown in Figure 4.1. The anode is a 

bilayer with a 30 pm thick current collector (A2) consisting of a porous NiO (70 wt.- 

%)-Ceo.6Gdo.402 (30 wt.-%) cermet and a 10 pm thick functional layer (Al) comprised 

of the same cermet but with 50 % NiO content. The electrolyte is a dense 6 mol-% 

SC2O3 stabilized Zr02, with a thickness of 160 pm. The cathode is again a porous 

bilayer with a 60 pm thick (Lao.7sSro.2)Mn03-8 current collector (C2) and a 15 pm 

thick functional layer (C l) comprised of a (Lao.78Sro.2)Mn03-s (50 wt.-%)-Y203(8 

mol°/o)-Zr02 (50 wt.-%) cermet.

The electrolyte is produced via a tape casting route. Therefore it possesses two 

surfaces, one which was in contact with the supporting foil, where it was cast onto 

and the opposite side, which was in contact with the doctor blade. As the supporting 

foil has a structured surface, the respective electrolyte exhibits a rougher topography 

than the other side of the tape after sintering. In order to study the influence of the 

different roughness, two different cells were investigated: a cell, where the anode 

was screen-printed onto the rough side, which marks the standard case and one 

where it was printed onto the smoother side.

The samples for the B3B bending tests were prepared by cutting the cells with a 

diamond wheel saw into 4 x 3  mm2 rectangular plates, while gluing them onto a 

support foil. The cutting speed was adjusted, so that no cracking occurred at the

samples edges, which was checked via light microscopy. Any possible effect of micro 
cracks, which might have not been detected and having a length smaller than 10 pm, 

is neglected, as the B3B bending test just loads the samples centre with tensile
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stress, while the edges are compressed [9, 10]. Also, this way of sample preparation 

has been successfully applied to glass substrates, which are even more delicate to 

handle due to their low fracture toughness [ll].

The actual testing was performed on half-cells, where both cathode layers of each 

specimen were gently polished off to obtain the anode half-cells and vice versa to 

obtain cathode half-cells (see Figure 4.1). The advantage of these samples is that it 

simplifies the stress analysis. Furthermore the potential uncertainties regarding the 
description of the elastic response of these heterogeneous multilayers, which is 

necessary for stress analysis, is reduced to minimum.

Electrolyte: 6ScSZ -160 pm

Functional Cathode: LSM(50%)/8YSZ{50%) - 15 pm

Cathode Current Collector: LSM - 60 pm

Figure 4.1- Principle architecture and composition of the Hexis SOFC.

4.2.2 Biaxial Bending Strength Testing

The biaxial strength was determined using the Ball-on-three-Balls (B3B) test [9, 10, 

12], where plate like specimens can be tested in biaxial flexure. Details of the testing 

procedure can be found elsewhere [13]. For the testing of the 4x3 mm2 sized 

specimens 2.2 mm balls were chosen. The three balls were arranged below the 

sample, supporting it, while the loading ball was on top of the sample as described in 

[3]. All tests were performed in a dry atmosphere in order to avoid possible sub

100



Chapter 4

critical crack growth, as found in this type of material [4]. At room temperature (RT) 

tests were made in an argon atmosphere. Samples that should remain in their 

oxidized state were tested in a mixture of argon(80%)/oxygen(20%), while forming 

gas (5% H2/95% N2) was used to reduce two sets of anode half-cell samples. The first 

set was heat treated under forming gas and annealed for 2 h at 850°C. The strength 

tests were then conducted at room temperature applying an inert argon atmosphere. 

The specimens of the second set were reduced with forming gas prior to each 

individual test at 850°C for 20 min while being already placed in the B3B set up. 

Subsequently the gas flow was upheld to maintain the reduced state during the 

actual testing. Thermogravimetry was used to ensure that the anode is completely 

reduced after 20 min, by measuring the relative mass loss of the two respective 

anode powders while being exposed to forming gas at the respective temperature. 

The displacement speed of the test rig was in general set in a way, so that fracture 

occurred in less than 4 seconds. The thicknesses of the electrodes and the electrolyte 

were determined optically from the edges of the cut specimens with an accuracy of 

± 2 pm.

4.2.3 Stress calculation for half-cells subjected to B3B bending 

4.2.3.1 Half-cells with pure elastic deformation until fracture

In order to calculate the fracture stress of any layer of a multi-layered elastically 
heterogeneous plate loaded in the B3B set up, it is necessary to describe the stress 

state as a function of the height coordinate z for a given applied load. For the general 

case of a multilayer being subjected to a bending moment M perpendicular to its 

stacking direction, Hsueh et al. presented a closed form solution. Here the first 

principal stress a becomes a function of two effective constants describing the elastic 

response of a given multilayer and reads [14, 15l:

<»((*) =
Ei (z ~ 2; )  M
( l-v f)D -

(4.1)

with the index / referring to the Hh layer (1 = electrolyte, 2 = first functional 

electrode layer, 3 = current collector layer), the respective Young’s modulus E and 

Poisson ratio v, z being the height coordinate of the whole stack. D* is the effective
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plate constant and describes the flexural rigidity of the multi-layered plate and 

z*n gives the height of the neutral bending plane, which might significantly vary from 

the central plane of the specimen. The method for calculating these can be found in 
[14, 15] as well.

The applied moment M can be generally calculated from the maximum of the first 

principal stress [16]:

M =  omax 6

For the B3B bending this stress is described as [10]:

(4.2)

<7m ax -
L (4.3)

with C  being the respective pre-factor for the B3B test and L the applied force. 

Inserting Equation (4.3) into (4.2), the moment becomes just a function of L and C , so 
that Equation (4.1) can be written as'-

fff00 =
Ej (z -  z *) L ' 
6 ( l -v f ) D *  C

(4.4)

For the 4x3 mm2 rectangle specimens C  was determined via a finite-element model 

of this specific test rig. The principle approach and model was previously published 

by Danzer et al. [12]. Based on this analysis the pre-factor is here calculated 

according to:

((2.914 + 9.96 mm“ 1 tel -  4.65 mm~2 t|,)(1 + 0.939 v) (4.5)
C  =  0 .21427 +  ----------------------------- -------eJ— ---------- ^ ^ -----------------------1 + 9.63 mm“ 1 tel

Since only the maximum stress in the electrolyte is of interest in the present study, 

tel, the thickness of the electrolyte, is taken into account.

For the fracture stress evaluation based on Equation (4.1) the effective constants 

D*and z^ have to be determined. For any bending test, it can be assumed that the 

load-displacement curve is proportional to the flexural rigidity of the plate, which is 

expressed by its plate constant [16]. Hence the load displacement curves of different 

dense zirconia plates with known plate constant [3] have been plotted in order to
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obtain the proportionality factor K io r  the test rig used. It is given in Figure 4.2. As 

the electrodes may have cracks, large pores or other inhomogeneities, which result 

from the manufacturing process, their Young’s moduli were not taken from literature 

but have been chosen, so that the median plate constant fits the measured median 

force-displacement slope of each tested sample set. As it is not possible to resolve the 

differences between the two electrode layers, the ratio between their Young’s moduli 

has been chosen to correspond to the one published in [17]. For all electrode layers 

the Poisson’s ratio is set to be v = 0.3. This is only an estimate but a consequence of 

the inconsistent literature data, of which an overview is found in [2], Based on these 

Young’s moduli and this Poisson’s ratio the position of the neutral bending plane is 

calculated as well.

10Sc1CeSZ - 230pm

2.2 mm balls test rig: 
K=10.8 mm'2

l £ V
b o

6ScSZ- 160pm

q  1.0- 
<b

- 110pm /• /

-3 Y S Z -1 4 0 p m  

6ScSZ- 100pm

50 100 150 200

Plate Constant (MPa mm3)

Figure 4.2: Correlation between the force-displacement-slope and the plate constant based on 
the measurement of zirconia samples with 4x3 mm2 in size and different thickness taken for 
the test rig with balls of 2.2 mm in diameter.
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4.2.3.2 Half-cells with delaminating electrode layer prior to fracture

In the case of local delamination, the plate constant does not describe the elastic 

behaviour of the sample anymore, as the neutral bending plane underneath the 

delaminated electrode is shifted towards the middle plane of the electrolyte as

sketched in Figure 4.3. Assuming that at the fracture site this shift is complete, the 

electrolyte can now be treated locally as being elastically disconnected from the 

anode at the moment of fracture. However, the locally acting bending moment and 

the corresponding fracture stress cannot be derived from the applied force, since the 

force flow is distributed over the whole sample, which is now an ill-describable 

heterogeneous system.

Figure 4.3: Sketch (cross-section) of the shift of the neutral bending plane of an electrolyte as 
part of a half-cell subjected to pure bending underneath a locally delaminated electrode layer.

The here presented approach is based on following idea. If at the point of fracture 

the electrolyte is decoupled from the anode it has to be able to sustain the same 

deflection as if it were uncoated. Hence, instead of taking the measured force, the 

corrected displacement at the moment of fracture is used in order to calculate an 

equivalent fracture force Leq, which relates the coated sample with an uncoated one. 

Knowing the thickness of the electrolyte and its elastic constants, the plate constant 

of the assumedly bare electrolyte is calculated. Via the plate constant and together 

with the proportionality factor K (not to be confused with the stress intensity factor 

Ki) derived from Figure 4.2, the equivalent force displacement slope is obtained, so 

that the measured and corrected displacement can be converted into the 
corresponding equivalent fracture force. Equation (4.3) gives then the fracture 

stress in the electrolyte. In order to reduce the uncertainty regarding the measured
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displacement, the pre-load prior to the test is minimised and set to 0.1 N. After 

correcting the load displacement curve regarding the compliance of the test rig and 
the load cell the lower region of the measured curve between 1 and 5 N was linearly 

extrapolated towards zero load. The so obtained displacement is then considered as 

the point of zero displacement. Any sample, which did not show a continuous load- 

displacement curve, was disregarded.

4.3 Experimental results and discussion

4.3.1 Anode half-cells

4.3.1.1 Strength at RT

Since -  as mentionied above — the electrolyte has a different surface quality at the 

top and botten side, it can be speculated that the strength of both sides may be 

different. Therefore the biaxial bending strength of the electrolyte has been 
determined at RT under inert conditions for samples being 4x3 mm2 in size with 

either the smooth (Rrms =0,13 pm, doctor blade side) or the rough surface 

(Rrms= 0.9 pm, supported side) of the electrolyte at the interface tensile loaded side of 

the specimens. The respective strength distributions are displayed in a Weibull plot 

shown in Figure 4.4, where the strength of each specimen is ranked in an ascending 
order, assigning then every value a failure probability of F = (j-0.5)/n. j  refers to the 

ranking position and n to the sample set size. Any given Weibull modulus is 

calculated according to EN 843-5 (2006) standard. The elastic paramertes used for 

the stress calculation are given in Table 4.1. The Weibull parameters decribing the 

strength distribution are given in Table 4.2.

The bare 6ScSZ electrolyte has at its rough side a characteristic strength of 

a0= 1379 MPa and at its smooth side cr0 = 2017 MPa while both sides show a 
Weibull modulus close to m ~ 20 [3] (note that the “smooth” side here is referred to as 

“dull” in the reference). Comparing these stress levels with the one shown in 

Figure 4.4, it becomes apparent, that the strength of the electrolyte on the cell level 

is greatly reduced. It is further interesting to note that the two sides of the 

electrolyte now show a similar strength, already indicating that a different failure 

mechanism is correlated to the presence of the anode.
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Table 4.1: Elastic constants used for the fracture stress calculation of all tested anode half­
cells. The values given in the brackets correspond to the standard deviation of the measured 
parameter.

T A1 A2 6ScSZ**
(°C) E (GPa) E ( GPa) E (GPa) v
25 40 (±5) 30 (±4) 213.6 0.32

250 39* 29* 194.2 0.28
450 39* 27* 156.2 0.30
650 38* 26* 155.0 0.37
850 37* 25* 160.1 0.34
950 37* 24* 164.2 0.33

*estimated by taking the temperature dependency of the A1 and A2 given in 
and T= 950°C assuming a linear behaviour 
**taken from Ref. [4]

Ref. [17] for RT

Table 4.2: Compilation of Weibull parameters for all unaged sample sets tested in this study 
including the 90% confidence intervals.

Samples Tested Temperature Characteristic 
Interface/Surface T (°C) Strength oo (MPa)

Weibull 
modulus m

smooth RT 786 (8061767) 13.3 (17.1110.3)
RT 840 (8591821) 9.7 (11.518.3)

Anode Half- 250 621* 35*
Cells/oxidized rough 450 508 (5171501) 32 (46122)

650 407 (4141402) 36 (57123)
850 335 (3411 329) 25 (36118)

Anode Half- RT 1164 (118811141) 19 (26114)
Cells/reduced roug 850 698* 20*
Cathode Half- RT 2015 (2055 11975) 16 (21113)

Cells smooth 850 499 (5241475) 9.4 (13.516.6)
RT 1379 (140411354) 18 (22114)

Electrolyte**
roug 850 511 (5191502) 18 (23115)

nooth RT 2017 (2050 11985) 20 (25116)smoo 850 822 (8531 794) 19 (29111)
*Estimated from the lower branch of the measured specimens 
**Taken from earlier studies [3, 4]

It was previously reported that the here investigated anodes tend to form a channel 

crack network as the anode is not robust enough to sustain the residual tensile 

stress, which originates form the differences in thermal expansion coefficients 
between the anode and the electrolyte material after cooling down from the sintering 

temperature of Tsinter,anode = 1210°C [18]. This is also the case for the here tested

samples as can be seen in Figure 4.5a). It has been already observed that these
channel cracks are able to act as the main flaw, as they extend into the electrolyte
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and thus weaken its strength [5, 6]. Figure 4.5b) shows a characteristic fracture 

origin site, where the crack runs straight through the anode and the electrolyte, 

without any sign of delamination at the interphase. The fracture initiation site is 

hereby identified by the orientation of the ripples on the fracture surface, which run 

perpendicular to the former crack front and converge at the origin. Microscopy 

reveals that a 2 pm thick interphase within the electrolyte has formed. This 

interphase forms due to the diffusion of CGO into the zirconia substrate [19, 20]. The 

interphase displays a transition from a transgranular to intergranular fracture (see 

Figure 4.5c), indicating that the fracture toughness is significantly reduced. This 

explains why the strength between samples with rough and smooth interphase is 

rather small if not negligible, since a crack in the anode will expand sub critically 

into the low toughness region of the electrolyte creating a new kind of fracture 

dominating flaws which are independent of the already pre-existing flaws at the 
interface of the electrolyte.

Figure 4.4: Weibull plot of the maximum principle stress within the electrolyte when fracture 
occurs for different anode- half-cells at RT including the respective Weibull modulus.
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Figure 4.5: a) On-top view of the fracture origin site of a fractured anode half-cell with rough 
electrolyte anode interphase; b) Corresponding fracture surface of a) with fracture origin site 
of an anode half-cell with rough electrolyte anode interphase; c) Detail of the fracture surface 
showing the low toughness interphase at a fracture origin site of an anode half-cell.
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4.3.1.2 Strength at elevated temperatures

SOFCs are operated at elevated temperatures, it is thus of interest to investigate 

how the strength of these anode half-cells develops with increasing temperature. As 

the accuracy of the determination of the respected Youngs moduli decreases at 

elevated temperatures, the values at elevated temperatures are estimated from the 

RT constants by taking the temperature dependency of the A l (RT: 65 GPa, 950°C: 

60GPa) and A2 (RT: 50 GPa, 950°C: 40 GPa) given in Ref. [17] assuming a linear 
behaviour. They are given in Table 4.1, while the respective Weibull parameters are 

given in Table 4.2.

Figure 4.6 shows the evolution of the strength distribution of the anode half-cells 

tested from RT up to 850°C. The strength steadily decays with increasing 
temperature. The scatter of the strength however undergoes a change from a low 

Weibull modulus of m = 9.7 towards a significantly higher modulus of m = 25 or even 

greater at temperatures larger or equal to 450°C. At 250°C the transition is clearly 

visible in the form of a kink in the distribution of the individual ascendingly ordered 
strength values. The reason for this transition remains so far unclear and could not 

be resolved by fractography alone. However, it must be related to the temperature 

evolution of the fracture toughness as it determines how easily the anode channel 

crack can penetrate into the electrolyte.

The change in the strength distribution is also accompanied by a change in the crack 
formation, which is revealed by the different force-deflection curves recorded during 

the single fracture tests. Figure 4.7 shows a selection of these curves (as recorded) 

measured at RT and 850°C. At 850°C the fracture does not happen instantaneously, 

but is characterised by plateau formation, where the critical flaws grow at a constant 

applied force until reaching a critical size.

109



Chapter 4

Figure 4.6: Weibull diagram of the fracture stress distribution of the electrolyte as part of a 
anode half-cell with the rough interphase for varying temperatures. Also shown is the 
strength distribution at 250°C after exposing the samples to one redox-cycle.

Figure 4.7: Selection of force-deflection curves for anode half-cells tested at RT and 850°C.
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At RT the fracture of the stronger specimens occurs in a single event, while already 

for the weakest samples also a plateau formation can be observed. Together with the 

kink found for the samples tested at 250°C and the single runaway value at 650°C it 

can be concluded, that the probability, at which this transition happens, is increased 

with temperature. It can be speculated that also at RT such a transition could be 

observed at a certain strength level if a sufficient number of specimens would be 

tested. As a consequence the found distribution with a Weibull modulus of m = 9.7 

would have a limit and will turn into a distribution with a higher modulus. This 

limit might be even at a lower strength level than shown for the 250°C data, as the 

residual stress is at RT at its maximum, while the toughness does not further 

increase [4]. To demonstrate this effect, further experiments would be necessary, 

which is out of the scope of this investigation.

4.3.1.3 Strength of the reduced anode half-cells

Most of the operating time, the anode is in its reduced state. Due to the reduction, 

the mechanical properties change and thus a change in the fracture strength can be 

expected and has to be investigated. The results of the strength tests are shown in 

Figure 4.8, while the respective Weibull parameters describing the strength 

distribution are given in Table 4.2. Fractography reveals that the anode gradually 

delaminates off the electrolyte at the zone, where the local stress maximum is 
applied to the sample (shown in Figure 4.9a) and b)). This is confirmed by the non­

linear relationship between force and the corrected (true) displacement, where the 

force-displacement-slope decreases while increasing the applied force. This indicates 

an irreversible change in the samples stiffness, which correlates to the delamination 

process. Hence, the fracture stress in the electrolyte is calculated according to the 

approach developed in Section 4.2.4.2.

At RT the maximum stress at fracture of the electrolyte being part of the reduced 

anode half-cell is significantly increased compared to the samples being in then- 

oxidised state. As the anode delaminates its cracks are no longer able to penetrate 

into the electrolyte but they are deflected to follow the interphase between

electrolyte and anode. Therefore, the strength in this case depends on the strength of 
the electrolyte itself. The strength distribution is characterised by an increased 

Weibull modulus of m = 19, which is close to the one of the bare electrolyte, while the
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characteristic strength of <?o,a n o d e ,red= 1088 MPa is lower compared to 

Go,electrolyte = 1379 MPa of the bare electrolyte and its corresponding surface. This 

decrease can be explained by the low toughness interphase, which remains at the 

surface after the delamination of the anode. It effectively increases the size of any 

surface flaw by 2 pm. Following the definition if the stress intensity factor [21], the 

critical flaw size ac 0 can be expressed as a function of the fracture stress er0:

Kfc (4.6)
Qc' ° -  Oq Y2 n

Now, the difference in the characteristic strength, applying a geometric factor

Y =  0.85 [3] and the fracture toughness of 6ScSZ K ,c =4.1 MPa mw, results according 

to Equation (4.6) in a difference in the flaw size of Aac 0 = 2.36 pm, which fits very 

well the observation. A potential change of the strength of the electrolyte, because of 

it being reduced, is neglected, as Hashida et al. [22] found the strength of zirconia to 

be independent of reduction.

In order to measure the strength of the anode half-cells in their reduced state at 

850 °C, each specimen while being already placed in the test rig was subjected to

constant flow of forming gas 20 min prior to and during the test. The 20 min were 

chosen due to the results of the thermogravimetry. The load-displacement curves 

were again linear and the anode showed no delamination (see Figure 4.9c)), hence 

the maximum applied stress within the electrolyte was calculated according to 

Equation (4.4). The Young’s moduli for the two reduced anode layers were estimated 
from the slopes of the load displacement curves to be EA1 = 30 ± 15 GPa and 

EA2 = 20 ± 10 GPa analogue to the ones taken for the analysis of the oxidised 

samples. The large uncertainty is a consequence of the comparably large scatter of 

the slopes but leads to a systematic error in the stress analysis of only ±73  MPa. The 

respective distribution is shown in Figure 4.8 and compared to the one of the 

oxidised samples. Despite the observation that the anode did not delaminate before 

or during fracture, the maximum applied stress within the electrolyte is increased 

remarkably and even exceeds the one of the corresponding rough side of the bare 

electrolyte.

As for the oxidised sample the crack is formed underneath a pre-existing channel 

crack, as is shown in Figure 4.9c). However, in the case of the reduced samples the
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crack origin is not the channel crack itself in combination with the low toughness 

interphase but a flaw within the electrolyte, which requires an unexpectedly large 

stress to become critical. Two aspects are so far unknown to explain this finding. 

First, it is unclear how the low toughness interphase layer is affected by the 

reducing atmosphere, whether it shrinks or expands. Second, it is also unclear, 

whether the shrinking NiO or the expanding CGO is dominating the overall 

behaviour of the anode and thus whether the anode tends to become compressed or 

stretched. It exceeds the scope of this study to investigate these material features as 

the main focus here is set upon a strength evaluation in order to discuss the 

reliability of the overall fuel cell. However, as these issues are of relevance for the 

design of future fuel cells, they will be addressed in a subsequent article.

Figure 4.8: Comparison of the strengh distribution of the reduced and oxidised anode half­
cells at RT and T= 850°C including the Weibull modulus of the reduced anode half-cells.
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Figure 4.9' a) Fracture surface at the fracture initiation site showing the delaminated anode 
of an reduced anode half-cell tested at RT; b) Magnified fracture origin of a) showing the 
delaminated anode above the origin and the origin surrounding low toughness interphase; 
c) Fracture surface at the fracture initiation site of an reduced anode half-cell tested at 
T -  850 °C. The fracture origin is located underneath a pre-existing channel crack. The path 
of the expanding crack is independent of the pre-existing channel crack as it runs straight 
through the electrolyte, creating new cracks in the anode.
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4.3.2 Strength of cathode half-cells

Analogue to the anode half-cells the strength of the cathode half-cells was tested as 

well, in order to gain a comprehensive picture on the overall cell strength. The 

results of the strength tests are shown in Figure 4.10, while the corresponding 

Weibull parameters are given in Table 4.2. At RT the maximum applied stress 

within the coated electrolyte is similar to the uncoated one. Fractography reveals 

that as in the case of the reduced anode half-cells the cathode tends to delaminate 

(see Figure 4.11a)), which is also recognised by a decreasing force-displacement slope 

as the applied force approaches fracture. As no distinct interphase layer is observed, 

the electrolyte underneath the delaminated cathode displays the same strength as 

the respective side of the bare electrolyte.

Figure 4.10: Comparison of the strength distribution of the cathode half-cells tested at RT 
and T =  850 °C with the one of the respective bare electrolyte including the Weibull moduli of
each sample set. Also exemplarily shown is the 90% confidence interval of the median 
strength value of the cathode half-cells at T =  850°C due to the large uncertainties regarding 
the elastic parameter of the cathode layers. Furthermore the median strength is estimated 
based on the assumption that prior to fracture a cathode crack was formed.
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Delaminated 
Cathode \ ^

Fracture Origin
Electrolyte

Figure 4.11: a) Fracture initiation site of a cathode half-cell tested at RT showing the 
delaminated cathode! b) Fracture origin of a cathode half-cell tested at T = 850°C.
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At the operating temperature however no cathode delamination and a drop in the 

strength was observed (see Figure 4.10 and 4.11b)) so that the half-cells’ fracture 

stress was again calculated according to Equation (4.4). The Young’s moduli of the 

two layers was set to be EK1 = 16 GPa and EK2 = 24 GPa keeping the ratio of the 

already published values [17], while dealing with a relative standard deviation of ± 

23% due to the large scatter of the force-displacement-slopes at T =  850°C. Keeping 

the Young’s moduli within the 90% confidence interval (corresponds to a relative 

variation of ± 38%), gives a systematic error for every strength value of ± 20%. 

Despite this great uncertainty, a significant drop in strength is observed, compared 

to the strength of the respective side of the bare electrolyte, which is accompanied by 

an increased scatter, expressed by the decreased Weibull modulus.

The following fracture mechanism is proposed in order to explain this discrepancy. 

Prior to cell fracture a single crack forms in the cathode layer at the sample’s centre, 

where the maximum tensile stress is built up. It expands then down to the substrate 

interface. The pre-cracking of the cathode is simply a consequence of its much lower 

strength compared to the electrolyte [23]. As this crack only forms locally its effect on 
the sample’s stiffness is negligible and thus not recognisable in the force 

displacement curve, which still shows a constant slope between force and 

displacement until fracture (compare with the force-displacement curves of the 
oxidised anode half-cells tested at RT, shown in Figure 4.4b)). According to Ye et al. 

[24] this stressed crack will contribute to the stress intensity acting on a stressed 

surface or near surface flaw within the electrolyte, which is located underneath the 

electrode crack. Due to this contribution the fracture stress of the electrolyte as part 

of the cathode half-cells is reduced compared with the respective side of the bare 
electrolyte.

Additionally the large pores within the current collecting layer of the cathode may 

explain the increase in scatter. As the cathode is bent, these pores are weak spots 

and presumably act as origins, where the crack in the cathode layer is initiated. 

While the crack front expands and reaches out towards the electrolyte its stress 

intensity factor varies with the occurrence of pores within its flanks. A large pore 

hereby reduces significantly the stiffness of the cathode leading to a locally reduced 

stress intensity factor in comparison to a region of the cathode crack with no pores. 
This stress intensity factor distribution along the path of the crack is superimposed 

by the distribution of flaws at which the crack has to renucleated in the electrolyte.
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The superposition in principle will cause an increase in scatter and decrease of the 

Weibull modulus, as described in Ref. [25] for the case of superimposing a 

distribution in form of measurement uncertainties. However the magnitude of this 

effect and its quantitative influence on the Weibull modulus for this special case 
remains unclear.

4.3.3 Ageing

In order to investigate how ageing might affect the cell strength, two cells, which 

were continuously operated for eight and twelve thousand hours at a temperature of 

Top- 850°C, respectively and a 6ScSZ electrolyte, which was annealed for more than 
eleven thousand hours at T = 900°C, were tested at RT. Figure 4.12 compiles the 

respective characteristic strength including the 90% confidence intervals and 

compares them to the initial values. The bare electrolyte, with its rough side being 

tested shows no significant signs of ageing and retains its initial strength as well as 

its relatively large Weibull modulus of m ~ 20.
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Figure 4.12= Compilation of the characteristic strength including the Weibull modulus of the 
aged electrolyte and the operated fuel cells together with the corresponding initial strength 
and the respective 90% confidence intervals.
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This behaviour is also observed for the cathode half-cells. As described in the 

previous section, at RT the cathode tends to delaminate, rather than introducing 

potential cracks into the electrolyte. Hence, the strength of the cathode half-cell is 

determined by the strength of the smooth side of the electrolyte. Also for the aged 

samples this delamination process is observed. Therefore, it is conclusive that just 

like the electrolyte itself the strength of the cathode half-cell is also not significantly 

affected by prolonged operation.

Compared to the cathode half-cells, the anode half-cells even increase their strength. 

This is because after the continuous operation of several thousand hours the anode 
starts to delaminate as well. It is no longer able to introduce its channel cracks into 

the electrolyte. Henceforth, the strength is determined by the electrolyte and again 

does not further change with the operating time. The difference between the 

strength of the rough side of the electrolyte as part of the anode half-cell compared to 

the one of the bare electrolyte is explained by the remaining low toughness interface 

(see Figure 4.13), as it has been found already and discussed for the half-cells with 

the reduced anode in Section 4.3.1.3. Interestingly the low toughness interphase 

remains unchanged maintaining its initial thickness of 2 pm, as shown in 

Figure 4.13. Therefore, the strength of the aged anode half-cell is equal to the 
strength of the non-aged reduced one.

Figure 4.13: Fracture origin of an anode half-cell being operated for 8000 hours and tested at 
RT with delaminated anode and low tougness interphase.
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4.4 Consequences for stack behaviour and stack design

The Hexis state of the art SOFC was measured regarding its mechanical strength, in 

particular with regard to the fracture strength of the electrolyte upon which the 

whole cell integrity depends. The strength was characterised with respect to the 

influence of the cathode and anode layers at varying temperatures, atmospheres and 

ageing times. Within the considered parameter range the cell strength underlies 

several fracture mechanisms. Some might drastically reduce the electrolyte strength 
and hence the cell strength.

To function properly, the mechanical integrity of the cell has to be maintained 

throughout the whole operating time including several thermo- and redox-cycles. 

Based on the carried out measurements it is possible to identify the states at which 

the cell is weakest. The anode half-cell shows its lowest strength when it is oxidized 

and subjected to temperatures close to the operating point. At lower temperature its 

strength rises as the effect of the increasing toughness of 6ScSZ overweighs the 

increasing residual stresses. In a reducing atmosphere a drastic increase in strength 

was observed. The results from the ageing experiments and the tested sample set 

being exposed to one complete thermo-redox-cycle and measured at T = 250°C (see 

Figure 4.6 indicate that the anode suffers over time and while being cycled from 

mechanical degradation, leading to a reduced interfacial toughness between anode 

and electrolyte, which affects the strength of the cell in a positive way. Hence an un­

aged anode half-cell possesses the lowest mechanical strength. As the crack 

initiating flaw is found to be the low toughness interphase it is hereby of less 

importance whether the anode is printed on the weaker or stronger side of the 

electrolyte.

The cathode half-cell is also found to be weakest at elevated temperatures, being 

weakened due to the local cracking of the cathode layer exerting additional 

contributions to the stress intensity factor on flaws within the electrolyte. At RT the 
cathode tends to delaminate, so that the strength of the cell just depends on the 

original electrolyte strength. At which temperature this transition between the two 

fracture mechanisms happens has not been resolved. However, it can be assumed 

that the lowest strength is to be found, where the electrolyte exhibits its lowest 

fracture toughness. Considering the temperature range the cell is subjected to, the 

lowest strength is therefore expected to be at operating temperatures. For the 

fracture mechanism found for this temperature, it would make a difference whether
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the cathode is printed on the stronger or weaker side of the electrolyte. As the 

cracked cathode just amplifies the stress intensity of a pre-existing flaw within the 

electrolyte, the side with the greater flaws would naturally display a lower strength. 

Based on the current cell it is therefore preferential to print the cathode on the 

stronger side of the electrolyte, as it would make no difference for the anode. The 

results from the ageing experiments suggest that interdiffusion between the LSM 

and the electrolyte does not affect locally the toughness of 6ScSZ, This indicates that 

the strength of the cathode half cells at operating temperatures is not decreasing.

So far just the inert strength of the fuel cell has been discussed. Like in the case of a 

bare electrolyte, the strength of the cell is also influenced by humidity induced sub- 

critical crack growth (SCCG). As the failure of the cell depends just on the crack 

propagation within the electrolyte, the same crack growth parameters published by 

Fleischhauer et al. [3, 4] have to be applied. For the typical operation of a fuel cell it 

was reported that the lowest strength of the electrolyte is at temperatures greater 

than 800°C where no SCCG of zirconia is observed even if SCCG at lower 

temperatures is considered. In order to evaluate whether this is also true on the cell 

level, the basic equation of SCCG is considered, which relates the growth rate of a 

flaw da/dt with the total stress intensity factor Kltotai in the form a Paris law [26]:

da (KIitotal\n (4.7)
Tt=v*\— )

In the case of a bare electrolyte (Case I) K,itotai is proportional the root of the crack 

size a of a flaw within the electrolyte and the applied stress Geiecroiyte acting on it 

[27]:

Ki,total —  ^I,electrolyte ~  ^elecrolyte (4.8)

In the case of a half-cell (Case II), where stress intensity of a flaw the size a within 

the electrolyte is amplified by a crack in the electrode layer (as for the cathode and 

oxidized anode half-cells at elevated temperatures), KItotal is the sum of the 

contribution of the directly applied stress K ,elecCroiyte as in Case I and a second term

representing this additional stress intensity factor Ktielectrode. According to Ye et al. 

this contribution can be expressed as [24]:
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^I,electrode^ ^electrode (4.9)

with the mean applied stress in the electrode layer &eiectrode acting on the crack next 

to the stress being applied to the electrolyte aelecrolyte and a function co of the crack 

size a with the property du/da < 0.

In the case of SCCG and according to Equation (4.7) and Relation (4.8) crack growth 

promotes itself. This is because Khtotai grows with the crack size a (see Relation (4.8)) 

while the crack growth rate da/dt increases with KIxotal (Equation (4.7)). To decide 

whether a half-cell is subject to more severe or a reduced crack growth compared to 

the bare electrolyte, dKI>totai/da has to be considered. For KLelectrolyte holds:

dKl,electrolyte  ̂  ̂ (4.10)
da

The opposite holds for KjieiectroAe‘-

Hence:

l,electrode < 0 
da ~

(4.11)

i !^ ( C a s e O Z ? !^ ( ,C a s e l l )(4'12)da da

as dK,itotai/da for Case II contains a contribution from dKLeiectrode/da. Therefore, it 

can be concluded that these half-cells show less pronounced subcritical crack growth, 

so that as for the bare electrolytes also for the considered half-cells SCCG will not 

lead to a lower strength at T <  850°C than at T =  850°C. So the cathode and anode 

half cells have their strength minimum even in a humid SCCG promoting 

atmosphere at operating temperature.

Based on the above analysis the parameter with greatest potential can be identified, 

in order to optimise the cell strength. It has been revealed that a weak interface 

between electrode and electrolyte is beneficial with regard to its mechanical 

behaviour. In the case of electrode delamination the cell strength just depends on the 
electrolyte strength. This can be achieved by reducing the sintering temperature or 

additional surface treatment. If this is not achievable other parameters are the
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Young’s moduli of the electrode layers and their thickness. A reduction at this point 

would in accordance with Equation (4.4) also reduce the stress within the film and 

thus the corresponding stress intensity factor (see Relation (4.9)). The Young’s 

modulus can directly be controlled by the relative pore content of the electrodes. For 

the anode a reduction of the sintering temperature would further reduce the width of 

the low-toughness interphase and hence the flaw size. A reduction of the thermal 

mismatch is less beneficial, because residual stresses are of less importance as the 

lowest strength is found at elevated temperatures, anyway. In principle an increase 

of the toughness of the electrolyte is always beneficial to the strength. However, 

6ScSZ already belongs to the comparably tough electrolytes which provide sufficient 

ionic conductivity,

4.5. Conclusion

(i) The cell is weakest at its anode side at temperatures close to the operating 

temperatures (850°C), which are common for SOFC systems with electrolyte 

supported cells. At these conditions the anode is in its oxidized state. Hereby, the 

minimum strength is not further decreased due to ageing or sub critical crack 
growth. This result is in accordance with the failure analysis performed on these 

cells published by Fleischhauer et al. [18], where no correlation between operating 

time and the amount of fractured cells was found. It was further suggested that the 
fracture initiating event must have happened during the first shut-down process, 

when the cell gets oxidized.

(ii) The weakening mechanism is attributed to the penetration of a crack from the 

anode into the electrolyte (anode channel crack). This is assisted by the formation of 

a low toughness interphase between CGO of the anode and the 6ScSZ electrolyte.

(iii) The cathode is at operating temperatures weakened by a similar mechanism. 

The formed cathode crack however does not penetrate into the electrolyte but causes 

an increase of the stress intensity factor for already existing flaws within the 

electrolyte, hence a reduced strength is observed. The cathode strength hereby 

remains above the anode one, so that this side shows to be the stronger one of the 

cell. It is also not further reduced due to ageing.
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(iv) Given a certain stress environment during operation the cell will either crack at 

the beginning of its history of operation or maintain its structural integrity 

throughout the whole lifetime.

(v) As the strength minima of cathode and anode are at elevated temperatures, 

residual stresses are found to be negligible, It was shown for the anode half cells that 

even at low temperatures their contribution to the fracture stress is comparably low, 

as an increased stress level in the anode is partially compensated by the compressive 
stress within the electrolyte at the interface,

(vi) A lower Young’s modulus and a reduced thickness of the electrodes have been 
identified to increase the cell strength. The ultimate improvement would be the 

decreasing interfacial toughness so that an electrode crack gets deflected at the 
interface rather than penetrating into the electrolyte. All discussed measures 

however interact directly with the electrochemical performance of the cell.
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