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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 8o 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 [1].
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 0.1: Comparison of different technologies for electrical power generation regarding the
achievable plant efficiency and how 1t scales with the nominal power output of the plant.
Original figure taken from [8) 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
Osterreich (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 (1CHPs), 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 FKuel Cell Ltd. Hexis and
Toyota/Aisin already introduced first SOFC-based nCHPs into the market, these
systems themselves have still to overcome certair 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 SOFC-system, 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: () an electrolyte, which separates spatially the oxidation and
reduction reaction zones, which are (i) the anode and (iii) the cathode, respectively.
At the cathode oxygen gets reduced with four electrons towards two oxygen ions,

which then enter the electrolyte:
03(g) + 4€(carny 2 O(ZJ) 0.1)

The electrolyte exclusively conducts these oxygen ions to the anode where hydrogen

1s oxidized into water, while two electrons are released:
Haggy + Ofty = H30(g) + 2€(in) (0.2)

Typically SOFC-bascd 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 CO: at the

anode according to:
CO(gy+ Ofy > COxgy+ 2€(any ©0.3)

However, as this reaction path possesses comparably slow reaction kinetics (9],
predominantly the so called water gas shift reaction takes place:
COg) + Hy0 — COyq) + H, 0.4)

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
nH2+mCO+%02—onHZOf mCO, (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 10nic 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

transpor:ed 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 1s
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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Ag® RT
—— —p

Unernse = nF nF (0.6)

with A g” being the temperature dependent standard free enthalpy of the reaction, n
the number of transferred electrons, K the universal gas constant, F the Faraday
constant, p; 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:

c
Unernse = %zn (:—Z) ©.7
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
1s 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 ochmic 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 replerished 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.
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Figure 0.2: Working principle and structure of a solid oxide fuel cell

0.2.2 Cell

Having pr d 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].

(i1) 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,S)MnOss 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)CoQOzsor (La,Sr)(Co,Fe)Oss, which

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

(ii) 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 elec:ronic 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.
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a) b)

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 um, 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 r ible for the ho 1s distribution of the
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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 managemen® by redistributing an inhomogeneous heat release. Further, the
design has to support a sufficient sealicg at the edges of the cell to ensure that no
leakage of any of the gases occurs. The last main task of the MIC 1s 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 SOFC-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 tha: 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
IKTS-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
othcr. The active cell area is 127 cm?, The fuel streams through two channels onto

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

Fuel

Figure 0.4: Stack concept MK 351 of the IKTS-Dresden/Germuny (courtesy of IKTS) (29].

Figure 0.5 depicts an alternative concept of the yCHP manufacturer Hexis AG
Winterthur/Switzerland. It is a uniquc 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.
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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 rescarch 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 um) 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=o YWWra (0.6)

with a being the characteristic size of the flaw, o 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 hterature [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 K. (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 sta‘e, 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 -he fracture toughness, the
size of the largest flaw has to be known. This fac: creates one of the biggest

problems, as this knowledge is hardly accessible.

The way this problem 1s resolved, is in general by turning to a probabulistic 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 1s 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 ¢ and the volume V the
stress is applied at (here in the general form for an arbitrary tensile stress
distributior) [61, 70]):

PWV,0)=1-exp [_Vlof (aio)m dl/] (0.8)
v

m is hereby the Weibull modulus, reflecting the width of the distribution. V, is the
reference Volume and oj the characteristic strength. The latter two parameters are
interdependent, meaning that for a given distribution several sets of V, and g, are

cquivalent as long as the following relationship is fulfilled:
0o, ™ Vo, = 00,™ Vo, 0.9

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 idering 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 15 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

13
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during service. Oherwise 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 1s 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 :he 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 1s 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
briitle 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,
1S0 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 7

exist and can generally be expressed as [75]:

F
a = g(geometry, v); 0.10)
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with t the sample thickness anc 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 1s 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 pum thick tape is considered. The first difference
between thin and bulky samples is that the normalised bending stress over the

sample height coordinate 2, described generally by:

a(z) _2z-t

©.11

Omax t

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. Duc 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 1s written as:

F(V,a) = L—cxp[—%!(a%)m (J'SI 0.12)

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.

e

! dull: 6,=1128 MPa, m=11 quide to the eye
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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 Figure0.7. 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 0.1: Weibull parameter and elastic constants used for the Ring-on-Ring finite element
simulation.

Charactenstic Weibull Surface Area  Young's Modulus  Poisson’s
Strength o, (MPa) Modulus m So (mm) £(GPa) Ratio v
Rough 908 21 1 214 0.32
tape side
Dull tape 1126 11 18 214 032
side

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 arc 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 rcgarding mounting and
sample errors has been revisited by Birger 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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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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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 duning
operation, provide the necessary matenal 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 diferent

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 1s 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 1) elucidates the stress situation such a cell is subjected to
and ‘he 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 poss:ble stress sources, while putting them in

perspective with the find:ngs of a broad frac-ographic investigation.

One approach in order to minimise fracture is of course to increase the cells strergth.
Prior to any optimization step, this property has to be properly described though.
This is the aim of the “ollowing chapters, where the focus 1s 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 1s

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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Abstract

For sohd oxide fuel cells (SOFCs) one key aspect is the structural integrity of the cell and
hence its thermo-mechanical long term behaviour. The preesent study investigatee the failure
mechanisme and the actual causes for fracture of electrolyte supported SOFCs which were
run using the current uCHP 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 ke thermal and residual stresses and measurements

d d 1 1

regarding the re

te strength. For all investigated stacks, the
mechanical failure of individual cells can be attributed to locally acting bending loads, which
nse 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 arode 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 SOFC-System, 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 1000 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
1s 850°C, measured at the bottom metallic interconnect. The fuel 1s 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 1.1). A fuel sealing plane at the opposite side prevents leakage
on*o 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 1s 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
zirconiaelectrolyte is purchased from Nippon Shokubai (Tokyo, Japan) and
contained either 3 mol% of Y20y (3YSZ) or 6 mol% Scz04s (6ScSZ). These compositions
were chosen due to their superior mechanical strength compared to the common
electrolytes with 10 mol% Sc20a (10Sc1CeSZ) or 8 mol% Y203 (8YSZ) according to the
supplier's data sheet. The discs are screen-printed with a Laa7sSro2MnO3+(LSM)-
8YSZ-cathode and a Ni-Ceo.«Gdo6O25-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 1.1: Working principle of the stack of the Galileo 1000 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 CALLUX project [11].
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
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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 struccure 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 anc 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)

P
Radial Crack

~

Secondary Fracture
F 4

Corroded Anode U

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 wmith 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 um compared to their
direct surrounding. This leads to an uneven distribution of the mechanical pre-load

and the stacks owr. weight (which reaches up to a quarter of the pre-load). These
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bumps can occur randomly distributed over the whole MIC-structure. However, they
coincide with fracture origin sites almost exclusively at the red marked areas in

Figure 1.3.

Air Inlet Channel
1 ¥

MIC-Anode

Flowfield

i T "
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, 1t 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 La2ZrO7 or SrZrOs, 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.

2mm

Figure 1.4' Crack origin at the cathode sealing plane at the air inlet channe! with a) the
associated bumps on the cathoce side, b) the fracture surface of the cell from a tilted cathode
side perspective with the delaminatec cathode in the contact zone and c) the magnification of
the fracture surface.
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Wn ka1 Srkal

Figure 1.5: Electrolyte and cathode material 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

() 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
Tyret = 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 Y., 1s 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

Opreithe system provides (F = 6,0 R?), R becomes:

N 1/4
R= (M) (L1
Oprel

where D° 18 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 a® its interface with the anode is plotted for varying
Ymax 10 Figure 1.7 also following the approach of Hsueh and Luttrell, with:

_ Eeltg +to v e - 27) F(1+v) lnrﬂ 12
[

F Y

4n (1 -vé)D*

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

modulus and [, the respective thickness of the two cathode layers and the electrolyte
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and 1, 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]:

F[aU—.“,}. Serr) =1 —expl-s';l(w)ul (1.3)
Sa L.

and the material parameters given in Table 1.2. Since no fitting materal 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 Sy. 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 t; = 10-15 s, showing that the side used for the
anode layers is significantly weaker, since it i1s rougher than the cathode side. Since
the roughness apparen:ly 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.

Table 1.1: Layer thicknesses and Young’s modulus for the different cell matenials

Cathode Anode
Current F\?“}:.udel Current F A'"f.de 1 3YSz- 6ScSZ-
Col.ecting EC 10n8) Collecting uInc 1onal - Electrolyte  Electrolyte
Laer ayer Layer .ayer
Thfk“e“ 70 15 30 10 140 160
um)
Young’s-
Modulus o . . o .
(GPs) at 60 40 40 60 155 140
T5850°C
Young’s*
Modulus 70* 80" 50 65° 212 202
(GPa) at RT
a
(25-1000°C) 11.00° 10.70° 12.50° 12.25° 10.90" 10.70™
(104K
4 Tafter
gintering 1075 1075 1185 1195
(K)

‘taken from Kuebler et al, [17); “*values according to the supplier
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I

) 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 ry evenly distributed force F.
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It becomes apparent that the estimated stresses will most certainly not lead to
fracture. Only at clevated temperatures and rclatively high dcflections does 6ScSZ
become slightly susceptible to fracture, however bumps higher than 60 um 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 o, Strength o, Weibull surfaceS, surface S,
(MPa) (MPa) modulus m at T=960°C at T=25°C
T=950°C T=25°C (mm?) (mm?)
3YSZ 350° 937 31 6.0 6.0
6ScSZ 250 701 19 14.6 11.3

“estimated using the relation a,(26°C)/ 0,(950°C)~ K. (25°C)/ K, (950°C) with K,.(T) being the
mode I fracture toughness taken from [17)
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