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1 Introduction
This report covers the outcome of the 2nd workshop on mechanics in the solid oxide fuel cell
technology. The workshop was held in Lucerne in connection with the European Fuel Cell Forum 2016,
i.e. the 5th of July 2016 at Hotel Radison Blu, Lucerne.
The workshop had multiple objects:
A. Disseminate the current work of the PROSOFC project
B. Obtain feedback from external experts
C. Discussed critical mechanical challenges for the SOFC technology

2 Form of the Workshop
To achieve all objects the workshop it was clear that monologues should be avoided and a forum for
open debate must be created. Therefore, we refrained from having the typical presentation by a
projector showing Power Point slides. The discussion was rather sought around posters with the
participants own results, but also some general critical topics for the SOFC technology was discussed
over two plenary sessions.
In each of the plenary sessions, the topic to be discussed was briefly framed and the workshop
participants were asked to discuss the topics over the next 40 minutes while also relating these to their
results presented at the posters. After each session all participants were interrupted and asked to
provide feedback to the general questions raised in the beginning of each session.
The agenda for the workshop thus became as seen in Table 1.
Table 1 Agenda of the workshop

15.00
Arrival and poster mounting
15.10
Welcome and introduction to the workshop
Part I: Brittle interfaces in SOFC stacks – the best tools to characterize and analyze them
15.20
Discussion around posters, Part I
16.00
Common wrap up, Part I
Part II: Flexible or rigid material components to fight the thermal stresses – guides to the engineers
16.30
Discussion around posters, Part II
17.10
Common wrap up, Part II

The workshop was thus split in two parts, and each part was to be opened with a common introduction
by a presentation. Some slides from the introduction to Part I can be seen in Figure 1.
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Figure 1 Slides from the introduction of Part 1 of the workshop.

1 Scientific Content
Here only an outline of the scientific content of the workshop is provided, as it is not the purpose of the
report to cover this in detail.

1.1 Part I: Brittle interfaces in SOFC stacks – the best tools to characterize
and analyze them
Robust interfaces is crucial element for the SOFC stack technology, and in particular sealings and contact
between the cathode and the interconnects are challenging, as the contact is established through brittle
interfaces. In order to characterize the robustness two approaches can be taken; 1) The classical
approach of measuring strength and modelling stress in an finite element model, 2) The fracture
mechanical approach with measuring critical energy release rate for cracking an interface while relating
this to modelling of the elastic energy in a stack before and after a fracture. 1) Is less analysis heavy,
whereas many representative experiments are required and vice versa for 2). The feasibility of various
experimental methods and models were discussed, as there is no concensus of the best approach at the
moment.

1.2 Part II: Flexible or rigid material components to fight the thermal
stresses – guides to the engineers
The stress build up in an SOFC stack relies on the resistance of the components to adapt to various
thermal differences in time and space. And if components deforms, the new geometry should also be
adaptable to further changes. Thus, a general discussion regarding the best strategy for designing a
SOFC stack was taken; in which components is it best to rely on creep resistant (rigid) components and
in which components is it best to rely on ductile / flexible materials.
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2 Participants
To maximize the number of possible participants, the workshop was held in connection with the
European Fuel Cell Forum 2016 (EFCF), Lucerne. The community working with mechanics of solid oxide
fuel cells is however fairly small, and a moderate number of participants were expected.
A total of 37 participants from the community were invited. At the point of invitation, it was unknown to
us, which participants were participating in the EFCF. Out of these possible participants 20 participated,
and a high number of these also participated in the conference. In Table 2 the participants of the
workshop is listed.
Table 2 List of Participants at the workshop

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Name

Company / Instiution

Adam Bone
Alan Atkinsson
André Weber
Arata Nakajo
Christian Bucher
Christoph Immisch
Daniel Chade
Fabio Greco
Henrik Lund Frandsen
Jan Van Herle
Jianwang Wei
Jukka Göös
Jürgen Malzbender
Ludger Bluhm
Martin Hauth
Paola Costamagna
Paulina Pianko
Tatjana Osipova
Thierry CORNU
Zacharie Wuillemin

Ceres Power, Great Britain
Imperial College, Great Britain
Karlsruhe Institute of Technology, Germany
École polytechnique fédérale de Lausanne, Switzerland
Dynardo GmbH, Austria
CUTEC Institut GmbH, Germany
Elcogen, Finland
École polytechnique fédérale de Lausanne, Switzerland
Technical University of Denmark
École polytechnique fédérale de Lausanne, Switzerland
Forschungscentrum Jülich, Germany
Elcogen, Finland
Forschungscentrum Jülich, Germany
Forschungscentrum Jülich, Germany
AVL, Austria
University of Genoa, Italy
West Pomeranian University of Technology Szczecin, Poland
Forschungscentrum Jülich, Germany
École polytechnique fédérale de Lausanne, Switzerland
SOLIDpower / HTceremics, Switzerland
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3 Contributions
Here only a selection of the contributions is shown.

Four-point bending testing: estimation of the accuracy and identification
of the mechanical properties of SOFC materials
F. Greco (1), A. Nakajo (1), D. Montinaro (2), J. Van herle (1)
(1) FUELMAT / EPFL SCI-STI-JVH, Institute of Mechanical Engineering, Faculty of Engineering Sciences and Technology, Rue de l’Industrie 17, CH-1951 Sion, Switzerland
(2) SOLIDpower S.p.A., Viale Trento 115/117, c/o BIC, 38017 Mezzolombardo (TN), Italy

Context
Thermo-mechanical numerical simulations are required for the detailed analysis of SOFC
stack design. In this context, the measurement of the mechanical properties of the SOFC
stack components is essential. Heterogeneous ceramic materials are extensively used for
such components, and their mechanical properties are commonly measured by four-point
bending. However, intrinsic errors have to be considered when analysing the experimental
data obtained by this method. In this study, the elastic modulus of Ni-YSZ anode have been
obtained both analytically and by numerical parameter estimation approach.

Experimental and Modelling
Two samples of Ni-YSZ anode have been tested in a 4-point bending setup, at 650 °C and
750 °C under reducing atmophere. The reaction force is detected by two load cells,
whereas the deformation is measured at the inner rollers. The mechanical testing of the
two samples provides the experimental load-deflection curves necessary for the
parameters identification.
In this study, modelling of the sample with the testing fixture is carried out by FEM (finite
elements method). The model uses:
• Interface rollers/sample: contact (large sliding tracking) with friction
• Material constitutive laws: linear elasticity.
Figure 3: MOP response surface and CoP (coefficient of prognosis) matrix for the case of test at 650 °C
(left-hand side) and of the test at 750°C (right-hand side).

Figure 1: View of the full geometry and dimensions of the 4 point bending test (left) and
computational domain for the simulations (right).

Fig. 3 shows the generated MOPs using a DoE comprising 200 evaluations, as well as the
CoP matrices. The MOP is a 3D surface response which relates the design variables with
the error norm. The error norm is a measure of the discrepancy between the output
calculated by the DoE and the experimental load-deflection data.
The CoP of each parameter quantifies the model quality with respect to the given design
variable, whereas the total COP gives an indication of the meta-model quality with respect
to all design variables. Since the sum of CoP_Em and CoP_fc exceeds the total CoP, it can
be inferred that for both cases there exists a dependence between the two design
variables.

Intrinsic errors of the four-point bending configuration

Anticlastic curvature (Poisson’s ratio )

Friction rollers/sample

Contact point tangency shift

Wedging stress

Large deflections: 10*h
In the FEM model, the elastic modulus (Em) and the friction coefficient (fc) are
parametrised. OptiSLang® (a software for CAE-based sensitivity analysis and optimisation,
Dynardo GmbH) uses these two design variables to create the DoE (designs of experiment)
for sensitivity analysis, and a meta-model of optimal prognosis (MOP) is generated for the
optimisation.

Results

Figure 4: Experimental load-deflection curves obtained by testing Ni-YSZ samples at high temperature
in a four-point bending setup, and comparison with the load-deflection curves from the best DoE
obtained by the MOP. The analytical solution is plotted for comparison.

The optimisation performed through the MOPs gives the values of design variables for
which the objective of the error norm is minimised. Fig. 4 shows the output of the DoE
best fitting the experimental curves. From those designs, the resulting values of elastic
properties are obtained (see Table 1). Comparison with the values calculated from
analytical solution is given.
Temperature [°C]
Elastic
modulus [GPa]

650

750

Analytical solution

78 ±2

70 ±2

Parameters identification

63

53

Table 1: Elastic modulus obtained from parameters identification and analytical solution.
Figure 2: Comparison of load-deflection curves in the elastic regime computed with analytical
formulation and 3-D numerical model.

Fig. 2 shows that neglecting separately the friction between the sample and the roller,
anticlastic curvature and large deflection can yield inaccuracies in the predicted reaction
force in the range of 10 %. Parameters identification allows the determination of the
mechanical properties from experimental data obtained by 4-point bending.

Conclusion
Elastic modulus of Ni-YSZ at high temperature has been obtained by parameters
identification.

Accurate quantification of the friction coefficient requires the implementation of the
unloading curve.
The research leading to these results has received funding from the European Union's Seventh Framework Programme (FP7/2007-2013) for the Fuel Cells and Hydrogen Joint Technology
Initiative under grant agreement nr. 621207 (Project name: ENDURANCE) and nr. 325278 (Project name: PROSOFC)”. Funding for PROSOFC for the Swiss partners is provided by the Swiss
Federal Office of Energy under contract nr. SI/500084- 04. Sebastian Wolff and Christopher Riemel from DYNARDO Austria GmbH are kindly acknowledged for their support.
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Fracture toughness and creep of SOFC
anode substrates
J. Wei*, G. Pećanac, J. Malzbender
Forschungszentrum Jülich GmbH, Institute of Energy and Climate Research, IEK-2, 52425 Jülich, Germany

Introduction
Mechanical stability of the anode substrate is crucial for the reliable operation of solid oxide fuel cells (SOFCs). In particular, facture toughness and creep
are major mechanical aspects that should be assessed. Typical SOFC anode substrate materials (NiO-3YSZ and NiO-8YSZ) along with their reduced and
re-oxidized state were analysed with respect to fracture toughness at room temperature and 800 °C. Creep of porous Ni-YSZ composite has been
investigated under 4% H2 / Ar atmosphere at typical operating temperatures.

Fracture toughness

Materials & testing

Subcritical crack growth

Double-torsion test for analyzing fracture toughness of planar specimens:

Fracture modes of 8YSZ based composites:
Mixed, NiO-8YSZ, RT

Intergranular, Ni-8YSZ, RT
Fast tests need to be carried out to exclude the subcritical crack growth effect.

Temperature effect
tetragonal

Mixed, NiO-8YSZ, 800°C
(More intergranular)

monoclinic

Intergranular, Ni-8YSZ, 800°C

Transformation toughening of NiO-3YSZ enhances KIC at RT,
while this effect decreased at HT. Ni enhances KIC after reduction.

Creep behaviour

Materials & testing

Results

Creep rate as a
function of porosity.
Porosity strongly
decreases creep
resistance.

Testing methods and materials with different porosities and Ni/YSZ ratio.

Mitglied der Helmholtz-Gemeinschaft

Addition of YSZ
increases creep
resistance

Conclusions
The subcritical crack effect can be avoided by rapid loading rate in the double torsion test. Toughening transformation in 3YSZ and Ni phases can enhance
the KIC. Porosity strongly decreases creep resistance, while addition of YSZ has a positive effect on creep resistance.
Acknowledgements: The work was partially funded by the European Union’s Seventh Framework Programme (FP7/2007-2013) for the Fuel Cells and
Hydrogen Joint Technology Initiative under grant agreement n° 325278. The authors are grateful to Dr. N. H. Menzler (IEK-1) for the anode substrate
production, and to Dr. E. Wessel and Dr. D. Grüner (IEK-2) for SEM analysis, as well as T. Osipova for the experimental support.
*Corresponding author: Jianping Wei ( j.wei@fz-juelich.de ) Forschungszentrum Jülich (IEK-2).
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4 Photos from the Workshop

Figure 2 Photos from the workshop
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5 Outcome
The current work of the PROSOFC project was successfully disseminated and external experts were both
inspired by our work as well very good feedback was received.
Various SOFC stack manufacturers were represented at the conference, showing the growing interest in
robustness issues in the SOFC technology.
Various posters on both experimental works in relation to the mechanics of SOFCs as well as modelling
of SOFCs were presented.
To the particular discussions in the two planary sessions, it was in Part I Suggested that the best of both
worlds could be combined by use of fracture mechanical measurements with stress based failure criteria
by using submodels. This will be explored further in the PROSOFC project. In Part II there was a devide in
the believes of the participants. The Forschungscentrum Jülich participants (Ludger Blum, Jürgen
Malzbender) mostly believed in using creep resistant materials in all components, whereas the
representative from SOLIDpower, Zacharie Wuillemin, believed that some of the components of the
stack should be flexible to accommodate thermal stresses (without specifying which). Generally, it can
be concluded that this certainly deserves more attention from the research community.
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