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Abstract

This deliverable presents the activities carried out within the task WT1.5. The objective is to
provide in-depth insights and practical recommendations on how to operate the CH2P stack
safely under constant conditions and the modulating CH2P modes. For this purpose, a literature
review and on-field return of experience made in close collaboration with the technology
manufacturer SP have been performed in the frame of task WT2.1 to select the major
degradation phenomena that primarily affect the stack efficiency and lifetime. The identified
degradation mechanisms can be attributed to two main sources, namely the thermo-mechanical
degradation, and the microstructural alterations. These two processes were both investigated
by a validated modelling approach in a view to provide practical insights and recommendations
for an optimal CH2P stack operation.
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1 Introduction

The SOFC stack is an in-series assembly of Single Repeating Units (SRUs). The nominal operation
of the stack is guaranteed if all the SRUs are structurally intact. Potential mechanical failures in
even a single SRU may lead to reduced efficiency and increased degradation in the best case, to
temporary interruption of the operation or in the worst case to the End-of-Life (EoL) of the entire
stack [1].

Decrease of the contact pressure is reported to increase the contact resistance at the interface
[2], which modifies the spatial location of electrochemical reactions. This worsens not only the
overall stack performance but also the current density homogeneity, potentially leading to
colder zones over the cell active area. Severe thermal gradients and thus high stresses may arise,
which may compromise the mechanical integrity of the cell. Then, re-oxidation is likely to occur
if cracks propagate to the electrolyte, yielding to parasitic combustion that in turn increases the
local thermal gradients. A further decrease of the contact pressure may lead to detachment of
the contact interface. In this case, electrical contact cannot be fully recovered.

To the best of our knowledge, the capability to monitor experimentally the structural integrity
of the SOFC stack components during operation has not been proven yet. For this reason,
numerical thermo-mechanical investigations are of high interest to obtain an in-depth insight of
the mechanical behavior of the stack components under different operating conditions. They
are thus valuable in understanding and predicting the potential failure modes under CH2P
operation.

Beside the mechanical issues that a stack can face during operation, on a lower scale the
electrodes microstructure can undergo several alterations that may drastically reduce their
efficiency or in the worst case cause their EolL if the electronic or ionic charge transfer is
compromised. These degradation phenomena mainly affect the fuel porous electrode in Ni-YSZ
and its interface with the electrolyte [3]. Up to date, the mechanisms behind these
microstructural evolutions remain non-established and the operating conditions that trigger and
aggravate them are not clearly understood either.

This work aims at better understanding the mechanical and microstructural degradations that a
SOLIDpower stack could undergo under CH2P operation. For this purpose, a coupled
experimental and numerical approach has been proposed in order to investigate the effect of
each operating condition on the stack efficiency and robustness.

This work comes as a direct follow-up of deliverable D2.1 where all the information required to
calibrate/validate the proposed thermo-electrochemical and thermo-mechanical models are
presented. For an optimal understanding of this deliverable the reader is invited to refer to
deliverable D2.1 wherever it is proposed in this report.
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2 Thermo-mechanical degradation modelling

This section presents the work that has been achieved in order to better understand the
mechanical failure mechanisms of a SOLIDpower stack, operating under the modulating CH2P
modes. Recommendations are given along this section how to operate the stack in the safest
way.

2.1 Models description

The stack design analysed in this study is based on the anode-supported cells (ASCs) from the
industry supplier SOLIDpower S.p.A (Mezzolombardo, Italy) and is operated within
intermediate-temperature range (600-800 °C). It is worth noting that the series of thermo-
mechanical investigations presented hereafter use a coupled thermo-electrochemical and
thermo-mechanical approach where 3D temperature fields under polarization are simulated
using a thermo-electrochemical model for the different CH2P operation modes, and exchanged
with a Finite Element Method (FEM) thermo-mechanical model [4-7]. The computational
domain is reduced down to a complete SRU, thus taking advantage of the stack geometrical and
operating symmetry. In this section, the emphasis is placed on the stack thermo-mechanical
reliability with the objective to gain a clearer insight and give practical recommendations on how
to operate the CH2P stack in the safest way. From a practical point of view, the thermo-
mechanical model was implemented in the commercial FEM code ABAQUS® [8] whereas
MATLAB® and gPROMS® were employed for the thermo-electrochemical model and post-
processing with some calls to Python routines as well.

Two versions of the thermo-mechanical model are presented in this work. They differ in terms
of slight modifications of the geometry, mechanical properties of the material and mechanical
interactions between the components. Hereafter, they are referred to as “Model v1” and
“Model v2”, respectively.

2.2 CH2P stack geometry, meshing and boundary conditions

2.2.1 CH2P stack geometry

The study is focused on the SOFC stack design produced by SOLIDpower. It is worth highlighting
that some geometrical modifications have been recently introduced in the newest version of the
SOLIDpower SRU geometry which have not been updated in this report. Nevertheless, the
present work has been undertaken in a generalisable objective, meaning that the results do not
depend on a particular SRU geometry as long as we consider the classical planar design. This has
been achieved by making a sensitivity analysis on the stack components geometry, like the cell
surface area and the mechanical properties of materials and their interaction, to provide insights
and operating recommendations for a large range of stack designs.

An SRU is the elementary item that is piled as many times as needed to obtain a SOFC stack with
a target nominal power. The repeating units in a stack are geometrically identical. Thus, with
adequate simplifications, a subset of repeating units rather than the entire stack may be
modelled to significantly reduce both the computational requirements and the simulation
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runtime. With the appropriate set of boundary conditions, the outcome of the stress analysis of
a single repeating unit (SRU) will be relevant for a large part of the stack. The geometry of the
analysed SRU is shown in Figure 1. The planar ACS is composed of a 270 um thick NiO/Ni-YSZ
anode, a YSZ electrolyte (10 um), and an LSCF cathode (40 um) separated by a GDC barrier layer
(5 um). The electrolyte covers the whole area on the upper face of the anode (x-z-plane in Figure
1), whereas the footprint of both the GDC and cathode layers is the same and corresponds to
the active area. The inactive area, i.e. the region of the cell that is not covered by the GDC and
the cathode, is approximately 4 mm wide. In the SRU model, the cell comprises the anode,
electrolyte and compatibility layer, whereas the cathode is not considered. Its stiffness is lower
than that of the other cell layers and the cathode layer has therefore a lower effect on the cell
curvature and residual stress, compared to that of the other stack components.

GDL-fuel Cell sealant

Figure 1: Exploded view of the analysed SRU.

This stack design uses an integrated manifold configuration: in co-flow, the two manifolds on
the left and right hand side (cf. Figure 1) are respectively the incoming and exhaust fuel streams;
the opposite in counter-flow. The air stream is provided externally, from the left to the right
hand side of the SRU. To ensure the electrical contact between the MICs and the cell, as well as
the distribution of gas over the active area, two pairs of GDLs are inserted, each of them on the
two sides of the cell. In the present study, each pair has a first layer in contact with the cell
electrodes and another for gas distribution on the MIC side. In Figure 1, the GDL pair on the
cathode side is referred to as “GDL air”, whereas that on the anode side as “GDL fuel”. Contact
pastes are usually deposited on the contact interfaces of the GDLs before the assembly of the
stack. In this work, the mechanical properties of such interlayer with unknown properties were
approximated as contact interface instead of solid elements (see Section 2.3 for the details on
the numerical implementation).

The repeating unit comprises two sealing geometries to seal the two gas compartments: the cell
sealant, joining the inactive area of the cell with the MIC, and the manifold sealants, placed
between two contiguous MICs. They are both made of a barium-calcium-aluminosilicate glass-
ceramic type material (BCAS).

In “Model v1”, the upper layer of the “GDL air” has the footprint as the active area. This means
that the assembly load is supported by the manifold sealants and by the cell active area. To study
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the effect of design variations on the stack reliability, the “Model v2” considers a larger “GDL
air” plate, which can go in contact with the cell sealant. This entails that part of the assembly
load may be supported also by the cell sealant. For further modelling assumptions, discussions
are provided in Section 2.3.

The thermo-mechanical properties of the materials in the SRU are listed in D2.1, for “Model v1”
and “Model v2”, respectively. The Young’s modulus, Em, is mainly dependent upon the porosity
p of the material and temperature T. The symbols v, o, and .4 refer to respectively the Poisson’s
ratio, yield strength and reduction strain.

2.2.2 Meshing

A main effort in the present study was the investigation of the effects of component geometrical
imperfections. A workflow, the mesh and modelling assumptions, among others, were
developed to perform simulations with idealized as well as geometrically imperfect SRU
components. In the idealized case, the model comprises one SRU, to reduce the computational
requirements and the simulation runtime. In the second case, two identical SRUs are modelled,
to investigate the effects of the component with dissimilar shapes over the two SRUs. The model
with one SRU is composed of approximately 350’000 mesh elements, whereas the number of
mesh elements is almost doubled for the model with two SRUs. The number of elements may
seem low, but the margin for refinement is low for tractable runtime, which are currently in the
range of 1-2 days (on 1 node cluster: 14 cores each, 2.2 GHz, 128 Gb RAM), because of the many
interfaces. The mesh and the element types used to discretize the components of the SRU
models of this work are shown in Figure 2. The rationale behind the choice of the different
element types is discussed hereafter.

- Second-order solid elements
First-order solid elements
- Gasket elements

Figure 2: Overview of the mesh.
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In this work, the reduction strain of the anode was simulated by imposing an artificial volumetric
shrinkage, which requires solid mesh elements. In addition, since the cell bends upon thermal
cycling, the use of second-order mesh elements is recommended for improved accuracy of the
computed stresses. Hence, the anode was meshed with 3D second-order, reduced-integration
solid elements. Simulation tests comprising MIC geometrical imperfections showed that the use
of first-order, reduced integration solid elements for both the MICs and the GDLs leads to severe
numerical inaccuracies on the computed contact pressure on the active area. The best trade-off
between computational requirements and accuracy was obtained by discretising the MIC and
the GDL plates (both on the air and fuel sides) with 3D second-order, reduced integration solid
elements, whereas 3D gasket elements were used for the second GDL layers. In gasket elements,
the in-plane and through-the-thickness mechanical behaviour are uncoupled [9]. Since the GDLs
transmit the contact pressure between the MICs and the cell, gasket elements used for meshing
such layers must include the through-the-thickness mechanical behaviour. The in-plane
mechanical behaviour (also known as membrane behaviour) is included for those GDLs that can
withstand shear and tensile/compressive stresses along the in-plane direction caused e.g. by the
mechanical interaction with the interfaced components, at the cost of higher computational
requirements. In the present two SRU model versions, the gasket elements used to mesh the
GDL fuel included both mechanical behaviors, whereas only the through-the-thickness
mechanical behavior was enabled for the mesh elements of the GDL air.

2.2.3 Boundary conditions

The full stack design considered here typically comprises 70 cells/SRUs. Therefore, two limiting
cases were treated to investigate the conditions of units or a cluster of units close to the middle
of the stack or to the end plates. The first case is that of a stack made of an infinite number of
repeating units, without variations in gas flow among the height, i.e. approximating a real
situation where (i) the analyzed SRU is far from the end-plates (ii) the stack is relatively large (iii)
the temperature profile is close to symmetric across the z direction and (iv) the loading system
can accommodate differences in expansion along the flow path. An intuitive approach for
simulating such situation consists in enforcing modified periodic boundary conditions (referred
hereafter as PBC) [10,11].

With these boundary conditions, the periodicity of the displacements on the in-plane directions
is enforced, whereas the respective nodes on the lower and upper MIC are allowed to rotate
around the z-axis. This relative rotation is constrained to be the same for all nodes on which the
PBCs are applied. In the case of SRUs, the temperature difference along the gas flow path causes
the outlet air side of the stack to be hotter and thus to expand more than at the inlet.

The second case is that of SRUs close to the end plates or approximating a real situation closer
to that of a short stack. Oppositely to the case of modified PBC, here the upper and lower MICs
of the SRU are enforced to remain flat (FBC), whereas their rotation around the z-axis is allowed.
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2.3 Modelling of the mechanical interactions between the SRU
components

In this study, the mechanical interactions between two or more parts are approximated using
either tie or contact. The tie (on surfaces 0QT) consists in a surface-based constraint, which
enforces identical displacements of the mesh nodes of the two surfaces throughout the whole
simulation. This mechanical interaction is set to the interfaces between MICs parts and between
the MICs and a face of both the GDL air and fuel.

The contact mechanical interaction comprises both a normal and a tangential behavior model.
In this study, the normal behavior follows a “softened” non-linear pressure-overclosure
relationship. The enforcement of this relationship is approximated by the penalty method,
resulting in a contact force that is proportional to the penetration distance, hence allowing a
certain inter-penetration of the contacting surfaces.

______________________ MG
Em—— Cell Sealant GDL air Cell Sealant "M'a'ni'f;"
Manifold  ~ R
Sealant ________________________EE_I:L' Sea(:ant
________________________________ SPE felananees e
MIC

oQ a0

. R e Y
““'“" Cell Sealant GDLair | Cell Sealant k-
e . CELL % . [
e A ... GDLfuel v R,

T Mic S TN

Q. 90 oQ, 0Q;  9Q

Figure 3: Schematic view of the mechanical interactions (shown in dashed lines) between the
components for “Model v1” (upper) and “Model v2” (lower). Black solid lines (0QT): tie contact. Black
dashed lines (dQct): default non-linear pressure-overclosure relationship. Red dashed lines (dQmct):
modified non-linear pressure-overclosure relationship. Green dashed lines (depicted by 29Q):
frictionless contact with detachment throughout the whole simulation.

In practice, the non-linear form of the pressure-overclosure relationship allows a better
convergence and an acceptable overclosure as the contact pressure builds up. In both “Model
v1” and “Model v2”, the pressure-overclosure relationship does not include separation behavior
of the contact surfaces (except for the interface between the MIC and cell sealant, in “Model
v2”, see below), to reduce the computational requirements and the simulation runtime.
Mechanical contacts were set for the interfaces within the GDLs layers and with the cell active
area, between the cell sealant, the cell inactive area and the metallic frame, and for the interface
of the manifold sealant with the spacer and the MIC, see Figure 3. In the “Model v2”, the
possibility for mechanical interaction between the upper MIC of each SRU and the cell sealant
(domain 8Q in Figure 3) was investigated. This mechanical interaction was modelled by
frictionless contact with detachment allowed.

In the present analysis, the sliding between the components in contact is dominated by i)
mismatches in thermal expansion and ii) the accommodation of the parts during the assembly
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of the stack with pre-deformed (i.e. imperfect, non-ideally flat) components (i.e. the MIC in this
study). The magnitude of the relative sliding is expected to be of the same order as the
characteristic mesh element length. Under this condition, the small instead of the large sliding
formulation is preferred because computationally less expensive. In the small-sliding tracking
approach, a local tangent plane on the master surface of the contact pair is associated to the
region nearby the slave node. This entails that the contact algorithm does not need to monitor
the whole set of slave nodes for possible contact along the master surface [8]. For the tangential
contact behavior, the model uses a frictionless sliding approach until the end of the first heat-
up. Compared to other works where coefficients of friction of 0.1+0.2 were used [10,12], this
study therefore assumes that interfaces with e.g. contact or sealing pastes do not constrain the
relative sliding of the parts in contact. Once the simulated temperature reaches the
crystallization temperature of the glass-ceramic sealants, i.e. at the end of the first stack heat-
up (see next Section 2.4), a no-sliding condition was enforced for all contact interfaces (except
for the interface between the MIC and cell sealant, in the “Model v2”), which aims at simulating
the bonding caused by the sintering of both the contact pastes and the glass-ceramic sealants.

2.4 Simulation procedure

The SRU thermo-mechanical analyses performed in this work comprise a first set of simulation
steps defined as the “initialization sequence”, and a second set where the operating conditions
are simulated, i.e. polarization or operation combined with thermal cycling. An overview of the
simulation sequence is provided in Figure 4. The presentation of the results is organized using
the steps shown in grey in Figure 4, i.e. “A1”, “A2”, “A3” for the assembly, “HT 0 h”, “HT 10 h”,
“HT 10 kh” for high-temperature operation under constant thermo-electrochemical conditions,
“RT 0 h” and “RT 10 kh”, for cycling to room temperature, for the “Model v2”.

g
S B 3 o O
._g é’ :é &Q;o «'\Q ,@Q "l?
=3 [
A E‘;\;& 58 v R K ,,\'9
HT ’ e > 2y
o Uniform Continuous polarisation
2 ‘e’r”'og?,%”e + 150 h (Model v1)
5 + 10 kh (Model v2)
a. .% o 2 8
5 H Al :
|8 > 3 g 3 )
c|lg8 2 § & g 3
§li £ 1 :
= E 5§ 3 l
g 8
Q&
RT o—o—o—J - < L—\&
AP
Srack fabrication Q‘ Q‘

Figure 4: Overview of the simulation sequence. Points from “A1” to “RT 0 h” comprise the phases
of the stack production and qualification, including the first thermal cycle (cool-down from “A3” to
“RT 0h”). Points “HT 0 h” to “HT 150 h” (“Model v1”) and to “HT 10 k h” (“Model v2”) correspond to
operation under constant thermo-electrochemical operation, which is followed by a second cool-
down (“HT 150 h” to “RT 150 h” in “Model v1”, “HT 10 kh” to “RT 10 kh” in the “Model v2”).
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The sequence is the same for the “Model v1”, except that the simulation duration under
constant thermo-electrochemical conditions is shorter (150 h). The simulation time of the
initialization sequence for 1 and 2 SRU models was about 15h and 25h, respectively, whereas
for the simulation of polarization combined with thermal cycling they are about 20h and 30h,
respectively, for 1 and 2 SRU models. These computation runtimes are referred to 1 node
cluster, with 14 cores each, 2.2 GHz, 128 Gb RAM.

2.4.1 Stack pre-operation: from anode reduction to stack qualification

The initialization sequence aims at calculating the stress in the stack during its manufacturing
and conditioning. This sequence comprises both the simulation of real production steps and
artificial numerical procedures to approximate the reality. A description of each step is provided
hereafter.

(i) Simulation of components pre-deformation (=imperfect, non-flat MICs) — At the first step of
the initialisation sequence, the position of the upper and lower MICs of the SRU is constrained
along the y-axis and the stresses from the MIC model (if the analysis includes pre-deformed
components) imported in the homologous components of the SRU model. Since this step is an
analysis and not a manufacturing procedure, irreversible deformation (i.e. plasticity and creep)
are disabled in all materials using switching of field variables.

(ii) Cell sintering — The residual stresses caused by the sintering of the cell layers are reproduced
in the stack model by simulating artificial thermal strains. These thermal strains are generated
by assigning an artificial CTE for each material of the cell layers corresponding to an increase of
the temperature of the whole cell of 1 °C. The reason for this 1 °C increment is the reduction of
convergence difficulties because of relative sliding. The artificial CTEs are calculated using an
Euler-Bernoulli 1D model [13] including elasticity and creep, which simulates the residual
stresses during the cool-down from the sintering temperature of each layer to RT. The artificial
CTE of the electrolyte and compatibility layer were computed with respect to the anode. For the
present cell, the computed values for the anode, electrolyte and compatibility layer are 0.00,
2.12E-03 and 1.55E-04, respectively. At the end of this simulation step, the CTE of the NiO-YSZ,
YSZ and GDC is changed from the artificial to the real values by switching of field variables.

(iii) Stack assembly force — The displacement of the MIC along the y-axis is in this step removed,
and an assembly force is applied on the SRU. In the model, this force is applied on the stack using
multi-point constraint. At the end of this step, plasticity was enabled in all the materials.

(iv) First heat-up (after point “A1”) — The stack is heated up from RT to a uniform temperature
of 800°C. At the end of this simulation step, the tangential contact behaviour at the contact
interfaces depicted by black and red dashed lines in Figure 3 is switched from frictionless to no-
sliding condition, for both “Model v1” and “Model v2”.

(v) Sealants curing — This step aims at including the change of mechanical properties of the
glass-ceramic sealants because of their crystallisation. The dominant change in mechanical
properties upon crystallisation is the increase of elastic modulus, from the artificial initial value
of 0.2 GPa, up to 14.4 GPa. However, until this simulation step, the sealants in the SRU model
are elastically deformed and the strains relatively large (i.e. about 4%, mostly because of the
applied assembly force on the SRU as well as to accommodate the pre-deformation of the MICs).
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Once the stiffness of the glass-ceramics is increased in the model, relatively high stresses are
generated in the sealants and in the interfaced components. These stresses are artificial and are
relaxed by simulating artificial creep strains only in the sealants, because in reality the glass-
ceramic paste likely deforms plastically until crystallisation. Ideally, at the end of this simulation
step, the sealants should be intuitively stress-free, from a macro-scale perspective. In reality,
the simulation step is stopped when the stress becomes negligible, e.g. lower than a threshold
of 0.5 MPa. At the beginning of this simulation step, creep and plasticity material behaviours are
disabled in all materials (except for the creep in the glass-ceramics) and re-enabled at the end
of the step, to avoid unrealistic inelastic deformations in the SRU components because of glass-
ceramics stiffening.

(vi) Anode reduction (point “A2”) — the physical modifications in the anode upon its reduction
are the changes in mechanical properties and the shrinkage, which occur together. In this work,
the mechanical properties of the anode material are changed from NiO-YSZ to Ni-YSZ by
manipulation of the field variables, whereas for the reduction strain and the compensation of
the CTE change, with respect to the reference temperature, was applied using artificial isotropic
shrinkage.

(vii) Stack qualification (point “A3”, followed by “RT 0 h”) — A stack is usually not cooled down
right after anode reduction, because of first tests and mild IV-characterization. In the present
study, a uniform temperature of 800 °C is maintained for 10 h, during which creep relaxation of
the stress in all the SRU parts takes place. At the end of the 10 h, the stack was cooled down to
RT. This is the first thermal cycle of the stack.

2.4.2 Operation

The baseline case considered in the present study is prolonged operation under the different
CH2P modes followed by a thermal cycle. The stress computed by the initialization sequence,
i.e. at the end of the first thermal cycle, is used as the restart point for the SRU thermo-
mechanical simulations of operation cases, which consists in prolonged continuous polarization
in either co- or counter-flow configuration, see Table 1 for an overview of the operation
conditions. The hold time under constant polarization differs in “Model v1” and “Model v2”,
respectively 150 h and 10°000 h. At the end of the polarization, the stack is cooled down to RT,
which represents the second thermal cycle of the stack (point HT 10 kh - RT 10 kh).

A thermo-electrochemical model is used for computing the 3D spatial distribution of
temperature in the SRU in operation, for importation into the 3D FEM thermo-mechanical
model. The work performed here consisted in implementing the interfaces in MATLAB® for the
importation of the temperature profile.

The requirement for the thermo-mechanical analysis is the accurate prediction of the 3D
temperature profile, over the range of operation conditions relevant for the SOLIDpower stack.
While the local electrochemical model provides local information such as the spatial distribution
of electrostatic potentials in the electrolyte as well as single solid phase or composite electrodes,
a discussion of the modelling assumptions is outside the scope of this work. In a simplified view,
the requirement is here limited to the reasonable prediction of the sink/source terms for CFD
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computations. A brief description of the thermo-electrochemical modelling approach is
therefore provided hereafter.

The approach consists in coupling a fast thermo-electrochemical model with detailed
electrochemistry [5,6] with a 3D computational flow dynamic (CFD) model that comprises
adequate level of geometrical detail for the thermo-mechanical simulations. In the active area
of the SOLIDpower stack design, the temperature and current density profiles are close to one-
dimensional. The modelling approach is based upon this quality. A simplified open loop interface
provides a model runtime that allows tractable sensitivity analysis for e.g. meta-modelling [14].
The heat transport and gas flow governing equations are solved in 3D in all domains, except in
the cell where the sink/source terms are provided by a finite-difference model, implemented in
gPROMS®, an equation-oriented process modelling tool based on the (finite-
difference/orthogonal collocation on finite-element method.

The information flow is summarized in Figure 5. The transport of electrons and ions and gas
species along with chemical and electrochemical reactions is first solved by gPROMS® in all the
cell layers, assuming one-dimensional gas and temperature profiles along the air flow direction.
The 3D CFD model then solves the transport of mass, heat, and species, with the species and
heat source (sink) along the flow direction computed by gPROMS®, after projection and
interpolation on the active area of the 3D model. The procedure is implemented in Fluent® by
programming User-Defined Functions (UDFs).

New interface

T(K)
1104
1093
1082

10a1
1050
: . 1038
3-D imaging Cell model Layers in fast stack model Temperature in the solid SRU 1687
\ J ) \__domains of the CFD model %5
gPROMS FLUENT

Figure 5: Overview of the gPROMS-FLUENT stack thermo-electrochemical model. The developed iterative and
flexible interface is indicated by the red arrow (older open-loop in blue).

To reduce complications due to round off errors and interpolation during the importation of the
temperature profile into the thermo-mechanical model, the solid parts are modelled with the
same level of detail in the CFD and FEM models. Compared to the SRU thermo-mechanical
models, the CFD model comprises additional computational domains, such as the thermal
insulation and both the air and fuel domains. Periodic thermal boundary conditions are
implemented in the CFD model in the y-direction. The compatibility of the meshes between CFD
and thermo-mechanical models is facilitated by guaranteeing that the number of cells in the y-
direction in the CFD model equals or exceeds that in the thermo-mechanical model, to allow fast
2D interpolation layer-by-layer of mesh nodes in the thermo-mechanical model. Routines were
developed for the automatic importation of the temperature profile computed by the CFD
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simulations into the thermo-mechanical model. With the implemented gPROMS-Fluent
procedure, a simulation requires about 45 min per core (Intel Core i7-3930K) to achieve
sufficient convergence. The simultaneous gPROMS® solver allows determining the air flow need
to maintain a constant maximum solid temperature in the stack, and constant surface specific
power density (including an estimate of the ancillary consumption of the air blower) for
investigating the thermo-mechanical effects of differences in features in the temperature
profiles.

Table 1: List of selected thermo-electrochemical conditions. PR = pre-reforming degree of CH4

. Air
PR U J . P S/C Tair, inlet Tmax FU
ratio

(-) (V) (A.cm?) (-) (W.cm?2) (-) (K) (K) (-)
Co-flow 0.50 0.74 0.48 5.5
0.10 0.76 0.47 4.1
Counter- 0.33 2 973 1100 0.85
0.50 0.76 0.48 6.1

0.99 0.75 0.49 8.4

flow

2.5 Simulations methodology and results

2.5.1 Contact pressure loss at the SRU interfaces
Methodology and Assumptions:

The interface between the cell and the gas diffusion layers in the active area is central for the
stack performance. Achieving and maintaining a low ohmic resistance is not straightforward in
a multilayer stack. In a simplified view, a state-of-the-art 70-cell stack comprises more than 500
interfaces that must have the lowest possible resistance to electron transport, among which
approximately half have usually low but inaccurately known mechanical properties. The
mitigation of imperfect or altered contact is often addressed on a trial and error basis, since
predictive approaches have not yet been established. The tolerance on component quality is a
first aspect that can be considered, but the experimental identification of the adequate trade-
off between performance, durability and costs is far-reaching. Intuitively, the statistical
variability in shape and dimensions caused by the manufacturing tolerances is expected to
detrimentally affect the uniformity of the contact pressure at the interface. The relationships
between the electrical contact resistance and the applied contact pressure were investigated by
Dey at al. [2]. They observed that since the cathode has the characteristics of a semiconductor,
the contact resistance on the cathode side decreases with increase in temperature. Conversely,
the contact resistance on the anode side increases with the increase in operating temperature
and is approximately one order of magnitude lower than that of the cathode. The results
highlight the dependence between the applied load and the contact resistance. The situation
corresponds to that of a sintered screen-printed or tape-cast electrode in contact with a MIC,
which therefore depends on the surface quality and cannot be generalized for all stack
situations.

The quantitative prediction of the interfacial electrical resistivity in the long-term and under
varying operation conditions requires first the knowledge of the contact status and pressure,
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and second of the relationship between the contact status and the effective interface
conductivity. The present studies are focused on the first aspect. Therefore, there is no feedback
from the thermo-mechanical simulation results to the thermo-electrochemical mode.

From the mechanical standpoint, the phenomena that can result in a history-dependent contact
status in the model are the effect of history on the stress state, in a simplified view. In contrast,
the possibility for the damage of the contact interfaces is not simulated. This is because the
contact formulation allows any region of discretized surface, that underwent zero or tensile
contact pressure or opening, to fully recover its original contact properties at any time, which is
unlikely the case in reality.

Contact issues differ whether the anode/GDL-fuel or the cathode/GDL-air interface is
considered: the cathode has a lower electric conductivity and thickness than the anode,
therefore the effects of current constrictions at the scale of the interconnection system are more
severe on the cathode/GDL-air interface [10]. Post-test disassembly further shows that the
strength of the cathode side interface is also lower. In the present study, both contact interfaces
are investigated. The contact pressure computed by Abaqus® is positive, or negative, if the
interface is under compressive, or tensile, stress respectively.

The evolution of the contact is quantified by computing the probability density function of the
contact pressure at the interfaces. The binning of the contact pressure data is performed using
as weight the corresponding element surface area.

The “Model v1” and “Model v2” comprise 2 repeating units for the analysis of the pre-
deformation profiles “2Def00”, “2DefA” and “2DefB”. The spatial distribution of the contact
pressure is not identical within the two pairs of cathode or anode interface. For comparison with
the reference 1 repeating unit model, the equivalent contact pressure is calculated for each
mesh element on the same interface of both SRUs. This post-processing choice therefore places
the emphasis on the probability of interface separation at either one or both SRUs, which may
cause alteration of the electrical field. The discrepancy in contact pressure within pairs of same
GDL is of interest, but not discussed quantitatively using a dedicated metric. It is analyzed
qualitatively by vizual comparison of the computed contact pressure spatial distributions.

Results:

The contact pressure simulated at the interface between the cell and the fuel and air GDLs is
shown in Figure 6. The contact pressure on both interfaces is the combination of both the
assembly force and interaction with the manifold sealants.

As expected and desired, the spatial distribution of the contact pressure computed for the
cathode side mostly mirrors that for the anode side. The slight variations near the cell edges are
due to the mechanical interaction with the cell sealing.

The contact pressure on the active area after the application of the assembly load is about 0.48
MPa (~4.8 kg/cm?). Under these conditions, the manifold sealants are in mild traction. This
situation is a modelling artefact, because the pressure-overclosure relationships in “Model v2”
include a clearance at zero contact pressure, which causes an artificial opening of the contact
interfaces on the active area between the GDLs, cell and MICs. The contact pressure at the
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interface between manifold sealant and MIC at the condition A1l is about -5 MPa (interface in
traction).

After the sealants curing in the initialization sequence (see Section 2.4.1), the artificial creep
strain relaxes the stresses in the manifold sealants, leading to a contact pressure at the interface
between the manifold sealant and MIC of about -2 MPa (interface in traction). This reduction is
also due to a modification of assembly force (see Section 2.4). In these conditions, the contact
pressure on the active area was 0.31 MPa. In the point A3, i.e. after anode reduction and 10 h
at 1073 K, creep relaxed further the artificial stresses in the manifold sealants, and the contact
pressure on the sealants became about -1.5 MPa. In these conditions, the contribution of tensile
stresses in the manifold sealants on the contract pressure on the active area is still not negligible,
i.e. the contact pressure on the active area (about 0.19 MPa) is supplied both by the manifold
sealants and by the assembly force. Contact pressure simulated in steps A1-A3 are therefore an
overestimation of the reality, but the main outcome is that the design does not result in strong
heterogeneity of the contact pressure in the contact area during the assembly and heat-up,
despite the bending of the SRU (see Section 0), which is beneficial for the last step of the stack

fabrication.
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Figure 6: Evolution of the contact pressure (opress) 0n the anode (left half of cell) and cathode (right
half of cell) sides during stack assembly (Al- A3), after cool down (RT 0 h, RT 10 kh) and after

operation in co-flow with a degree of pre-reforming of 0.5 (HT O h, HT 10 h, HT 10 kh). The temperature
profile is shown at the top right.

After the first cool down to RT, the contact pressure on the active area (on the manifold sealants)
decreases (increases) from 0.19 to 0.14 MPa (from -1.5 MPa to -0.8 MPa). These variations are
caused by the CTE mismatch between the glass-ceramic (i.e. the manifold sealants), the GDLs
and the cell. Assuming that at the point A3 (1073 K) the thickness of the manifold sealant is equal
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to the sum of the thicknesses of both GDLs and cell, upon cool down to RT (point: RT 0 h) the
GDLs shrinks by a larger amount than the sealant.

Since the assembly force on the stack remains unchanged, the different thermal shrinkages
caused the contact pressure to decrease on the active area (see Figure 6) and to increase on the
manifold sealants. Regions of high contact pressure (in Figure 6, the red ribs of about 0.5 MPa)
are found on the edges of the anode contact interface, after both the first and the second
thermal cycles. This is ascribed to a change in cell curvature in the inactive transition region
between the active and sealing area, because the upwards bending of the cell upon cool down
is constrained on the inactive area by the cell sealant.

Upon polarization in co-flow, the thermal expansion of the GDLs is higher than that of the
manifold sealants at both the air inlet and outlet regions, because i) the CTE of the GDLs
materials are higher than that of the glass-ceramics and ii) the active area is hotter than the
manifold regions. These two contributions control the contact pressure on the active area upon
polarisation, because in comparison with the condition A3 (uniform temperature of 1073 K) the
contact pressure increases at the outlet (i.e. T>1073 K), whereas it decreases at the inlet (i.e.
T<1073 K). However, the zones of highest contact pressure at HT 0 h do not correspond to the
highest temperature, because of the trade-off between the decrease of the elastic properties
with the temperature increase and higher contact pressures for larger mismatches of thermal
expansion. In these conditions, the contribution to the higher contact pressure at the outlet is
given in part by the assembly force, and in part by the manifold sealants in tension. Upon long-
term polarization, creep in both the glass-ceramic and in the GDLs materials, among others,
monotonically relax both the compressive stresses in the GDLs and the tensile stresses in the
manifold sealants. The decrease of contact pressure is significant in the first 10h of polarization,
see point HT 10 h in Figure 6. However, this decrease would be expected faster if primary creep
was included in all the material constitutive laws of the SRU model.

Because of the strong dependence of the creep strain rate on the temperature, the contact
pressure decreases more rapidly near the air outlet than the inlet region: after 10 h of
polarization, the contact pressure at the outlet is already similar to that at the inlet. In the long-
term i) the higher creep strain rates because of the higher temperature lead to contact pressure
at the outlet region lower than at the inlet, i.e. the opposite pattern from the start of the
polarization (point: HT 0 h), and ii) the mean contact pressure on the active area would converge
to the value given by only the assembly force without the effect of the sealants, around 0.12
MPa.

After the second cool down (point RT 10 kh) the contact pressure decreases, for the same
reasons as in the first thermal cycling (point: RT 0 h). However, the contact pressure before the
cool down was lower in HT 10 kh than in A3. As a result, after the second thermal cycle the
contact pressure in RT 10 kh was almost lost on a large region of the active area. This showcases
an undesirable situation, because the region affected first by a loss of contact pressure
corresponds to that of highest current density. Compared to RT O h, the contact pressure is also
less uniform at RT 10 kh. The reason is that, similarly to the heat-up for the start of polarization
(point: HT Oh), the difference in thermal shrinkage upon cool down between the GDLs and the
manifold sealants is larger at the outlet, because the outlet of the active area is hotter than the
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inlet. As a result, the outlet region is at lower contact pressure than at the inlet, and the manifold
sealants support about 80% of the assembly force.

The simulations indicate that ensuring a constant and uniform contact pressure at the interface
between the cell and GDLs is a challenge. The effect of history is observed and suggests that the
risk of contact issue can be expected to increase upon operation, during thermal cycling.
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Effect of Operating Conditions:

The effects of variations in the operation conditions on the distribution of the contact pressure
at the interfaces between the anode and the fuel GDL and between the cathode and air GDL are
shown in Figure 7 for the points HT O h (start of polarization), HT 10 kh (end of long-term
operation) and RT (thermal cycle at the end of long-term polarization).
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Figure 7: Cumulative density functions of the contact pressure at the interface between (a) the anode
and the fuel GDL and (b) the cathode and the air GDL for the four considered operation conditions,
at the operating points at RT (end of both first and second thermal cycles), HT 0 h (start of
polarisation), HT 10 kh (end of long-term polarisation). Case of ideal MICs (perfectly flat, non-
deformed), modified periodic boundary conditions, “Model v2” with 0.7 mm sealants.

The cumulative distribution of the contact pressure distribution for the RT 0 h is shown as
reference in the RT plots in Figure 7. Since upon heat-up the cell deflection decreases and the
thickness of the GDL-fuel increases because of thermal expansion, the contact pressure between
the inactive area of the cell (constrained by the cell sealant) and the GDL-fuel is partially
recovered, compare plots for the anode side between RT and HT 0 h for values of the contact
pressure close to zero. Since the temperature is uniform until the point RT O h, the contact
pressure on the active area is practically homogenous.
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Summary:

In this study, the contact pressure simulated by “Model v1” (with ideal MICs) was largely lost,
compared to the “Model v2”. Paradoxically, the assembly force in the “Model v1” simulations
was about 33% higher than in “Model v2”. Here, the contribution of both the mechanical
properties of the GDLs and SRU deformation on the maintenance of the contact pressure was
found highly relevant, because in “Model v1” the GDL mechanical properties were estimated by
simple scaling laws, whereas computational homogenization of anisotropic elastic and creep
properties was used for those of “Model v2”. This significant difference indicates that the design
of the GDLs can be optimized not only for fluid-dynamic and cost needs, but also for improved
mechanical behavior. In this context, thermo-mechanical simulations at the stack level may help
in providing guidelines for such optimizations. For “Model v1”, the worst condition was the
thermal cycling. Instead, stack qualification and polarization were found beneficial.

2.5.2 Cell Failure
Methodology and Assumptions:

For the computation of the failure probability in the anode, the Weibull statistics parameters of
NiO-YSZ and Ni-YSZ obtained from four-point bending tests and at room and high temperature
are used (cf. D2.1). Confidence intervals on the failure probability are computed using the lowest
and upper bound of the 90% confidence interval values on Weibull modulus, characteristic
strength and reference volume.

The probability of failure is computed by integration over the volumes of the mesh elements of
the cell layer, following the standard expression assuming the principle of independent action:

3
1
Pri=1—exp —ﬁ-ncells-J Z (aps)m dV; (1)
V() (0'0) Vi ps=1

where Vq is the reference volume, m the Weibull modulus, oo the characteristic strength of the
material, nceis the number of cells in the stack and ops the principal stress with ps =1, 2, 3 which
indicates the first, second and third component of the principal stress. The integral can be
evaluated for each volume of material i in the SRU, with i = anode, electrolyte, compatibility
layer. Only positive (tensile) values of the principal stress are used for calculating the probability
of failure.

The Weibull parameters measured in WT2.1 and usually found in the literature correspond to
the strength for the pristine material. Microstructural changes were observed for the present
anode under SOFC operation. An effect on the strength cannot be excluded. Therefore, the
direct comparison of the simulations at the start and end of operation requires some care. The
analysis based on computational homogenization in WT2.1 however shows that the change in
the thermo-elastic properties due to changes in the morphology and topology are limited. The
variations in the strength are therefore likely limited if the degradation does not affect the
volume fraction of the phases.
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Results:

The overall trends observed in the evolution of the stress in the cell layer during the simulated
sequence shown in Figure 4 are discussed. The 1st principal stress computed in the anode is
shown in Figure 8. The effect of i) the anode reduction and ii) the constraint of the sealant and
GDL-fuel on the cell leads to relevant changes in the stress in the anode between the points Al
(stack assembly) and RT O h (i.e. end of the first thermal cycle). The computed stress state in the
anode evolved from tensile (about +20 MPa) to stress-free condition. The stress state at the end
of the first and second thermal cycle (points RT Oh and RT 10 kh, respectively) also remains
similar. This result indicates that the effects of thermal cycling dominate that of history during
long-term polarization. From a material viewpoint, the stress state in the anode is less affected
by creep than by the mismatch in CTE between the cell and the other stack components.

'RTOh O RT10k O A2 HAS (] ‘

(NlOYSZ)‘ J ‘ ‘

00
{ .

o 20 15 10 5 0 -5 o 15 9.7 4.5 -08 -5
(MPa) BT CTE— (vpa) [ 11 T i (vipa) (IR 1T

Figure 8: Evolution of the first principal stress (o1) in the anode (GDL-fuel side) and the manifold
sealing during stack assembly (A1-A3), after cool down (RT 0 h, RT 10 kh) and after operation in
co-flow with a degree of pre-reforming of 0.5 (HT 0 h, HT10h, HT10kh).

The first principal stresses in the active area of the anode increase upon reduction (points A2
and A3, respectively for anode in oxidized and reduced state), from about +5 MPa to +9 MPa.
This stress increase is caused mostly by the interactions with the joined parts (i.e. the GDL-fuel
and the MIC, on the lower side, and the electrolyte with the compatibility layer, on the top side)
and the isothermal shrinkage of the anode. Conversely, in the inactive region of the anode, the
constraint of the GDC is not present, hence the increase of stress is less pronounced.

Under polarization, the stress state in the anode is a modulation of the point A3 by the
inhomogeneous spatial temperature distribution. Compared to A3 (uniform temperature of
1073 K), the region at the air outlet (inlet) is higher (lower) in the point HT O h, i.e. at the start
of the polarization in co-flow. Because i) of the constraint of the anode with the GDL-fuel and ii)
the CTE of the GDL-fuel material which is higher than that of Ni-YSZ, the higher thermal
expansion of the GDL-air was constrained by the anode. Hence, since the inlet region is colder
at the point HT 0 h than in A3, the tensile stresses in the anode are lower. The higher tensile
stresses, i.e. at about +15 MPa, are located in the cell inactive area surrounding the hottest
region of the temperature profile in co-flow (see Figure 8). The reason is that the surrounding
inactive area is colder, and thus constrains the higher thermal expansion in the active area.
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Creep does not yield a monotonic relaxation of the stress in the anode. At the operation point
HT 10 h, the first principal stress in the anode first increases, since the SRU bent downwards as
a consequence of the different in-plane creep strain rates in the bonded components, and this
increased the stresses in the lower face of the anode. Over the long-term, the stress in the anode
is however relaxed. The creep strain rate depends on stress and temperature.

A1 RTOh RT10kh HTOh HT10h HT 10 kh

III(MPaII II!
III(MPa)II III

Figure 9: Evolution of the third principal stress (o03) in the YSZ electrolyte and GDC compatibility
layer during stack production (A1-A3), after cool down (RT 0 h, RT 10 kh) and after operation in co-
flow with a degree of pre-reforming of 0.5 (0 h, 10 h, 10 kh).
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Therefore, the larger stress relaxations occurred in the regions of highest stress and
temperatures over the long-term polarisation, which are on the air outlet side. In the ASC
configuration, the thin YSZ and GDC are subjected to compressive shielding stress. Figure 9
provides an overview of the effects of i) the assembly process (A1, A2 and A3) and ii) long-term
polarisation in co-flow (HT O h to HT 10 kh) and iii) thermal cycling (RT 0 h and RT 10 kh) on the
third principal stresses in the electrolyte and in the compatibility layer.

After the cell sintering (point Al in Figure 9), both the electrolyte and compatibility layer are
under compressive stresses, of about -600 and -20 MPa, respectively. The increase in tensile
stress in the anode upon its reduction (stress states A2-A3 shown in Figure 8) is compensated
by a limited increase of the compressive stresses in both the electrolyte and compatibility layer,
by comparing the stress state in points A2 and A3.

Upon polarisation, the compressive stresses decrease (increase) in the electrolyte (compatibility
layer) in the hottest region of the cell (i.e. at the outlet), see point HT Oh in Figure 9. The effects
of creep are relevant already during the first 10 h of polarisation. Then, the compressive stresses
in both layers are largely relieved during the long-term polarisation, see point HT 10 kh in Figure
9. In this situation, the compatibility layer is under compression only in a restricted region at the
inlet, where creep strains were limited by the lower temperatures, whereas the rest of the layer
undergoes very low tensile stresses (red region in point HT 10 kh in Figure 9). On the contrary,
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the compressive stresses in the electrolyte are not completely relieved after the 10 kh under
polarisation.

Since the CTE of Ni-YSZ is higher than that of both YSZ and GDC, the higher thermal shrinkage of
the anode upon cool down (i.e. from A3 to RT 0 h, and from HT 10 kh to RT 10 kh) results in
beneficial compressive stresses in the electrolyte and the compatibility layer for the RT
conditions. The magnitude of the stress is however lower than initially.

The simulated tensile stress in the anode is low and not expected to lead to a high initial
probability of failure, or long-term problems since microstructural analysis suggests that the
mechanical properties are expected to vary mildly upon aging. From a proof-testing perspective,
the pattern of the stress in operation does not change significantly and while the magnitude of
the stress increases during the beginning of operation, a strong dependence on operation
history is not observed for the simulated conditions. The decrease of the shielding stress in the
YSZ electrolyte and GDC compatibility layer is in contrast detrimental, but the present analysis
does not highlight a critical situation. The results however suggest that the vulnerability towards
re-oxidation or rapid changes in operation conditions may be practically lowered.

Effect of Operating Conditions:

Figure 10 provides a comparison of the probability of failure of the anode computed for the four
cases of polarization analyzed in this work, followed by cool down to RT. The “Model v2” is here
considered, with PBC and with ideal MIC. A relevant aspect is the location of the region of highest
temperature in the cell, because the cell regions surrounding the hottest zone constrain the
higher thermal expansion and thus are subjected to tensile stress. Therefore, the operation with
the conditions CR 0.1 (counter flow, low degree of pre-reforming of 10%) is the most critical,
yielding a probability of failure between 0-1. In the long-term, creep relaxes the stresses in all
materials. Since the creep strain rate is strongly dependent upon temperature and stress, the
stress relaxation is the highest under the conditions CR 0.1. As a result, the cell failure probability
for this polarization condition is reduced drastically after 10 kh of operation, which even turns
out being the safest condition among the conditions shown in Figure 10.
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1 1 L

HTOh HT10h HT 10 kh RT 10 kh
Figure 10: Effect of the operation conditions (co- and counter-flow and varying methane pre-
reforming degrees of 10, 50, 90%) on the probability of failure computed for a complete 70-cell stack
(Pr). Case of ideal MIC with modified periodic boundary conditions (PBC).

Summary of Cell Failure:

The cell reliability is highly affected by the CH2P operating modes. The failure probability
increases dramatically if the fraction of internal reforming is very low (with counter-flow
configuration). In terms of cell reliability, counter-flow configuration with 10% of internal
reforming is the worst condition among those analyzed in this study, because it leads to failure
probabilities higher than 0.1 in the short-term polarization, which is not suitable for practical
applications. However, after long-term polarization this became the best condition. The
sensitivity of the anode failure probability to the polarization conditions is predominant for high
degrees of internal reforming: by increasing the PR (in counter-flow) from 0.1 to 0.5, the cell
failure probability is reduced in the short-term polarization by almost four orders of magnitude.
The results suggest that the effects of transients during load following or variations in thermal
conditions because of the position in the stack are likely significant.

Cooling down after long-term polarization increases the risk of cell failure. However, the
probability remains relatively low. Here, as expected, a reduction of the CTE mismatch between
the glass-ceramic and Ni-YSZ by tailoring of the material compositions would increase the
tolerance of the cell to thermal cycling.

With the deformation profiles considered in this work, the effects of MIC pre-deformations on
the risks of cell failure are negligible. The reason was that the compliance of both the cell and
GDLs was sufficient to accommodate the deformed components (i.e. imperfectly flat MICs).
Considering this aspect, thinner cells are favored, because they can tolerate larger component

imperfections before failure.
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2.5.3 Sealing Failure

A technological difficulty with ceramic materials is that they tend to be much more brittle
compared to metals. Therefore, the effects of geometrical and material singularities that trigger
damage by cracking, because of localized high stress that exceeds the strength of the material
[15], must be investigated. Failure occurs in the elastic deformation regime with limited
possibility for plastic deformation at the crack tip, which entails that the crack process zone is
negligibly small. The analysis of failure in ceramics therefore typically starts with Linear Elastic
Fracture Mechanics (LEFM) theory. The fracture mechanics problem has been historically
tackled from two perspectives provided by stress or energy balance of a system comprising a
pre-existing crack.

The stress intensity approach is based upon the analysis of the stress field near the crack tip.
The inspection of the analytical solution for the stress field derived by Irwin [16] shows that each
component of the stress tensor is proportional to a constant, which therefore represents a
stress-intensity factor. The analysis holds for different loading, referred to as Mode | (opening),
Mode Il (sliding) and Mode lll (tearing), which yields the stress intensity factors K, Ky and Kj,.
Failure corresponds to a critical stress intensity factor, which is a measure of the material
resistance.

The concept in the energy balance approach introduced by Griffith roots from the first law of
thermodynamics, i.e. crack extension occurs when the energy available in the system exceeds
the resistance of the material, because energy is required to break the atomic bonds. The nature
of the relevant processes that dissipate energy upon crack extension differ depending on the
material, but for evident reasons, always comprise the generation of new surfaces. The energy
balance for an infinitesimal crack growth provides the energy release rate (ERR), which must
exceed a critical value that is a measure of the toughness of the material.

The inspection of the expressions derived from the energy and stress analysis approaches for a
crack in the bulk of a linear elastic material, yields a relationship between the energy release
rate and stress intensity factor, indicating that for such a case the two approaches are
equivalent.

A simplified approach based upon energy considerations has been implemented as a post-
processing procedure of the stack simulations to inform qualitatively and comparatively about
the risk of failure of the sealant. The calculation of the ERR consists in the variation of the stored
elastic strain energy between far behind and upfront the crack tip position, i.e.:

Gss = Us' — U} (2)

Results:

An overview of all the ERR estimated by surface detachment in the stack “Model v2” is provided
in Figure 11. The analysis based on the implemented procedure for ERR estimation and on stress
cumulative distribution function differs. The variations observed among the cases are much
more significant than for the stress-based analysis.
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Figure 11: Elastic energy release rate at the manifold sealants computed by releasing the interfaces
without (a) or with frictionless contact (b). Detachment simulations were performed after the first (RT
0 h, black and grey) and after the second thermal cycle (blue: air inlet, red: air outlet) after 10 kh of
operation in co-(light blue and red) or counter-flow with varying degree of methane pre-reforming.
Squares and circles refer to FBC and PBC, respectively. Filled and empty markers refer to the
interface a1 (upper) and az (lower), respectively. Thickness of the sealing is 0.7 mm.

As a first verification, the calculated ERR is practically the same for the inlet and outlet manifold
sealants after the first thermal cycle. The computed discrepancy is lower than 0.5 % in the worst
case. The range of ERR values calculated with interface detachment of 0.7 mm thick sealant after
the first and second thermal cycle is 10-35 Jm™, which falls within the same range as the VCCT
values (virtual crack closure technique criterion for linear elastic fracture) both with stripe and
axisymmetric geometries, approximately 10-50 Jm=2. The difference in the geometry likely
accounts for a non-negligible share of the difference. The ERR computed for the FBCis in average
about three times higher than for the PBC case, which suggests that the risk of sealant failure is
dependent upon the position in the stack.

The case without frictionless sliding is first discussed (Figure 11-a). The ERR calculated for the
interface a; (upper) is higher than for a, (lower) by about 6% and 2%, respectively with FBC and
PBC, which is qualitatively in line with the VCCT on axisymmetric calculations. For all polarization
cases, the ERR calculated with interface detachment is always higher at the air outlet than at the
inlet manifold sealant. Operation in counter flow proves more critical after the second thermal
cycle, based on the case PR=0.5. For all counter-flow cases (PR=0.1, 0.5 and 1.0 and PBC), the
ERR of the outer manifold sealant is higher than after the first thermal cycle, for both interface
a1 and a,, whereas at the inlet it is lower. The most critical case is CR 0.5, with an increase in ERR
by about 20% compared to the first thermal cycle. The results suggest a detrimental effect of
long-term operation, which is not clearly highlighted by the stress-based analysis. In reality, the
properties of the interface are further expected to change and contribute to additional time and
history dependence.

In co-flow with PR=0.5 and PBC, the ERR increases (decreases) by about 4% for interface a1 (a2)
after the second thermal cycle. For the same operation conditions but in FBC, the ERR increases
at interface a; by about 40% compared to the first thermal cycle. Hence, after the second
thermal cycle the interface a; (upper) is more critical than a, (lower).
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Figure 12: Elastic energy release rate at the manifold sealants computed by releasing the interfaces
without (planes with continuous contour) or with frictionless contact (planes with dashed contour).
Detachment simulations were performed after the first and second thermal cycle after 10 kh of
operation in co-flow and for two sealing thickness (0.2 and 0.7 mm), and varying boundary conditions
(Flat and Periodic Boundary Conditions). For each condition, only the worst case is shown (corners
of the planes, which are provided as a guide).

The ERR is lower by approximately 7% on average with frictionless contact (Figure 11-b), because
only sliding at the interface occurs in all cases. The ERR after the first thermal cycle is lower for
the interface al (upper) than for a; (lower) by about 10% and 5%, respectively with FBC and PBC,
i.e. opposite to the ERR calculated without frictionless contact. Frictionless contact does not
change the overall trends after the second thermal cycle: all counter-flow cases are more critical
than co-flow with PR=0.5. For all polarization cases, the ERR calculated with frictionless contact
is also always higher at the outlet than at the inlet manifold sealant. For all counter-flow cases
(PRF degree=0.1, 0.5 and 1.0), the ERR calculated with frictionless contact is higher than after
the first thermal cycle. Similarly to the ERR calculated without frictionless contact, the most
critical case is CR 0.5, where the ERR increases by about 10%. After the second thermal cycle
with 0.7 mm thick sealant, the interface a, (lower) is more critical than a: (upper).

Figure 12 provides an overview of the worst case for each operation point and model
assumption, for comparing the ERR computed for sealant thicknesses of 0.2 mm and 0.7 mm.
The difference between the boundary conditions FBC and PBCis also large and follows the same
trend regardless of the thickness of the sealant. The reduction of the sealant thickness to 0.2
mm is beneficial and yields a decrease of the ERR by about 25 %. This trend is approximately the
same for both the first and second thermal cycles.
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Summary of Sealing Failure:

From the results, the risk of sealants failure:

e is reduced for thinner sealants. The thinner sealants were found beneficial also for the
contact pressure. However, modelling artefacts also contributed to this last improvement;

¢ is reduced at the two MIC units near the end plates. In terms of design, this means that
large stacks made by sub-assemblies with intermediate separation are favoured;

¢ is the lowest for operation in co-flow;

¢ decreases after long-term polarisation in co-flow combined with thermal cycling, whereas
it increases if the polarization is in counter-flow. The worst condition is counter-flow with
prereforming degree of 0.5.

2.6 Summary of thermo-mechanical durability modelling

The table below provides a qualitative summary of the severity of the thermo-mechanical issues
as a function of the CH2P stack operating modes and design, in a color-coded manner from dark
orange (detrimental/critical) to green (beneficial/safe) for comparative purposes. (BC: boundary
conditions, PBC: modified periodic boundary conditions, FBC: flat boundary conditions, MIC:
interconnect, CO: co-flow, CR: counter-flow. “2Def00”, “1DefA/B”, “2DefA/B” correspond to
MIC pre-deformation profiles).

Table 2: Summary of thermo-mechanical issues severity as a function of the operating mode

= Sealant Contact Pressure Cell failure Sealants failure
3| BC MIC |Operation|thickness s v 2 Thermal gray g | Operation | Thermal | 1st Thermal |2nd Thermal
s Qualification | Operation ) Q 5
(mm) cycling short-term | long-term cycling cycle cycle
vi Weal | 605 | o7 < 2 L x
2Def00 1 ik 1 2 2
005 0.2 3 3 4
2 2 3 4 2
PBC | Ideal CRO.1 1
v2 CR1.0 1
1DefA/B 2
Coo0.5
2DefA/B 2
Ideal
FBC Coo0.5
2DefA/B
Critical Safe
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3 Degradation of the Ni-YSZ electrode microstructure.

This section presents the second degradation phenomenon that mainly affects the SOLIDpower
stack operated under CH2P modulating modes, namely microstructural alterations. A special
attention has been given to the Ni-YSZ electrode as its degradation represents a bottleneck for
SOC industrial deployment [3]. Indeed, the Ni microstructural evolution is the most visible
alteration of the H, electrode, due to the high Ni mobility and low wettability to the YSZ surface,
which relates to interfacial surface tensions at material interfaces.

The microstructural evolutions are meticulously examined in a first place, then the driving forces
are discussed in a second one in order to establish the link between the CH2P electrode
degradation to its operating mode.

3.1 Microstructural evolution analysis via 3D imaging and
characterization

Table 3 lists eight volumes imaged by FIB-SEM serial sectioning and used for the evolution
analysis of microstructural changes in the SOLIDpower Ni-YSZ electrode material. The exhaustive
description of the sample test conditions as well as of the image processing methods for
reconstruction are available in D2.1. A short summary is provided hereafter. Pristine Volume A
is selected as Volume 1. Volume 2 was operated for 1.9 kh in a segmented-cell kept at OCV for
most of the time. Volume 3 was polarized in SOEC mode for 2 kh. Volumes 4 and 5 belong to the
same stack operated for 4.7 kh in SOFC and they were extracted from the gas inlet and outlet
regions of the cell, respectively. Volume 6 was tested in SOEC mode for 10.7 kh. Volumes 7 and
8 are from a segmented cell operated for 15 kh in SOFC mode. The former comes from a segment
located in the inlet region, while the latter comes from the middle and close to the external
border in contact with the sealing. The reconstructed Volumes are from regions next to the
interface with the electrolyte.

Table 3: List of volumes used in this study.

Volume
Denomination Dimensions [um] Voxel size [nm]
number
1 Pristine A 17.1-10.0-18.5
2 SOFC 1.9 kh —Seg.6 16.7-10.7-16.7
3 SOEC 2 kh 17.0-11.5-15.0 10
4 SOFC 4.7 kh - Inlet 21.0-12.0-19.5 10
5 SOFC 4.7 kh - Outlet 9.1-18.2-7.4 7
6 SOEC 10.7 kh 9.7-9.7-9.7 10
7 SOFC 15kh —Seg. 12 17.0-10.7-14.6 10
8 SOFC 15kh —Seg. 19 14.0-11.0-14.0 10

All the relevant microstructural parameters have then been computed on these volumes by
using in-house tools described in D2.1.
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Table 4: Metric and topological properties measured on the pristine and aged Ni-YSZ volumes.

Volume number
Average
Parameter
Lo Phase 1 2 3 4 5 6 7 8 standard
description o
deviation
) Pore 0.28 | 27.88 | 0.28 | 0.29 | 0.31 | 0.27 | 0.30 | 0.30
Volume fraction
3 3 YSZ 0.44 | 44.08 | 0.44 | 0.44 | 042 | 0.43 | 0.43 | 043 (0.01)
[um’/ um?’] .
Ni 0.28 | 28.04 | 0.28 | 0.27 | 0.27 | 0.29 | 0.27 | 0.27
dag Pore 0.72 | 0.67 | 0.76 | 0.75 | 0.85 | 0.76 | 0.85 | 0.72
[5"'5 f Ysz 0.84 | 0.89 | 0.88 | 0.87 | 0.84 | 0.87 | 0.88 | 0.85 | (0.02)
m
K Ni 0.88 | 0.96 | 1.04 |1.03|1.08 | 1.09 | 1.06 | 1.05
oo Pore 0.40 | 037 | 041039043 |042|0.43 | 0.39
[5""] Sz 0.38 | 0.40 | 0.42 | 0.40 | 0.41 | 0.39 | 0.39 | 0.39 | (0.02)
m
K Ni 0.46 | 0.55 | 0.62 | 0.64 | 0.63 | 0.65 | 0.63 | 0.63
Density of TPBs Total 8.7 8.0 64 | 64 | 56 | 6.0 | 54 | 6.9 (0.23)
[um/ um?3] Connected | 7.2 6.2 48 | 49 | 45 | 47 | 45 5.5 '
Interfacial YSZ/Pore 157 | 150 | 155|166 | 153|154 | 156 | 1.71
Surface Area3 Ni/Pore 0.56 | 0.50 | 0.38 | 0.41 | 0.34|0.36 | 0.32| 0.38 (0.03)
[um?/ um?3] Ni/YSZ 1.16 | 1.13 [ 098 | 0.92 | 0.96 | 1.01 | 0.96 | 0.90
Total Surface Pore 214 | 200 [ 193|206 | 187|190 | 1.88 | 2.09
Area YSZ 274 | 2.63 | 253|258 249 | 255|252 | 2.60 (0.04)
[umz/umg] Ni 1.72 1.63 136 | 1.33 |1 1.29 | 1.37 | 1.28 | 1.28
o Pore 097 | 096 | 0.99 | 0.99 | 0.99 | 0.99 | 0.99 | 0.98
Contiguity
3 3 YSZ 1.00 | 1.00 {100 |1.00|1.00|1.00| 1.00 | 1.00 (0.01)
[um’/ um?] .
Ni 097 | 096 | 093 | 090|094 |092 | 0.95 | 0.96
Surface to Pore 7.6 7.9 6.9 7.1 6.1 6.9 6.4 7.1
Volume ratio Sy YSZ 6.2 5.8 5.8 5.9 5.9 5.9 5.8 6.0 (0.1)
[um?] Ni 62 | 55 | 48 | 49 | 47 | 4.7 | 48 | 47

!Median phase diameter measured by overlapping spheres.

2Median phase diameter measured by ray tracing.

3Interfacial Surface Area values SA values were adjusted by multiplying with the factor /6 to estimate
the actual surface area from the digitized Volume assuming close to spherical shapes.

The coarsening of the Ni phase is as expected clearly indicated by the increase of the Ni median
diameter dso (approximately 33% after 2 kh in SOEC and 4.7 kh in SOFC operation). The mea-
surements also suggest a slight increase of the YSZ median diameter with respect to the pristine
volume, which however cannot be ascertained statistically with the present dataset. Volumes 2
and 3 exhibit a significant difference in Ni dso, despite a similar testing time of 1.9 kh and 2 kh,
respectively. Therefore, the difference may be due to polarization and or gas composition
effects, since Volume 2 was polarized in SOEC, whereas Volume 3 was at OCV under SOFC gas
and temperature conditions for most of the time.
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Figure 13: Evolution of measured topological properties (data referred to Table 5.1): (A) total surface
areas, (B) interfacial surface areas, (C, D): median phase diameter measured by overlapping spheres
(C) and ray tracing (D), density of total and connected TPB (E) and their ratio (F). Measurements on
Volumes aged under SOFC and SOEC are shown in red and blue, respectively. The trend lines and
error bars are provided as a guide for the eye; the latter were estimated based on measurement of

sub-volumes with a size of 9° - 103 um.
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The increase in dsg and decrease in Ni total surface area cause as expected a diminution of the
total and connected TPB density. Significant changes in phase volume fraction are not observed.
A stabilization is afterwards observed, except for the Ni contiguity upon SOFC operation, which
also leads to a further decrease in the ratio TPBes/TPBo: (Figure 14). The results are in line with
the stability of the contributions of Ni charge-transfer and gas-phase transport to the total ASR
measured by EIS in SOFC mode. Further, the accessible TPB analysis available until 4.7 kh [17]
suggests that a large degradation of the transport properties does not occur during this time
span. The standard metrics do however not provide sufficient sensitivity to determine whether
or not a stable state has been reached. The Ni median diameter measured by filling by
overlapping monosized spheres is close to the limits predicted by the 2D or 3D version of the
Zener equation for incoherent or coherent interfaces, respectively. The agreement suggests that
the constrained growth has reached a nearly stable state, but the uncertainty on the applicability
limits showcased by the large differences between predictions from the 2D and 3D versions and
geometrical assumptions remain too large for assessing the stability in the long-term. Further,
significant differences with the expected size distributions are observed, showcasing the
difficulties to analyze the long-term microstructural evolution of Ni-YSZ using governing
equations for systems dominated by spherical shapes. The measurements also suggest a subtle
evolution of the YSZ phase.

The measurement of available length, dihedral angles and interfacial curvature indicate that the
microstructure continues to evolve after 2 kh (SOEC) and 4.7 kh (SOFC). It further suggests the
presence of two stages in particular in SOFC mode. The distribution of available length
associated to each TPB displays a reduction of the spread in the Ni case. That is, a progressive
decrease of the shorter and larger lengths and a concurrent accumulation towards the peak
values (um) are observed, even though the ISA Pore/Ni initially decrease (up to 4.7 kh) followed
by apparent stabilization. The modification of the Pore/YSZ interface is mainly the consequence
of the movement of the metallic phase. The measured available lengths on YSZ shift with
operation time towards larger values, even if the total ISA Pore/YSZ does not significantly evolve.
The detrimental effect on the performance of the measured changes in the available length on
Ni and YSZ is likely low.

From the analyzed data, concepts from topological coarsening theory may better describe the
observed microstructural changes, with a first stage characterized by the breakdown of the
connectivity of the Ni phase, driven by the tendency towards average null mean curvature of
the interfacial surfaces and concurrently resulting in a decrease in TPB density. Once this
condition is reached, large changes in particles location does not proceed further, while the
relocation continues toward the diminution of the larger absolute value of curvatures. Under
these assumptions of mild adjustments of interface positions, the TPB density may not further
diminish strongly, even though a stable state has not been reached yet. Nevertheless, the
rearrangement of the dihedral angles’ distributions (Figure 14) does not exclude a further shift
of TPB position with the consequent decrease of TPB density.
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Figure 14: Evolution of the YSZ (A), Ni (B) and pore (C) dihedral angle distributions upon operation.
The vertical dashed colour lines are the mean of the distributions, while the black ones are the values
measured by Nelson et al. [18], respectively 97°, 151° and 111°.

The YSZ phase is central for the stability of the cermet, which acts as a matrix constraining the
relocation of the more mobile Ni phase. The Zener equation informs that higher volume fraction
and fine microstructure are desirable. Whenever the constraining function would be altered by
e.g. repeated temperature excursions upon transients during load following, Ni relocation would
be triggered with the risk of a consequent decrease of electrochemical active sites. The analysis
in the view of pinning and the lowest YSZ dihedral angles however suggests that a significant
share of the morphological features allowing an efficient constraint of the Ni phase are fine and
henceforth potentially affected first by YSZ coarsening. Another practical related open question
is whether the close to equilibrated state is dependent only upon the YSZ microstructure, which
would allow the screening of a-priori redox-tolerant microstructures.

3.2 Driving forces that affect the stability of the electrode microstructure

3.2.1 Effect of overpotential

We examined the possibility that the applied polarization influences interfacial surface tensions
in the Ni-YSZ electrode. The electrowetting phenomenon is investigated as a candidate
mechanism for the observed difference between SOFC and SOEC operation. The theory predicts
a modification in wettability (hence of the dihedral angles) upon the application of a difference
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in electrostatic potential between an electrode and electrolyte (usually liquid). This
phenomenon is commonly studied by measuring variations in dihedral angles at the interfaces
formed by liquid drops on flat solid surfaces [19-21].

0 : ;
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Figure 15: Computed variation of 8N under polarization. The maximum value corresponds to 140°.

Negative values comport a decrease of the angle, therefore higher wettability. The shaded area
displays the variation of + 1 order of magnitude of the Ni/YSZ interfacial capacitance values.

The electrowetting theory describes the dependence of the interfacial surface energy on the
applied electrical field across the interface and was established for solid-liquid electrolyte
systems. In the case of relevance for polarized Ni/YSZ interfaces, a change in Ni dihedral angle
Oni is first anticipated. Indeed, the higher Ni mobility may result in morphological changes
resembling those measurable for liquid systems. The relationship between the Ni dihedral angle
and the variation in applied potential (€) is as follows:

_ _ sin Opore,  Cp -
sin(Oyi(€)) =Vysz/pore SiN Opore <YYSZ/Pore Sm—gf\:e -y (e - So)2> (3)

Bpore, and Oy, refer to the dihedral angles at the pzc (point of zero charge).

3.2.2 Effect of oxygen partial pressure

Jiao et al. [22] investigated the evolution under polarization of a patterned Ni-film anode
sputtered on a YSZ substrate, detecting a strong relocation of Ni due to the increase in
wettability. The difference in partial pressure of the oxygen adsorbed on the Ni surface near the
TPB, due to the generation and consumption of surface species was discussed as a tentative
explanation. The increase of oxygen activity on the adsorption sites would lead to the reduction
of surface tension (and reduction of the Ni dihedral angle). The oxygen activity is related to the
H,0 partial pressure in the gas phase near the TPB, which differs from the bulk value according
to the applied current density. The above-mentioned relationships described in [22] are
displayed in Figure 16. Variations of pH,O below 0.8 atm would not strongly modify the Ni angle,
while a greater humidity would cause a surge of wettability.
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Figure 16: (left) Dependence of apy (Nj) with Ni surface tension and pH0 (gas)- (right) Dependence
of Ni dihedral angle with ago (Ni ) at 800°C. Images obtained from [22].

Figure 16 shows that the diminution of surface tension and angle becomes significant for steam
partial pressures higher than 0.8 atm, which can be met only near the cell inlet in SOEC mode or
at the outlet in SOFC mode, under a practical fuel utilization of 80%. A series of clear practical
consequences are expected from a direct dependence between wettability and steam partial
pressure as shown in Figure 16.

Saiz et al. [23] investigated the dependence of the interfacial tension in metal/oxide systems
(i.e. pure metal/Al,O3) on the partial pressure of oxygen . The work of adhesion (defined as the
work needed to reversibly separate the interface) is related to the oxygen activities, following
non-linear dependency. Under high pO,, the surface tension and in particular the dihedral angle
diminishes likewise with oxygen activity, causing an overall augmentation of the work of
adhesion. In case of intermediate pO,, interfacial tension depends on the oxygen activity and
the work of adhesion is similar to the nominal value for pure surfaces. Lastly, under lower pO,,
a direct dependence between dihedral angle and oxygen activity is observed, but the effect on
the adhesion work could not be quantified, due to experimental limitations. In the light of the
study by Saiz et al., the effects of oxygen partial pressure could lead to the alteration of the
interface and in particular of the dihedral angles under electrolysis condition.

3.3 Summary for microstructural evolution modelling

From this study, a straightforward recommendation to mitigate degradation is:

e To operate the CH2P stack at low overpotentials. It can be achieved by an increase of
temperature to facilitate charge transfer, which would however also increase the surface
diffusion coefficient of Ni. A dependence upon overpotential, i.e. position in the cell is expected.

e Possibilities for mitigation may also be achieved qualitatively by a finer YSZ
microstructure next to the electrolyte to limit competitive growth. A finer YSZ electrolyte side
may also provide additional sites for pinning the Ni/Pore interface.

e A complementary approach is the modification of the dependence between dihedral
angle and overpotential, which may be achieved by targeted doping.
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4 Conclusions

A multi-scale and multi-physics modelling approach has been proposed in this work to better
understand and evaluate the risks of failure that a SOLIDpower stack can face during operation
under constant conditions and the modulating CH2P modes. For this purpose, the major
degradation phenomena identified in WT2.1, namely thermo-mechanical and microstructural
alterations, were examined. On the SRU scale, a 3D FEM model has been employed, and the risk
of failure has been examined for every component (cell, sealings, and MICs) while taking into
account the complex interactions between them. A special attention has been paid to evaluate
the components robustness as a function of the CH2P operating conditions in order to provide
insights and recommendations for an optimal operation under CH2P modes. This target has
been reached by performing a thorough sensitivity analysis over the operating conditions (pre-
reforming degree, load, temperature, sealant thickness, flow direction) as a function of time.
Similarly, on the microstructural scale, advanced imaging and characterization techniques have
been employed to better understand the alterations that may shorten the cells lifespan. A
summary for each stack component failure risk has been given and highlighted. In short, the
main guidelines from this work are the following:

¢ No critical points are anticipated with cells / stacks operated in CH2P mode, i.e. under load
cycling between full, partial and OCV (H> production through steam reforming).

e The CH2P stack is robust and tolerant enough: good performance and good durability.

¢ New developed control tool Real Time Optimization (RTO) validated on a SOLIDpower
commercial system (BlueGen) proves very promising in ensuring smooth and safe transitions
between the operating modes.

¢ The most critical point remains the start-up phase, and full thermal cycles (seal leakage risk,
contact pressure loss).
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