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A model based on the Phase Field approach has been developed to
simulate the local fracture in porous electrode microstructures. The
model capacity to predict the crack nucleation and propagation has
been studied with theoretical considerations. For the validation,
specific micro-compression tests have been performed on porous
YSZ micro-pillars. As expected, the compressive fracture strength
has been found to decrease with the material porosity. Moreover, a
transition in the fracture mode has been detected from a brittle
behavior toward a local damage when increasing the porosity. It has
been shown that the model is able to reproduce correctly the
experimental results. The validated model has been used to simulate
the fracture of the YSZ backbone induced by the Ni re-oxidation in
a typical Ni-YSZ cermet. The generation and localization of the
micro-cracks have been discussed according to the degree of Ni re-
oxidation and the local morphology of the electrode microstructure.

Introduction

Solid Oxide Cell (SOC) is a high-temperature electrochemical device that can be operated
in both fuel and electrolysis modes. It is constituted of a dense electrolyte in Yttria
Stabilized Zirconia (YSZ) sandwiched between two porous electrodes. The hydrogen
electrode is classically made of a cermet composed of nickel (Ni) and YSZ (Ni-YSZ) (1,2).
Because of system failures in operation (e.g. related to fuel shortage or to air re-
introduction during the system shutdown), the nickel is liable to be re-oxidized inducing
its volume expansion (3). The Ni swelling within the cermet generates high tensile stresses
in the YSZ backbone leading to the apparition of micro-cracks (3). This mechanical
damage of the ionic conducting phase within the cermet results in a substantial degradation
of the overall cell performances (4-9). It is therefore required to further enhance the
hydrogen electrode robustness for a higher redox tolerance. For this purpose, it is essential
to predict accurately the formation and the distribution of micro-cracks in the YSZ network
during Ni re-oxidation. Nevertheless, the accurate prediction of cracks nucleation and
propagation in the complex microstructures of porous ceramics is still a subject of



investigation. Moreover, there is a lack of data on fracture properties for the porous YSZ.
In this frame, the mechanical characterization using uniaxial compression testing on micro-
pillars has been carried out at different porosities considering two types of zirconia
stabilized with 8% and 3% molar of Yttrium (i.e., 8YSZ and 3YSZ respectively). The
experimental data have then been used to validate a model based on the Phase Field Method
(PFM) applied to the fracture mechanics. Thanks to this validated model, the fracture of
the YSZ backbone induced by the Ni re-oxidation has been simulated for a typical Ni-YSZ
cermet. The generation and localization of the micro-cracks have been discussed according
to the degree of Ni re-oxidation and the local morphology of the electrode microstructure.

Experiments

Sample Preparation

Samples with low and intermediate porosities were manufactured using a specific
protocol. The preparation consisted to sinter pellets of compacted 8YSZ powders at
different temperatures (i.e. 1270°C, 1230°C, 1200°C and 1150°C) for 1 hour under air. To
produce samples with higher porosity, a typical Ni-8YSZ cermet was used by dissolving
the nickel in HNOz acid at room temperature. Moreover, the same protocol was applied on
a Ni-3YSZ cermet to obtain a highly porous 3YSZ material. Finally, it can be noticed that
the study was complemented by the characterization of a fully dense 8YSZ membrane.

For each sample, a polished cross-section was observed by Scanning Electron
Microscopy (SEM) to check the microstructure homogeneity and to estimate the sample
porosity. For instance, the SEM images for the 8YSZ samples have revealed a homogenous
microstructure with a higher porosity for the lower sintering temperature (Fig. 1). In
addition, 3D reconstructions using the Focused lon Beam — Scanning Electron Microscopy
(FIB-SEM) tomography have been realized. On the one hand, the porosity has been
measured on the 3D volumes to confirm the estimation obtained with the 2D images. On
the other hand, the reconstructions have been used as inputs for the multiscale modeling
approach.

Fig 1. SEM observations of 8YSZ samples sintered at: a) 1270°C, b) 1230°C, ¢)
1150°C under air. The insert in Fig. 1a shows the pellet after sintering.

After manufacturing, the specimens for the mechanical characterizations were directly
milled in the pellets using a Plasma Focused lon Beam (PFIB) working with Xenon ions.
The specimen were etched in the shape of micro-pillars for uniaxial micro-compression
testing (Fig. 2a). In this frame, a special attention was paid to fulfil the geometrical
recommendations regarding the specimen dimensions for a relevant test (9,10). Indeed, as
shown in Fig. 2b, the micro-pillars present a nearly perfect axisymmetric geometry with a



section of 60 um + 0.5. Moreover, the rule on the aspect ratio between the height of the
pillar and the diameter, which is recommended to range between 2 and 3, was satisfied.
Due to the Gaussian shape of the ion beam, the pillars were slightly tapered but a special
attention was paid to limit the angle down to 6°. Finally, it has been checked by 3D
reconstructions that the microstructure is not affected by the sample preparation (Fig. 2c).
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Fig 2. Procedure for the specimen preparation: a) Schematic representation of the
Xenon PFIB used for the milling, b) micro-pillar obtained after milling, ¢) rendering
volumes for the two reconstructed microstructures of the 8YSZ sample sintered at 1270
°C (in the pellet and the micro-pillar).

Mechanical Testing

The micro-compression test has been chosen as it generates a quasi-uniform stress field
in the tested pillars. Moreover, this approach is well adapted to the characterization of thin
cermet substrate used for the sample preparation (after Ni dissolution: cf. previous section).
The micro-mechanical tests were performed using a nano-indenter associated with an
optical microscope. Using the force-controlled mode, the pillars were compressed with a
circular flat punch of 100 um in diameter to measure the compression fracture strength of
porous materials. For each investigated porosity, several pillars were tested. Around five
tests were conducted up to the sample failure to identify the fracture strength. Other
complementary experiments were stopped during the loading just before the sample
collapse. For these specimens, the distribution of cracks within the microstructure has been
carefully characterized on 2D FIB slice in order to assess the damage mode in the material.
All the results are provided in Table I.



Results for Samples with Low and Intermediate Porosities. As an illustration, the typical
stress-strain curves are provided in Fig. 3 for the 8YSZ samples sintered at different
temperatures. As expected, a decrease of the fracture strength was found with decreasing
the sintering temperature (i.e. by increasing the porosity). Indeed, the measured fracture
strength was 1455+85 MPa, 950+5 MPa, 470+4 MPa and 125+5 MPa for the samples
sintered at 1270°C,1230°C, 1200°C and 1150°C, respectively (Table I).
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Fig 3. Stress-Strain curves of the 8YSZ samples sintered at: a) 1270°C, b) 1230°C, c)
1200°C, d) 1150°C. The tests were stopped before the fracture.

For the tested samples stopped just before the total failure of the pillars, the visualization
of cracks in the microstructure has shown the presence of large cracks parallel to the
loading direction (Fig. 4). These observations point out a brittle behavior for the 8YSZ at
low and intermediate porosities (15).

a)

Fig 4. Post-mortem characterization after the mechanical loading of the 8YSZ pillar
sintered at 1270°C (low porosity): a) SEM image of a longitudinal macro-crack on the
edge of the pillar, b) SEM image of the tested pillar, ¢) FIB-SEM cross section
showing the large crack in the bulk of the pillar.

Results for Samples with High Porosities. The typical stress-strain curves recorded
during the compression testing performed on the highly porous 8YSZ and 3YSZ samples




(after Ni dissolution) are depicted in Fig. 5. For the 8YSZ material, the facture strength,
which was estimated to 24+3 MPa, is consistent with the data measured on the 8YSZ pellets
at low and intermediate porosities (Table I). Furthermore, as it could be anticipated, the
compression strength for the highly porous 3YSZ is significantly higher than for 8YSZ.
Indeed, a value of 154+20 MPa was measured in this case.
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Fig 5. Stress-Strain curves of the highly porous samples: a) 8YSZ, b) 3YSZ.

The post mortem characterizations were also realized for the pillars tested just below
the threshold leading to the complete failure. As shown in Fig. 6 for the 8YSZ and 3YSZ,
a distribution of micro-cracks is detected in the bulk of the samples in the upper part of the
pillar. This observation means that a diffuse damage is induced in the microstructure for
these highly porous materials. Therefore, a transition has been highlighted from a brittle
behavior at low and intermediate porosities towards a local damaging with micro-cracks at
high porosity (15).

Fig 6. Post mortem characterization of the highly porous pillars after the mechanical
loading with a zoom showing the micro-cracks in the bulk of the pillar (highlighted by
red rectangles): a) 8YSZ, b) 3YSZ. The tests were stopped before the fracture.

The 8YSZ compressive fracture strength is plotted in Fig. 7 as a function of the porosity.
A sharp decrease of the fracture strength can be observed for the porosity below ~50%
while a slighter evolution is found from 50% to 60%. It is worth noting that this transition
is concomitant with the change in the fracture mode (Table I). Therefore, it can be proposed
that the evolution of the fracture strength with the porosity is also dependent of the
underlying mechanism controlling the rupture. All these experimental data have been used
for the validation of the numerical model.
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Fig 7. 8YSZ compressive fracture strength as a function of the porosity.

TABLE I. Results of the Mechanical Testing.

Material Porosity (%) Fracture strength (MPa) Fracture mode
Highly porous 3YSZ 60 154 Local damaging
Highly porous 8YSZ 60 24 Local damaging

8YSZ-T1150°C 49 125 Brittle
8YSZ-T1200°C 40 470 Brittle
8YSZ-T1230°C 32 950 Brittle
8YSZ-T1270°C 24 1455 Brittle
Dense 8YSZ electrolyte 0 2800 Brittle

Modelling the fracture in porous electrodes

Model Description

The PFM approach has been selected to study the initiation and the growth of cracks in
porous ceramics since it is mesh independent. The model is based on an diffuse description
of the crack through a smooth scalar damage variable d. This variable is referred as the
phase field and can evolved from zero to one. The pristine material correspondsto d =0
while the total rupture is reached when d =1.The region of transition between the two states
is controlled by a length scale parameter €. Marigo et al. (11,13) were the first to propose
a general theoretical framework for the development of this method on the basis of the
Continuous Damage Mechanics (CDM). The key idea of their work is the reformulation of
the fracture problem as the minimization of an energy functional without any additional
criterion. In the present study, the implemented PFM is the one developed by Miehe et al.
(14) allowing a robust staggered scheme for the numerical resolution. In this approach, the
minimization of the energy functional is performed at a frozen damage for the phase-field
(i.e. d = cte) leading to solve a ‘classical’ elastic problem:

V-0(g,d) = 0 for the domain V with @..n = ton aV [1]

Where @ and £ are the stress and the strain tensor respectively. The term t is the applied
force and n is the outward normal applied on the domain surface dV.



Then, the resolution at a given loading (i.e. u = cte) yields the equation for the phase field
computation when the crack propagates:

2(1 - d)H =G, (5—¢Ad) with H(%t) = max ¥ (%, 1)) 2]

Where G, is the critical energy release rate of the material. The term J is referred as an
‘history’ loading field taking into account the damage process irreversibility (14). It is
expressed as the maximum of the energy component denoted ¥*. This term comes from
the decomposition of the elastic strain energy into a component due to the tension (i.e. ¥ )
and a component due to the compression (i.e. ¥ 7).

Evaluation of the Model Relevance to Study the Fracture in Porous Microstructure

It has been shown by many authors that the PFM model is able to simulate accurately
the propagation, the branching and the multi-cracking problem in complex geometry (15).
Nevertheless, there is still a controversy on the PFM capacity to accurately predict the
crack nucleation. Indeed, it has been proposed that the length scale parameter € could be
linked to the Irwin length and thus related to the physical properties controlling the crack
initiation (i.e. fracture strength and toughness) (16-18). In this condition, the PFM approach
should constitute a relevant method to model the crack nucleation. However, some other
authors have also claimed that € is just a numerical parameter without any physical
meaning (19). In this context, a special attention has been paid to interpret the real nature
of £ and to evaluate the model capability to accurately predict the crack nucleation. For
this purpose, the PFM simulations have been compared to the results given by the validated
mixed criterion proposed by Leguillon (20). This part of the study has been conducted for
an ideal V-notched sample and a crack blunted by a cavity. Afterwards, the model has been
applied to simulate the crack initiation and propagation in representative porous
microstructures. It is worth noting that all the simulations have been carried out in the 2D
plane strain assumption considering a symmetrical three-point bending test.

V-notched Sample. The geometry of the implemented V-notched sample with different
opening angles 2 is depicted in Fig. 8a (i.e. B € {30°, 45°,60°}). In this case, the crack
is initiated from the stress singularity induced by the V-notch tip. A typical force-
displacement curve simulated with the PFM is shown in Fig. 8b. It can be noticed that the
force is progressively increased up to reach a critical loading P, corresponding to the

fracture initiation. The apparent fracture toughness K ?cpp is then calculated from the
maximum loading using the following equation (21):

3FP.L a
app __ ¢ a-Dfe(Z
Kie™ = (thZ)h 1) 3]

Where f (%) is a dimensionless factor taken from (21), b is the beam thickness fixed to the

unity for the 2D simulations and A is the singularity order calculated using the equation
reported in (21). The evolution of the fracture toughness deduced from the PFM
simulations has been evaluated for the 8YSZ material as a function of the opening angle.
This result has been obtained with an ad hoc value of the length scale parameter denoted



Pgysz. The results have been compared to the prediction given by the mixed criterion in
(Fig. 8c). It can be seen that the two curves are quite perfectly superimposed. The PFM
can thus reproduce the increase of the apparent fracture toughness with increasing the
opening angle. This evolution involves a change in the criterion controlling the initiation
(20). Indeed, for small opening angles (i.e. p = 30°), the crack nucleation is mostly
governed by an energy criterion whereas both energy and stress criteria are involved for
larger angles. It can be noticed that the same study has been performed considering the
3YSZ material (paper under preparation). In this case, it has been found that the evolution
of the apparent fracture toughness with the notch-opening angle can be also retrieved by
the PFM method considering a length scale parameter for the 3YSZ (£3ysz). Besides, a
relation has been highlighted between these parameters of the phase field and the Irwin
characteristic lengths. From this analysis, it has been shown that the PFM is able to predict
the crack onset from a stress singularity.
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Fig 8. Three point bending test on a VV-notched sample: a) implemented geometry b)
Load/Displacement curve for 8Y'SZ material and = 60 °, ¢) comparison between PFM
and mixed criterion results for 8YSZ material.

Crack Blunted by a Cavity. The same analysis has been carried out by a crack blunted
by a cavity of different radii (Fig. 9a). In this configuration, the crack is initiated from the
stress concentration induced by the pore associated with the macro-crack. For this

geometry, the apparent fracture toughness K Iipp is related to the critical loading P,
calculated with the PFM method as follows (22):

k7 = (=) () g

Where f (%) is a dimensionless factor taken from (22). The computed relative toughness

(i.e. R = K 'PP/K,.) has been plotted as a function of the pore radius in Fig. 8b. It has been

found that the PFM simulations are in good agreement with the predictions of the mixed
criterion. Indeed, the PFM is able to retrieve the increase of the apparent toughness with
the cavity size (23). This strengthening effect is due to the blunting of the crack leading to
a relative toughness R higher than unity. All these statements show that PFM model is also
able to predict the crack nucleation from a stress concentration. It is worth noting that these
results have been obtained for a value of £ different from the one used in the configuration
of the V-notched sample. Therefore, this parameter is not only dependent on the material
properties but also on the local geometry where the crack initiates (paper under preparation).
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Fig 9. Three point bending test on a sample with a crack blunted by a cavity:
a) implemented geometry, b) comparison between PFM and mixed criterion results for
8YSZ material.

Crack Initiation in Porous Microstructures. In complementarity with the previous ideal
geometries, the capacity of the PFM to simulate the fracture in porous microstructures has
been checked. For this purpose, the simulated domain is described by a porous medium as
depicted in Fig. 10a. The microstructures have been generated using the Gaussian random
field model. Indeed, this method provides numerical 3D microstructures that mimic
accurately the morphology of the real electrodes (24). In this study, 2D slices with similar
microstructural characteristics (i.e. same phase volume fraction and characteristic length)
have been extracted from the generated 3D volume. In order to address the impact of
porosity on the fracture toughness, microstructures with different porosities & €
{10%, 20%, 30%} have been considered. The study has been conducted for the 3YSZ
material for which experimental data are available in literature (25). It can be noticed that
the relation [4] has been used to express the apparent toughness as a function of the critical

loading calculated with the PFM. The evolution of K [P* with the porosity is shown in Fig.

10b. It can be remarked that the phase field predictions catch the decrease of the apparent
fracture toughness with the porosity increase. Moreover, a slight variation of the predicted

K:f’phas been found for the two simulated slices taken from the 3D microstructure (Fig.

9b). This result is explained by the local variation of the computed microstructure at the
crack tip. Moreover, a quite good agreement has been found with the experimental data.
Indeed, even if the predicted toughness is higher than the experimental one, the evolutions
of the two curves with the porosity are similar. The difference in the absolute value of the
measured and simulated toughness could be explain by the 2D assumption and by the
synthetic microstructures, which are not exactly the same than the tested ones. Nevertheless,
from this analysis, it can be concluded that the PFM model is well adapted to study the
fracture in the porous microstructures.
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Fig 10. Three point bending test on a porous microstructure: a) implemented geometry,
b) the evolution of the apparent fracture toughness with the porosity for two different
slices of the generated 3D microstructures.

Multiscale Approach and Model Validation

For a complete validation of the phase field method, the experiments reported in the
previous section has been modelled using a multiscale approach. For this purpose, the
compression test has been simulated in 2D taking advantage of the axisymmetric geometry
of the micro-pillars (Fig. 11a). An equivalent homogenous medium has been considered
for the simulations for which the effective elastic properties have been computed by
homogenization on the 3D reconstructions (26). The macroscale simulations for the whole
micro-pillars has allowed providing the displacements, which have been applied as
boundary conditions on the edge of a 3D microstructure (Fig. 11b). It can been noticed
that the simulated volume is located in the upper part of the pillar where the stresses are
the highest. The distribution of the principal stresses in the microstructure is given in Fig.
11c for an applied compressive displacement on the micro-pillar of 2.8 um. As expected,
some parts of the YSZ network are submitted to a non-negligible tensile stress (Fig. 11b).
Therefore, these regions will constitute zones where the cracks are liable to nucleate. To
analyze this possibility, the PFM model has been applied. Although the study is still on
going, the preliminary results have shown that the method is able to reproduce the decrease
of the compressive fracture strength with the porosity as experimentally observed in Fig.
7. Therefore, the phase field model appears as a relevant numerical to study the fracture in
the 3D electrode microstructure.
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YSZ Fracture During Ni Re-oxidation




After the PFM model validation, the local damage within the YSZ backbone induced
by the Ni re-oxidation has been addressed. For this purpose, the initial implemented model
has been extended to take into count the Ni expansion during re-oxidation. In this objective,
the Ni swelling has been simulated through a thermal dilatation as follows:

En = (T — Trer) [4]

Where a,is the thermal expansion coefficient for Ni. The temperature difference (T —
T,.s) has been chosen in such a way that the thermal strain &, can reproduce the Ni
volume expansion. It is worth noting that the coefficient for YSZ has been set to zero to
avoid the dilation of this phase during the simulation. Besides, it has been shown in (3)
that the complete re-oxidation of the Ni is reached for a volume increase of 70%. Thus, a
degree of Ni re-oxidation can be affected to each Ni volume expansion. In this study, PFM
simulations have been conducted on a Ni-YSZ volume of 2 pm? (Fig. 12). It has been found
that the first crack is created in the YSZ network when the degree of Ni re-oxidation reaches
a critical value of around 11% (Fig. 12). These results means that the damage in the ceramic
occurs almost at the early stage of the Ni re-oxidation. Therefore, even before the
catastrophic rupture of the electrolyte in the cell (triggered for a degree of re-oxidation of
around 60-65% at 800°C (27)), the cermet is subjected to an internal damage that will
decrease the cell performances. Finally, it can be observed in Fig. 12 that the first crack
has been generated into a thin YSZ ligament surrounded by Ni. This ligament was thus
submitted to a high tensile stress during the re-oxidation. Therefore, the local fracture in
the YSZ is highly sensitive to the local morphology of the cermet. From this point of view,
the developed PFM approach is a powerful method to analyze the role of the microstructure
on the electrode robustness.




Fig 12. Simulation of the fracture induced by the Ni re-oxidation: a) 3D reconstruction
of a Ni-YSZ cermet, b) visualization of the resulting crack.

Conclusion

Micro-compression tests have been performed on porous YSZ micro-pillars tested over
a large range of porosities. It has been found that the compressive fracture strength is
decreased with increasing the pore volume fraction. The tested samples have been carefully
characterized to assess the damage in the microstructure. A transition has been observed
from a brittle behaviour at low porosity (bellow 50%) towards a local damage at high
porosity. All these experimental data have been used to validate a numerical model based
on the Phase Field Method (PFM) to simulate the local damage in the 3D microstructure.
The relevance of this model to accurately predict the crack nucleation in porous material
has been previously confirmed with theoretical considerations. In this frame, it has been
shown that the simulations with the PFM model are in good agreement with the theoretical
prediction given by the mixed criterion. In addition, it has been checked that the PFM
model is able to accurately simulate the expected decrease of the fracture toughness with
the porosity increase. As a final validation, it has been shown that the evolution of the
experimental compressive fracture strength with porosity is well captured by the model.
The PFM approach has been then applied to study the local rupture in the YSZ backbone
induced by the Ni re-oxidation. It has been found that the first cracks can be generated even
for a very low degree of Ni oxidation.
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