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Enhancing the performance and durability of solid oxide fuel cells (SOFCs) requires concurrent
improvements in electrochemical activity and mechanical integrity, both strongly dependent on the
initial anode microstructure and its degradation over long-term operation. This study presents a
comprehensive degradation investigation for nickel-gadolinium doped ceria (Ni-GDC) SOFC anode
microstructures, combining the generation of realistic syntheticmicrostructures and large-scale aging
simulations. Synthetic microstructures are generated and quantitatively validated against
experimental reconstructions of Ni-GDC employing an enhanced structure generator workflow that
incorporates sintering-like morphological coalescence, resulting in digital twins for optimization
studies. Representative synthetic microstructures are generated with systematically varying phase
volume fractions and subjected to long-term (2000 h) aging using a validated multiphase-field model.
Electrochemical performance descriptors, including triple-phase boundary (TPB), double-phase
boundary (DPB) densities, phase tortuosities, and mechanical properties, such as elastic moduli and
stress distributions resulting from thermal expansion coefficient mismatch between Ni and GDC, are
collectively analyzed. The results provide detailed insights into the design of anodemicrostructures by
highlighting trade-offs between initial and degradation-induced electrochemical and mechanical
performance.

Solid oxide fuel cells (SOFCs), characterized by fuel flexibility and high
operating temperatures (600 °C−900 °C), are promising energy conversion
devices. Improving their cost-effectiveness and long-termreliability requires
design strategies incorporating both micro- and macrostructural effects
influencing electrochemical performance and stability1. Although yttrium-
stabilized zirconia (YSZ) is typically the electrolyte and anode support
material, gadolinium-doped ceria (GDC) is emerging as a promising
alternative due to its superior ionic conductivity even at lower temperatures
of 500 °C 2,3. In reducing atmospheres, GDC exhibitsmixed ionic-electronic
conductivity (MIEC)4, thereby enabling electrochemical reactions to occur
not only at triple-phase boundaries (TPBs), defined as the line or region
where the electron conductor, ion conductor, and gas phase intersect, as in

Ni-YSZ anodes, but also at extended sites of double-phase boundaries
(DPBs) between pores and MIEC materials, improving electrochemical
performance. Thus, the applicationof doped ceria can allowextensionof the
operating range of SOFCs to lower temperatures, referred to as intermediate
temperature SOFCs (IT-SOFCs). Despite these advantages, performance
degradation during long-term operation remains a critical challenge limit-
ing the commercialization of SOFCs.

A major contributor to the degradation of the SOFC anode is the
morphological evolution of the 3D porous electrode microstructure during
operation. In Ni-based anodes, degradation is primarily caused by Ni
coarsening, agglomeration, and depletion5–7. While the zirconia matrix in
Ni-YSZ anodes is relatively stable, Ni-GDC anodes exhibit notable GDC
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phase evolution, resulting in more complex microstructural dynamics5,8.
Several experimental studies reported their findings under electrochemical
operating conditions, whereas some were conducted under purely thermal
open circuit voltage (OCV) conditions8,9. Recently, under humidified
thermal OCV conditions, Liu et al.9 reported Ni coarsening along with
minor GDC growth, without any evidence of nano-GDC particles or
nanoscale changes in the GDC phase. Understanding the degradation of
solid oxide cells (SOC) resulting frommicrostructural evolution is essential
for predicting long-term cell performance and durability. In this regard,
microstructural simulations can play an integral role in understanding SOC
degradation by reducing time and cost, and complementing experiments.
However, their predictive capability is strongly determined by the identifi-
cation of a suitable model for coarsening in Ni-GDC anodes, along with
accurately calibrated parameters for Ni-GDC systems.

The phase-field method10–13 is used in conjunction with SOFC anodes
to investigatemicrostructural evolutions14–19. In this regard, themultiphase-
field (MPF) model based on grand-potential formulation20,21 presents a few
advantages, including independent control of binary interfacial energies,
uniformandfinite interfacial thicknesses, andquantitative representationof
interfacial diffusion, enabling the direct incorporation of experimentally
measured surface diffusion coefficients and contact angles. It is noteworthy
to mention that the above-mentioned phase-field studies were primarily
focused on Ni-YSZ anodes, where microstructural evolution is dominated
by Ni coarsening, while the YSZ phase remains largely stable. In contrast,
phase-field investigations of Ni-GDC systems remain relatively unexplored
due to their complexity, as the evolution of both the Ni and GDC phases
results in a more complex microstructural evolution. Sun et al.22 developed
an integrated mesoscale model to predict long-term morphological and
performance-related degradation in Ni-GDC anodes. Previous work, while
informative, relied on indirect validation andwas limited to three literature-
based descriptors, i.e., themean particle diameters of Ni, GDC, and the TPB
density. Recently, Chang et al.23 developed a multi-scale simulation frame-
work combining discrete element modeling to generate initial Ni-GDC
anodemicrostructures andaphased-fieldmodel to simulate the evolutionof
the Ni-GDC anode microstructure. In their work, validation of the gener-
atedmicrostructures was limited to a small set of descriptors, primarily TPB
density and tortuosities of GDC and pore, and the simulation results were
validated against experiments using primarily TPB density values from the
literature. Due to computational limitations, the modeled electrode volume
was restricted to 3.5 μmx3.5 μmx1.1 μm, limiting the representativeness of
the anode microstructure.

In our previous work24, we performed quantitative 3D phase-field
simulations of Ni and GDC coarsening in Ni-GDC SOFC anodes, using
experimentally reconstructed pristine microstructures and quantitative
validation using aged microstructures (240 h and 1100 h) across an
extensive set of metrics. Due to the scarcity of literature data for Ni-GDC
systems, the required interface and diffusion parameters were determined
using a Bayesian active learning framework25. In the current work, this
validatedmodel is employed to perform large-scale aging simulations over a
systematically generated set of initial synthetic microstructures. This work
utilizes the Phase-field Algorithms for Computational Engineering in 3D
(PACE3D) simulation framework26, a powerful multi-physics environment
enabling physics-based predictive modeling of microstructural evolution
drivenby a rangeof influencingmechanisms27. Its highly efficient vectorized
SIMD (Single-Instruction Multiple-Data) solver, described in detail in the
work of Seiz et al.28, constitutes the computational core for aging
simulations.

It is well established that SOFC anode microstructures profoundly
influence macroscopic properties, including mechanical integrity and
electrochemical performance. In particular, porosity has been shown to
influence the elastic modulus and biaxial strength significantly29–31. Despite
extensive studies onelectrochemical behavior andmicrostructure evolution,
direct and time-resolved investigations ofmechanical property degradation
under steady-state, isothermal aging conditions remain scarce. These stu-
dies are critical since the anode serves as a load-bearing component inmany

SOFC designs, such as anode-supported and metal-supported cells, where
microstructural changes directly affect mechanical reliability32. Liu et al.33

developed a deep learning-based homogenization framework that links
porous Ni-YSZ anode microstructures to effective macroscopic properties,
including elastic modulus, Poisson’s ratio, shear modulus, and thermal
expansion, and demonstrates their dependence on porosity andNi content.
However, their workwas limited toNi-YSZ anodes, and the effects of aging,
as well as the influence of electrolyte volume fraction, were not investigated.
More recently, Elmoghazy et al.34 performed strain-controlled numerical
homogenization to evaluate the evolution of effective elastic properties in
Ni-GDC anodes during aging, but their analysis was confined to a single
initial microstructural configuration. Thus, a systematic investigation of
how variations in initial Ni-GDC microstructures, particularly phase
volume fractions, affect effective mechanical properties and their degrada-
tion during aging is still lacking. To the best of our knowledge, this has not
been comprehensively addressed in the literature. In multi-scale andmulti-
physics SOFC modeling, accurate macroscopic mechanical parameters are
essential for stress analysis under thermal loading35. Since these properties
are determined by the microstructure of the electrode, establishing quan-
titative correlations between microstructural features and macroscopic
mechanical responses, togetherwith electrochemically relevantmetrics such
as TPBs, DPBs, and tortuosities, is essential.

The electrochemical performance of Ni-GDC SOFC anodes strongly
depends on microstructural properties such as TPB and DPB densities,
defining the available sites for electrochemical reactions, as well as the tor-
tuosity of the Ni, GDC, and pore phases, controlling the electron, ion, and
gas transport through the porous network. The initial phase volume frac-
tions and particle sizes of the microstructure strongly influence these
properties, enablingmicrostructure optimization through tailored electrode
compositions and particle sizes to enhance performance. In experimental
optimization studies, however, the number of microstructures being
investigated is inherently limited, as the fabrication of Ni-GDC samples, 3D
microstructure characterization using advanced imaging techniques such as
Focused Ion Beam Scanning Electron Microscopy (FIB-SEM), and the
large-scale aging studies to assess degradation are time-consuming,
resource-intensive, and costly. As an alternative, numerical modeling
approaches have been widely used to overcome these limitations, as they
enable the rapid generation and systematic evaluation of a large number of
microstructures36–38. Despite advances in modeling synthetic micro-
structures, accurately reproducing the complex microstructures of SOFC
anodes, formed by the sintering of multi-component particles, remains a
challenge. Sintering-induced particle overlap was implemented by simply
enlarging the particle sizes39. A similar dilatation-based method was also
employed by Zheng et al.40 to reproduce sintering effects. Furthermore, key
geometric and statistical descriptors, such as phase volume fractions and
particle size distributions, are not always controllable in modeling approa-
ches. Since the systematic optimization of the microstructure is based on
these descriptors, the possibility to control these is crucial during the crea-
tion of structures in generator models. In this work, we extend and adapt a
flexible virtual structure generatororiginallydevelopedbySchöller et al.41 for
multi-layer SOFCmicrostructures. Theunderlying frameworkof theirwork
builds uponmethods developed by Feinauer et al.42 andWesthoff et al.37 for
modeling lithium batteries and has been tailored to the specific require-
ments of multilayer SOFC architectures.

The microstructures of SOFC electrodes are defined by several inde-
pendent parameters, such as phase volume fractions and particle sizes,
which influence both initial performance and long-term degradation.
Optimizing for the slowest degradation may not necessarily result in opti-
mal initial performance, highlighting the complexity of microstructure
design. Timurkutluk et al.43 systematically examined TPB density as a
function of particle size and phase volume fractions in synthetic SOFC
electrode microstructures by generating a large number of virtual micro-
structures and evaluating performance based solely on TPB density. Prioux
et al.44 proposed a multiscale modeling framework for optimizing Ni-YSZ
hydrogen electrode microstructures, utilizing experimentally measured
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electrochemical data at the cell level and 3D electrode reconstructions as
references, and coupling synthetic microstructures with electrochemical
models on the cell and electrode levels. Mütter et al.45 applied an artificial
neural network for optimizing process parameters. Despite attempts to
optimize microstructure in SOFC research, this domain is still evolving,
mainly as a result of limited understanding of microstructure evolution
phenomena. Peng et al.46 highlighted this research gap in a comprehensive
review study. Optimizing electrode microstructures in such a high-
dimensional parameter space requires extensive modeling efforts com-
bined with a systematic investigation of independent parameters affecting
performance in pristine structures as well as over long-term operation, both
of which we have presented here.

In this work, we extend an original structure generator workflow41 to
generate a realistic digital twin of Ni-GDC anode microstructures. The
extended workflow introduces a computationally efficient, sintering-like
morphological coalescence step based on a modified Allen-Cahn formula-
tionwith volume preservation47 and a correction term controlling curvature
minimization48 to replicate the sintering process in experimentally fabri-
cated anodeswithout explicitly simulating physicalmechanisms. Thedigital
twin is rigorously validated against FIB-SEM reconstructed 3D Ni-GDC
anode microstructures by incorporating seventeen quantitative structural,
geometrical, electrochemical, and mechanical relevant descriptors. Fifteen
synthetic microstructures are generated systematically by varying the Ni,
GDC, and pore volume fractions to investigate microstructural degrada-
tions. The aging behavior of Ni-GDC anodes is predicted using a
multiphase-field model based on the grand-potential functional, previously
validated against experimentally aged structures24 and parameterized using
Bayesian active learning methods25 to simulate long-term (2000 h) coar-
sening under thermal operating conditions. Themechanical response ofNi-
GDC anode microstructures is evaluated using a quasi-static solid
mechanics formulation with strain-controlled homogenization to estimate
effective elasticmoduli and the stackboundary conditionsmethod, enabling
coupled evolution of stress and strain resulting from thermal expansion and
mechanical confinement34. Electrochemical performance-relevant descrip-
tors such as TPBs, DPBs, and phase tortuosities, as well as mechanical
integrity-relevant descriptors such as elastic moduli, average von Mises
stress, and critical volume fractions (CVF), are analyzed as functions of
phase volume fractions in pristine structures and their temporal evolution
during isothermal aging, providing comprehensive insights into the design
and degradation of Ni-GDC SOFC anodes.

Results and Discussion
This section systematically investigates the influence of the volume fractions
of nickel, GDC, and pore phases in synthetic microstructures on both the
initial and long-term performance of Ni-GDC SOFC anodes. First, the
influence on microstructural properties relevant to electrochemical per-
formance, such as TPB and DPB densities, along with the tortuosity of the
phases determining ion, electron, and gas transport, is analyzed in the
pristine state, followed by the corresponding effects on effective mechanical
properties and response. Subsequently, multiphase-field simulation results
investigating the coarsening behavior of various synthetic microstructures
under thermal operating conditions of 900 °Cwith a gas composition ofH2-
50%/H2O-50% are presented. The evolution of microstructure over time is
examined through particle diameter analysis, after which the influence of
aging on microstructural properties relevant to electrochemical perfor-
mance is discussed, followed by the effective mechanical properties in the
aged state.

Influence of initial microstructure on descriptors of electro-
chemical performance
TPBs represent the electrochemical reaction sites in both Ni-YSZ and Ni-
GDC SOFC anodes. Figure 1(a) compares the influence of phase volume
fractions on the total TPB density across all investigated synthetic micro-
structures. As expected, the TPB density shows a strong dependence on the
phase volume fractions. For each porosity group, the TPB density initially

increases, reaches a maximum at nearly equal Ni/GDC solid volume frac-
tions, and then decreases thereafter. The TPB density values are highest at
the equivalent Ni/GDC solid volume fraction (50/50) for the structures,
except for the group with 45% porosity. Furthermore, the TPB densities for
Ni/GDC compositions of 50/50 and 60/40 show only minimal differences.
Overall, the maximum TPB densities among the groups are observed for
structures A3, B3, and C4, which reach 4.98, 4.04, and 3.22 μm−2, respec-
tively. The highest TPB density can be seen in a groupwith 25% porosity, as
expected from the higher volume fractions of nickel andGDC.These results
are consistent with the percolation-based analyses reported in the
literature49–51. With comparable particle radii of the two solid phases, the
TPB density increases with the solid phase fraction, reaches a maximum at
the equivalent phase composition, followed by a decrease. In the current
work, the highest TPB density occurs in the A3 configuration, where nickel
andGDCrepresent around 37.5 vol.% respectively, and the pore is 25 vol.%.

DPBs also contribute to the electrochemical activity in Ni-GDC SOFC
anodes due to the mixed ionic and electronic conductivity of GDC, making
the GDC/Pore interface an additional site to the TPBs as electrochemical
reaction sites. As depicted in Fig. 1b, the DPB density decreases with
decreasing GDC solid volume fraction for all porosity groups A, B, C from
1.80–2.02 to 0.86–0.96 μm−1. Within each group, a higher GDC content
(solid volume fraction) leads to an increased DPB density as a result of the
increased available GDC surface area. Across different porosities (A, B, C
groups), however, a distinctive trend can be observed: Structures with a
porosity of 25% consistently exhibit lower DPB densities, while those with a
porosity of 35% and 45% exhibit higher and nearly identical values, sug-
gesting saturation. This behavior emphasizes that DPB density depends on
both the GDC volume fraction and the pore phase, as well as connectivity.
At lower porosity (25%), the pore phase is poorly percolated, as reflected in
high pore tortuosity values (in the range of 5.5–10; Fig. 1e), limiting contact
between GDC, pores, and rendering a significant fraction of the GDC
surface confined within the solid network. Increasing the porosity to 35%
significantly improves pore connectivity (tortuosity in the range of 2.7-3.4;
Fig. 1e), uncoveringmoreGDCsurfaceareaand increasing theDPBdensity.
A further increase in porosity to 45% leads to no further enhancement in
DPB density, indicating a saturation stage in which nearly all accessible
GDC surfaces are already in contact with the pore phase. Overall, systems
with a porosity of 35% (group B) deliver better results with regard to DPB
densities.

TPB and DPB densities are not the sole determining factors for the
electrochemical performance of Ni-GDC SOFC anodes; the efficient
transport of fuel gas, electrons, and oxide ions is equally essential. The
transport of gas is determinedbyporephase contiguity,while continuousNi
andGDCpathways enable electronic and ionic conduction.Microstructure
influence on these transport processes can be quantified by tortuosity:
higher values indicate poorly connected phases with long and convoluted
paths that impede transport, while lower values correspond to well-con-
nected, short, and relatively straight paths that enable efficient transport.
Indefinite tortuosity values indicate a non-percolating phase for which
effective transport is not possible. Figure 1c–e shows the volume-dependent
tortuosity of theNi,GDC, andporephases, averagedover the threeprincipal
directions.

Across all porosity groups, Ni tortuosity decreases with increasing Ni
volume fraction, reflecting improved phase connectivity, a general trend
reported for porousmultiphase systems (Fig. 1c). StructureswithNi volume
fractions of 16.78% (C1), 19.67% (B1), 22.08% (C2), and 22.51% (A1)
exhibit non-percolating Ni and thus infinite tortuosity, while the closest
percolating case of B2 (25.71% Ni) exhibits connectivity yet with a high
tortuosity value of 31.36. These trends align with the experimental Ni-GDC
microstructure analyzed in this study, where aNi volume fraction of 21.92%
results in a non-percolatingNi structure, even though themean particle size
(0.91μm) is larger than in the synthetic structures (0.75μm), but the particle
size ratios are comparable (Ni/GDC is 1.59 in the experimental structure
and 1.50 in the synthetic structure). In contrast, Ni volume fractions
between 37.60% and 52.71% result in well-connected pathways, with
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tortuosity decreasing from 5.18 to 2.18. Although GDC offers mixed ionic
and electronic conductivity, its electronic conductivity is several orders of
magnitude lower than that of Ni52. Consequently, anodes with low or non-
percolating Ni fraction may still be viable if GDC and pore phases are well
connected, subject to design considerations, such as the thickness of the
anode functional layer, and the dominant rate-limiting transport mechan-
ism. Thus, the present results provide quantitative insight into the selection
of Ni and GDC volume fractions tailored to specific cell designs, and the
extracted microstructural parameters provide needed input for transmis-
sion line modeling of Ni-GDC SOFC anodes for cell performance as a
function of microstructural composition.

The tortuosity of the GDC phase primarily determines the transport of
oxide ions and primary or auxiliary electrons in SOFC anodes. As shown in
Fig. 1d, GDC tortuosity decreases with increasing GDC volume fraction
across all porosity groups, showing a similar trend to the Ni phase. However,
GDCpercolation is achievedat lower volume fractions: only a single structure
(C5, 16.50%GDC) is non-percolating, while the closest percolating case (B5,
19.34% GDC) exhibits a connected structure, with a high tortuosity (21.63).
The experimental Ni-GDC microstructure analyzed in this study, with a
GDC volume fraction of 41.57%, resulted in a mean tortuosity of 2.51,
whereas the synthetic structure B2 (39.13% GDC) with a tortuosity of 2.46
comes close to these results. Overall, GDC volume fractions in the range of
30.52 to 52.37% result in well-connected transport pathways, with tortuosity
decreasing from3.69 to 1.61.GDCexhibits a lower percolation threshold and
a lower tortuosity compared to Ni at equivalent phase volume fractions,
indicating that transport connectivity is governednotonlybyvolume fraction
and particle size, but also possibly by phase interactions and microstructural
evolutionduring fabrication of the anode.Due to their larger size,Ni particles
form fewer Ni-Ni contacts and can be disrupted more easily by surrounding
GDC phases; consequently, Ni connectivity could be interrupted, leading to
higher tortuosity and a higher percolation threshold. In contrast, the smaller
GDC particles exhibit higher coordination and denser packing, enabling
percolation at lower volume fractions and resulting in lower tortuosity. In the
three-phase Ni-GDC-pore system, phase connectivity is furthermore
explained by sintering-induced coalescence driven by particle size ratios,

initial contact statistics, and interfacial thermodynamics. While Ni coalesces
at a faster ratedue tohigherdiffusivity and surface energy, these factors donot
necessarily enhance long-distance connectivity. GDC with slower coales-
cence and lower surface energy instead develops smoother and more con-
tinuous networks, eventually leading to long-distance connectivity.

Pore tortuosity is another important indicator for gas transport in the
anode, with higher values indicating more convoluted diffusion paths and
reduced accessibility of reactants to sites of electrochemical reactions. As
shown in Fig. 1e, pore tortuosity decreases with increasing porosity, as
expected: Group A (25% porosity) shows the highest values, while Group C
(45% porosity) shows the lowest values, reflecting improved pore con-
nectivity. A pronounced decrease in tortuosity can be observed between 25%
and 35% porosity, while small changes are observed between 35% and 45%,
suggesting saturation once awell-connected pore network is established. At a
fixed porosity, pore tortuosity is additionally influenced by the ratio of Ni/
GDC solid volume fractions due to the differing particle sizes. Across all
porosity groups, an increase in the Ni fraction resulted in lower pore tortu-
osity. Specifically, pore tortuositydecreases from9.92 to5.49 ingroupA, from
3.37 to 2.69 in groupB, and from2.18 to 2.00 in groupC as theNi/GDC ratio
changes from 30/70 to 70/30. The influence of the solid phase composition is
most prominent at low porosity (group A) and is negligible at high porosity
(group C), which is consistent with the saturation of the pore network. This
behavior reflects the interaction between particle size, solid volume fractions,
and porosity: at constant porosity, a higher proportion of larger Ni particles
tends to result in coarser pore channels, while a higher proportion of smaller
GDC particles narrows the pore necks and increases the complexity of the
pathways. The experimental Ni-GDC anode microstructure with a pore
volume fraction of 36.51% features a mean pore tortuosity of 2.68, corre-
sponding well with the synthetic structures in group B (35% porosity), where
values range between 3.37 and 2.69 depending on the Ni/GDC ratio.

Influence of initial microstructure on effective mechanical
properties
As described in detail in Microstructure quantification section, this work
employs a homogenization method in which the heterogeneous anode

Fig. 1 | Variations inmicrostructural properties depending on porosity and solid volume fractions (solid vol. %) of nickel/gadolinium-doped ceria (Ni/GDC) phases.
a total triple-phase boundary lines (TPBL) density, (b) double-phase boundary (DPB) density, and mean tortuosities of c Ni, d GDC, e pore.
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microstructure is replaced by an equivalent homogeneous continuum,
enabling a systematic evaluation of the effective mechanical properties and
their evolution during aging as a function of the initial microstructural
configuration. Effective mechanical properties of porous Ni-GDC anodes,
comprising directional elastic moduli and Hill’s average, were extracted
from the initial synthetic microstructures of groups A, B, and C to establish
structure-property correlations. The directional elasticmoduli (Exx,Eyy, and
Ezz) for groups A, B, and C are shown in the Fig. 2a–c. For groups A and B,
the directional moduli for a given composition are clustered closely, indi-
cating a nearly isotropic elastic response. In contrast, group C (45% por-
osity) exhibits pronounced elastic anisotropy (Fig. 2c). As shown in Fig. 2d,
the Hill average modulus (EHill) decreases linearly with increasing porosity,
declining from84.23–105.41GPa for groupA (25%porosity) to 41.51-48.19
GPa for group C (45% porosity). This tendency is consistent with compu-
tational studies on reconstructedNi-YSZ anodes and porousmediamodels,
which reported a reduction in the elastic modulus with increasing porosity,
in accordance with Gibson-Ashby’s scaling laws53–55. At fixed porosity, EHill
increases with increasingNi solid volume fraction in all groups. Specifically,
EHill increases from84.23 to105.41GPa in groupA, from62.66 to 72.72GPa
in group B, and from 41.51 to 48.19 GPa in group C as the Ni/GDC solid
volume fraction changes from30/70 to 70/30. This behavior results from the
higher elasticmodulus ofNi (200GPa) in comparison toGDC(120GPa), as
shown in Table 1.

Influence of initial microstructure on mechanical response
In order to approximate the mechanical constraints imposed on the anode
in an SOFC stack, a boundary condition setup was employed, similar to the
approach used in the work of Elmoghazy et al.34. The interface between the
anode and electrolyte was fully fixed (ux, uy, uz) = (0, 0, 0), the interface
between the anode and interconnect was constrained only in the normal
direction (uz=0), while the lateral surfaceswere constrained in their normal
displacement (un = 0) to account for the confinement by neighboring cells.
Contrary to the strain-controlled homogenization framework employed to
estimate the effective elasticmoduli (Microstructure quantification section),
the stack-level boundary condition setup enables the coupled evolution of
stress and strain resulting from thermal expansion and mechanical con-
finement, thereby providing a more physically representative evaluation of
the internal mechanical response. The vonMises stress is utilized here as an
equivalent scalar measure of the multiaxial thermomechanical stress state,
thereby enabling a quantitative comparison of stress levels and their spatial
distribution across different microstructures and aging states. It is used
solely as an indicator of the overall stress state and is not intended to predict
fractures, failure, or damage. Figure 2e shows the average von Mises stress
under the applied stack boundary conditions and thermal expansion, for
different porosities and Ni/GDC solid volume fractions. The average von
Mises stress is defined as hσvMi ¼ 1

V

R
VσvMðxÞ dV . Overall, the average von

Mises stress decreases with increasing porosity, declining from amaximum
of 1.61 GPa for group A (25% porosity) to 0.90 GPa for group C (45%
porosity). At fixed porosity, the average von Mises stress increases with Ni
content in all groups: from 1.27 to 1.61 GPa in group A, from 1.15 to 1.49
GPa in group B, and from 0.90 to 1.14 GPa in group C, with the Ni/GDC
ratio changing from 30/70 to 70/30. As expected, these trends largely cor-
respond to those of the Hill average elastic modulus. The relatively high
stress values predicted in this study are attributed to the purely elastic
material model assumption. In practice, part of the stress would be relaxed

Fig. 2 | Effect of porosity and nickel/gadolinium-doped ceria (Ni/GDC) solid
volume fractions (solid vol. %) on effective mechanical properties and stresses.
Directional elastic moduli (Exx, Eyy, Ezz) are shown for pore volume fractions of

a 25%, b 35%, and c 45%. d Hill average elastic modulus (EHill), and e average von
Mises stress are also presented for varying porosity and solid volume fractions.

Table 1 | Properties of the materials used in the mechanical
simulations

Phase Elastic modulus
E (GPa)

Poisson’s
ratio ν

Thermal expansion
coefficient αθ (K−1)

Ni 20085 0.3185 16.00 × 10−6 86

GDC 12087 0.3387 12.96 × 10−6 88
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by inelastic deformation or damage mechanisms. Therefore, the present
stress values shouldprimarily be interpreted comparativelywhenevaluating
differences between microstructures. It is observed that, on account of the
similar evolution of EHill and the average vonMises stress, i.e., increase with
Ni content and decrease with porosity, it can be approximated that the
thermal eigenstrain remains nearly constant across all configurations. This
insensitivity can be largely attributed to the relatively small differences in the
thermal expansion coefficients of Ni and GDC (Table 1), thereby reducing
the influence of solid volume fraction variations on the overall thermal
eigenstrain.

Evolution of microstructure and particle size during aging under
varying initial configurations
All pristine synthetic Ni-GDCmicrostructures were employed as inputs for
multiphase-field aging simulations performed for 2000 hours, with prop-
erties evaluated at 50-hour intervals. To comprehensively characterize the
anode degradation, the analysis focused on the temporal evolution of the
mean particle diameters of Ni, GDC, and pores; electrochemically-relevant
metrics such as TPB and DPB densities as well as phase tortuosities; and
effective mechanical properties like directional elastic moduli, Hill average
elastic modulus, and critical volume fraction. The objective here is to
quantify the influence of different initial configurations on the degradation
of these key properties. A detailed analysis of the correlations between the
initial configurations of the microstructure and the degradation of its
properties enables the targeted optimization of the initial microstructures,
ultimately leading to improved durability and efficiency of SOFCs. Figure 3
shows the 3D microstructure evolution of selected configurations (A1, A5,
B1, B5, C1, C5) after aging times of 1000 h and 2000 h. Microstructural
evolution directly affects the electrochemical reaction sites, the transport of
ions, electrons, and gases, and thus the long-term stability of the anode.
Experimentally, aging-induced coarsening of Ni and GDC has been widely
reported and is reflected by an increase in the mean particle size5,8,9.

Figure 4a–c depicts the evolution of the mean Ni particle diameter for
porosity groups A, B, and C. In all microstructural configurations, Ni
coarsening is most pronounced during the early stages of aging and slows
considerably at later stages, in agreement with experimental observations8

and simulations19,24. For all porosity groups, the relative increase in themean
Ni particle diameter, as expected, increases with increasing Ni solid volume
fraction. The largest particle growthafter 2000 aging hours is observed inA5
at 46.6% (0.762 to 1.117 μm), B5 at 54.8% (0.768 to 1.189 μm), and C5 at
56.7% (0.748 to 1.172 μm)withNi volume fractions of 52.71%, 45.26%, and
38.60%, respectively. It is noteworthy that the highest relative growth occurs
in configuration C5, despite its lower Ni volume fraction. This behavior can
largely be attributed to the combined effect of higher pore content (44.9%
vol.) and lower inhibition by theGDCnetwork (vol. 16.50%) in conjunction

with the significantly faster surface diffusivity of Ni in comparison to
interfacial diffusivity (five orders of magnitude25), promoting rapid particle
coalescence among the nickel particles and thus a higher increase in the
mean particle diameter. Figure 4d–f shows the evolution of the mean GDC
particle diameter for porosity groups A, B, and C. In contrast to Ni, GDC
exhibits a much slower and more gradual coarsening behavior over time,
reflecting its significantly lower diffusivity, about five orders of magnitude
lower than that ofNi25. Across all porosity groups, the relative increase in the
mean GDC particle diameter increases with increasing GDC solid volume
fraction, similar to the trend observed for Ni. Minor differences among the
curves at different solid volume fractions within a given group arise from
slightly different initialGDCparticle sizes of those respective configurations.
After 2000 aging hours, the largest particle growth is observed for A1 at
17.3% (0.514 to 0.603 μm), B1 at 8.9% (0.505 to 0.550 μm), and C1 at 5.6%
(0.503 to 0.531 μm), with GDC volume fractions of 52.57%, 45.28%, and
38.34%, respectively. The largest relative growth in GDC is observed in
configuration A1, which has the highest GDC volume fraction. Given the
smaller particle size, strong percolation, and relatively low diffusivity of
GDC, particle coarsening is primarily dependent on the volume fraction in
the investigated 2000-hour aging time, rather than the porosity and inhi-
bition by the nickel network. Figure 4g–i displays the evolution of themean
pore diameter across A, B, and C porosity groups. Porosity evolves in
accordance with the rearrangement and coalescence of solid particles in the
structure. As particle coalescence progresses, the pore network becomes
increasingly connected - also reflected in the decreasing pore tortuosity as
shown in Fig. 7g–i - resulting in an increasing mean pore size over time.
During early aging, pore evolution follows Ni coarsening closely, due to the
rapid growth of Ni. In later stages, the continuing, but slower, coarsening of
GDC determines the further pore evolution. The largest growth in pore size
after 2000 aging hours is observed in A5 at 128.8% (0.320–0.732 μm), B5 at
119% (0.397–0.870 μm), and C5 at 102.7% (0.475–0.963 μm), with pore
volume fractions of approximately 25%, 35%, and 45%, respectively. As the
porosity varies between groups A, B, and C, their initial pore size distribu-
tions also differ correspondingly. As a result, group C with higher porosity
displays the largest absolute pore diameters, while groupAof lower porosity
exhibits the largest relative pore growth, reflecting substantial enlargement
of initially smaller and more restricted pores despite smaller final abso-
lute sizes.

Electrochemical performance-related microstructural proper-
ties degradation
The evolution of the total TPB density for porosity groups A, B, and C is
shown in Fig. 5a–c. In accordance with the rapid coarsening of Ni during
early aging, the TPB density decreases sharply at the initial stage and slows
down considerably over longer durations. Overall, it can be seen that the

Fig. 3 | Morphological evolution of the pristine
synthetic 3D nickel-gadolinium doped ceria (Ni-
GDC) anode microstructures after 1000 and
2000 hours of aging for selected initial configura-
tions (A1, A5, B1, B5, C1, C5) predicted from
multiphase-field simulations.
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TPB evolution shows a qualitatively inverse correlation to the mean Ni and
GDCparticle diameter evolution.After 2000hours of aging, theTPBdensity
decreases by 43.8% to 69.4% relative to the respective initial values, indi-
cating a significant loss of electrochemical reaction sites and a corre-
sponding degradation in cell performance. At a fixed porosity, a higher Ni
solid volume fraction leads to relatively greater TPB degradation and lower
absolute TPB densities after aging. Across all porosity groups, the structures
with high porosity (group C) exhibit the lowest TPB densities after
2000hours of aging,while the structureswith lowporosity (groupA)display
comparatively higher values. Considering both the initial TPB density and
long-term stability, configurations A2 (Ni vol. 29.77%, GDC vol. 45.33%)
and A3 (Ni vol. 37.60%, GDC vol. 37.99%) show the best properties, with
TPB densities decreasing from initial values of 4.5, 4.98 μm−2 to values of
1.87 and 1.85 μm−2, respectively, after 2000 aging hours. Competing
mechanisms of Ni and GDC coarsening in conjunction with wettability or
dewetting behavior at Ni/GDC interfaces enhance the complexity of mor-
phological evolution. As demonstrated in our previous work, interfacial
energy configurations in the Ni-GDC-Pore system with wetting behavior
can mitigate TPBs loss and enhance microstructural stability during long-
term operation24. Figure 6 shows the evolution of the total triple-phase
boundary from the initial state to 2000 hours of aging for selected config-
urations (A3, B3, C3). Figure 5d–f illustrates the DPB density evolution for
porosity groups A, B, and C. Across all configurations, DPB density
decreases monotonically with aging, resulting in an overall reduction of
14.6% to 18.9% from the initial values after 2000 h of aging. Porosity groups
B (35%) and C (45%) maintain higher and nearly identical DPB densities

over the entire aging period, in line with the higher initial values. Within
each porosity group, a higher GDC solid fraction is also associated with
higher DPB densities after long-term aging. Kishimoto et al.56 have
demonstrated through sensitivity analyses at 700 °C that the electrochemical
reaction at the DPB is the rate-limiting step in ceria-based electrodes,
indicating that increasing the DPB density is more effective for improving
performance than increasing species transport. In accordance with these
results, configurations B1 and C1 exhibit the highest DPBs both in their
pristine state (2.02 and 2.02 μm−1) and after 2000 hours of aging (1.70 and
1.72 μm−1), implying their preference in terms of both initial performance
and long-term stability.

To quantify effective electronic, ionic, and gas transport pathways, the
time evolution of the mean tortuosity of the Ni, GDC, and pore phases is
presented in Fig. 7. The evolution of nickel mean tortuosity for porosity
groups A, B, and C is shown in Fig. 7a–c. Multiple configurations (A1, B1,
C1, C2) were not included, as nickel is non-percolating in the initial
structures.ConfigurationC3 (Ni vol. 27.58%,GDCvol. 27.34%)was initially
percolated,with ameannickel tortuosity of 27.94; however, it becomes non-
percolating over aging due to a very high initial directional tortuosity value
of 54 in the x-direction. Although percolation persists in the y- and z-
directions, the loss of connectivity in the x-direction results in a non-
percolatedmeanvalue. These results indicate thatmicrostructureswithhigh
initial tortuosity values are prone to forming nickel islands, particularly at
low nickel volume fractions. Configuration A2 (Ni vol. 29.77%, GDC vol.
45.33%) exhibits a significant increase in nickel tortuosity from 21.12 to
29.93 after 2000 h. In configurations with low Ni and high GDC volume

Fig. 4 | Evolution of themean diameter over 2000 hours of aging frommultiphase-field simulations. a–c nickel, d–f gadolinium-doped ceria (GDC), and g–i pore phases
at porosity groups of 25%, 35%, and 45%, respectively, across solid volume fractions (solid vol. %) of nickel/gadolinium-doped ceria (Ni/GDC).
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Fig. 5 | Evolution of electrochemical reaction sites over 2000 hours of aging from
multiphase-field simulations. a–c total triple-phase boundary lines (TPBL) density,
d–f double-phase boundary (DPB) density at porosity groups of 25%, 35%, and 45%,

respectively, across solid volume fractions (solid vol. %) of nickel/gadolinium-doped
ceria (Ni/GDC).

Fig. 6 | Total triple-phase boundary at initial and after 2000 hours aging for porosity groups of 25% (A3), 35% (B3), and 45% (C3), respectively, from multiphase-field
simulations, with color-coded triple-phase boundary (TPB) segments.
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fractions, nickel coarsening can lead to encapsulation of Ni particles by the
GDCnetwork in someareas, restricting further coalescence, but forming the
isolated Ni regions. This significantly increases tortuosity, as electron
transport paths must circumnavigate the high density of GDC networks.
Such microstructural configurations are highly sensitive to local morpho-
logical changes, where minor connectivity losses can cause large tortuosity
variations. Increased tortuosity, resulting in an increased isolatedNi volume
fraction, is reported in the literature57. The increase in tortuosity is most
pronounced during early aging, consistent with rapid nickel coarsening, but
shows various discontinuities (absent in particle size evolution). It could be
due to tortuosity being highly sensitive to local variations in particle con-
nectivity or isolation, unlike volume properties (which are less affected by
such local events), where local particle isolation or percolation changes can
significantly alter the values.

Configurations B2 (Ni vol. 25.71%, GDC vol. 39.13%) and C4 (Ni vol.
32.85%, GDC vol. 21.96%) show an initial decrease followed by a gradual
increase and eventual stabilization of tortuosity. Despite lower nickel con-
tent in the B2 structure than in A2, reduced GDC network and higher
porosity promote better connectivity initially as particle coalescence starts,
but over time, the reduction in particle number and formation of nickel
islands could result in increasing tortuosity values. Despite containing a
similar nickel content to A2, the C4 structure, with its higher porosity of
45%, exhibits better initial properties and a similar evolution to the
B2 structure. These results demonstrate that nickel tortuosity depends not
only on Ni content, but also on GDC fraction and porosity, consistent with
prior studies stating that both solid fraction andporosity control percolation

thresholds58. At higher nickel contents, the correlation is noticeably weaker,
and an increasing particle size of Ni does not necessarily result in increased
tortuosity of nickel over time. Consistent with previous studies that inves-
tigated structureswith nickel contents of 20%, 25%, and 33% for theNi-YSZ
system, the high nickel content of 33% resulted in a tortuosity value that
remained nearly invariant over time59.

Electron transport is often not the rate-limiting process in SOFC
anodes andmay thereforemakeNi tortuosity values seem less critical. InNi-
GDC anodes, the GDC phase also exhibits electronic conductivity, which is
one to two orders of magnitude higher than its ionic conductivity, further
reducing the likelihood of electron transport limiting electrochemical
reactions. Consequently, the distribution of electrochemical activity is pri-
marily determined by ionic conduction rather than electronic transport60.
From this standpoint, nickel tortuositymaynot be a primary design focus in
Ni-GDC anodes. In cases where the nickel network becomes non-perco-
lating, the effective electronic conductivity is predominantly controlled by
the GDC phase. Nevertheless, the assumption that the entire DPB is elec-
trochemically active remains subject to debate; instead, reactions may be
localized around TPB regions. This effect can become more pronounced at
lower operating temperatures due to the lower electronic conductivity in the
GDC phase. Consequently, higher TPB and DPB densities, together with
lower tortuosity of the Ni andGDC phases, may remain desirable in certain
cell designs and operating conditions. Therefore, the sensitivity of electrode
performance to all microstructural properties in terms of initial config-
urations and degradation remains important, as it determines the para-
meters that need tobeprioritized formicrostructural optimization. Findings

Fig. 7 | Evolution of mean tortuosity over 2000 hours of aging from multiphase-field simulations. a–c nickel (Ni), d–f gadolinium-doped ceria (GDC), and g–i pore
phases at porosity groups of 25%, 35%, and 45%, respectively, across solid volume fractions (solid vol.%) of nickel/gadolinium-doped ceria (Ni/GDC).
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and insights gained from this study are likely to be useful in future efforts to
enhance the microstructure of electrodes, as well as in cell-level modeling
and TLM for electrochemical performance.

The evolution of GDC tortuosity for porosity groups A, B, and C is
depicted in Fig. 7d–f. Configuration C5was excluded due to the initial non-
percolating GDC phase. For all other configurations, GDC tortuosity dis-
plays only a slight decrease over the aging period, indicating that the ionic
and electronic transport pathways remain largely stable with respect to their
initial states. Such behavior correlates with the slow coarsening kinetics of
GDC, as reflected in only minor increases in the mean particle diameter.
While local coalescence of GDC particles occurs, the degree of coalescence
remains insufficient to result in particle isolation or loss of percolation.
Instead, the low diffusivity and surface energy of GDC promote the for-
mation of smoother, more continuous networks, thereby preserving long-
range connectivity over time.Kishimoto et al.56 investigated the sensitivity of
electrode area-specific resistance (ASR) to key microstructural parameters,
including DPB density, GDC tortuosity, andmean pore size. Their analysis
concluded that ASR is most sensitive to DPB density, with variations
spanning nearly two orders of magnitude, while changes in GDC tortuosity
and pore size resulted in comparatively small ASR variations within the
same order ofmagnitude. Furthermore, increased DPBdensity remains the
most effective strategy for improving performance, with a 10% increase in
DPB density resulting in a 10% reduction in ASR. Finally, the increase in
GDC tortuosity needs to be limited to prevent an increase in ohmic losses
associated with ion conduction.

Based on the aforementioned results, several conclusions could be
drawn. In the initial microstructures, GDC volume fractions between
30.52% and 52.37% resulted in well-percolated transport networks, with
GDC tortuosity dropping from 3.69 to 1.61. Given the role of GDC in
electrochemical reactions, aswell as ionic and electronic transport pathways,
configurations with non-percolating or low Ni content might still be viable
depending on the cell design. In this regard, configurations B1 (Ni vol.
19.67%, GDC vol. 45.25%), B2 (Ni vol. 25.71%, GDC vol. 39.13%), and C1
(Ni vol. 16.78%,GDCvol. 38.34%)prove tobe favorable, as they exhibit high
initial DPB densities and modest aging degradation (B1: 2.02 to 1.70, B2:
1.77 to1.49,C1: 2.02 to1.72μm−1) alongwith lowand stableGDCtortuosity
(B1: 2.02 to 1.95, B2: 2.46 to 2.36, C1: 2.72 to 2.55). Previous studies have
shown that ceria-based electrodes hold the potential to operate as SOFC
anodes without a secondary electronic phase. Chueh et al.61 demonstrated
this for single-phase ceria, and Nakamura et al.62,63 showed the same for
micrometer-sized pure GDC. In addition to DPB density and GDC tortu-
osity, if Ni-related metrics are prioritized, such as TPB density and Ni
tortuosity, configuration B2 may be preferable. Compared to B1 (3.12 to
1.62μm−2) andC1 (2.49 to1.40μm−2), configurationB2exhibits higherTPB
density and lower degradation (3.68 to 1.67 μm−2) in addition to being the
only configuration among the three with a percolated Ni network. Never-
theless, simultaneous maximization of both the electrochemical reaction
sites (TPBs and DPBs) and minimization of the tortuosity of the Ni and
GDC transport networks is difficult, as these microstructural properties are
inherently coupled and often compete with each other. Increasing and
balancing solid volume fractions of Ni and GDC tends to increase TPB
density but is likely to decreaseDPBdensity. Conversely, highGDCvolume
fractions donot necessarily lead to the highestDPBdensities, as limitedpore
volume could constrain DPB formation. Furthermore, efficient transport
generally favors higher volume fractions of each phase, which further
competes with the need for substantial interfacial reaction sites. Figure 7g–i
shows the evolution of pore tortuosity for porosity groups A, B, and C.
GroupC (45%porosity), with an already low initial pore tortuosity, shows a
moderate but overall decreasing pore tortuosity across all Ni/GDC solid
volume fractions with aging. Pore tortuosity correlates well with initial pore
size and its evolution, with larger pores promoting improved connectivity
and lower tortuosity. These findings are consistent with the phase-field
studies by Chen et al.14, reporting that prolonged coarsening in Ni-YSZ
systems can enhance gas transport through the pore phase. In contrast,
groups A and B across different Ni/GDC compositions show rather

discontinuous and non-monotonic trends in pore tortuosity. In these sys-
temswith lower porosity, the correlation between pore size and tortuosity is
noticeably weaker, and an increase in pore size does not necessarily corre-
spond to a reduction in tortuosity over time. This behavior reflects the
complex microstructural evolutions of Ni and GDC coarsening and inter-
facial dynamics, thus making direct correlations between morphological
evolution and pore tortuosity less straightforward. Furthermore, micro-
structures with lower porosity are more sensitive to local particle redis-
tributions occurring during aging than highly porous systems. Overall, pore
tortuosity, similar to GDC tortuosity, shows no significant changes during
aging across all configurations (except for configurationA1), indicating that
gas diffusion pathways remain largely stable compared to their initial state.

Mechanical performance-related effective properties
degradation
Evolution of elastic properties for porosity groups A, B, and C is shown in
Fig. 8a–l. All configurations show an overall reduction in elastic properties
over aging. An increase in pore size and shape change generally results in a
degradation of mechanical strength and a reduction in stiffness. For
example, in configuration A1, the effective directional moduli Exx, Eyy, and
Ezz decrease from 83.63, 84.89, and 84.62 GPa to 78.77, 80.27, and 80.39
GPa, respectively, while Hill average elastic modulus EHill decreases from
84.23 to 79.77GPa as themean pore diameter increased from0.351 to 0.476
μm over 2000 hours of aging. Figure 8a–c depicts the evolution of the Hill
average elastic modulus EHill for porosity groups A, B, and C. For all con-
figurations, EHill shows a pronounced initial decline, corresponding to rapid
Ni coarsening in the early stages, followed by a gradual decline or a nearly
constant value at longer aging times. The overall reduction in EHill ranges
from 5.30% to 14.48%, with the highest deterioration observed in the high
porosity groupCand the lowest in groupA. Figure 8d–l shows the evolution
of the effective directional elasticmoduli (Exx,Eyy,Ezz) for porosity groupsA,
B, and C. The moduli show a sharp initial decline, followed by a slower
decline or near stabilization at later stages, except for configurations B5 and
C5, consistent with the trends in the Hill average elastic modulus. The
correlationbetween the increase inmeanporediameter and the reduction in
effective directional elastic moduli is weaker for configurations B5 and C5.
Although the pore size increases monotonically in these structures, the
discontinuous evolution of pore tortuosity in B5 and Ni tortuosity in C5,
arising from local particle rearrangements, might strongly influence the
evolution of the directional moduli. Overall, the effective directional elastic
moduli decrease between 5.7% and 18.9% for all configurations. Group C,
with high porosity, shows the largest relative decrease, while groupA shows
the lowest. Configurations with higher Ni content, higher porosity, and less
inhibition by the GDC network (e.g., B5 and C5) also display increased
anisotropy during aging. In configuration C5, for example, the effective
directional elastic moduli decrease by 0.9%, 1.9%, and 17% along the x, y,
and z directions, respectively, after 2000 hours of aging. In the work of Brus
et al.64, it was shown that long-term SOFC operation of a Ni-YSZ anode
resulted in strong anisotropy in the anode microstructure. An initially
isotropic anode, after prolonged operation of 3800 hours, exhibited strong
anisotropy, particularly in the nickel and pore phases of the investigatedNi-
YSZ anode. As possible causes for the anisotropies, nickel migration,
growth, and coarsening were mentioned. Also, they highlighted the
importance of credible numerical simulations of SOFCs accounting for
these anisotropies. Liu et al.33 reported an increase in elastic properties
during the sintering stage of Ni-YSZ anode fabrication, as progressive
densification resulting in reduced porosity enhances elastic properties with
sintering time. The current study demonstrates that during long-term aging
of Ni-GDC anodes, microstructural coarsening and pore evolution result in
a decrease in elastic properties. Overall, the elastic properties and the evo-
lution of these properties over time are determined by the combined effects
of porosity, Ni/GDC volume fractions, pore size and shape, as well as the
connectivity of the phases.

A common degradation mechanism in SOFCs is delamination at the
electrode-electrolyte interface, which compromises cell integrity and leads
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to performance degradation. This damage is primarily caused by thermo-
mechanical stresses arising from different thermal expansion coefficients of
the electrode components and the electrolyte; Consequently, the composi-
tion of the anode has a strong influence on the resulting stress distribution.
In addition, partial performance degradation during operation is often
associated with some partial breakup of Ni/YSZ or Ni/GDC interphases,
which disrupts ionic and electronic transport pathways and reduces the
density of three-phase boundaries. Figure 9a–f shows the evolution of the
average von Mises stress and the CVF under the applied stack boundary
conditions. From a mechanical standpoint, the CVF quantifies the fraction
of the microstructure exposed to stresses exceeding a threshold level. The
CVF is defined as CVF ¼ 1

V tot

R
VðσvM > σ thresholdÞdV , where the threshold value

σthreshold is taken as the average von Mises stress of the pristine state of the
corresponding configuration. This microstructure-specific normalization

accounts for intrinsic differences in stiffness, phase connectivity, and con-
straint among microstructures, enabling the CVF to reflect aging-induced
stress localizationwith respect to the threshold of each configuration, rather
than an absolute stress threshold applied uniformly to all structures. As
microstructure coarsening progresses, the internal load distribution also
changes: Stress concentrations are reduced in areas where sharp curvatures
and small features vanish, while other regions carry a larger proportion of
the load. These redistributions are also influenced by initial Ni/GDC solid
volume fractions, porosity, and the evolution of particle sizes and shapes,
and directly affect both overall stress and localized stress concentrations. As
shown inFig. 9a–f, the coarseningof themicrostructure over aging results in
a significant redistribution of local stress fields and large changes in global
loading conditions. Consequently, both the average von Mises stress and
CVF exhibit similar qualitative trends across configurations.

Fig. 8 | Evolution of elastic properties over 2000 hours of aging frommultiphase-
field simulations. a–c Hill average elastic modulus (EHill), and effective directional
elastic moduli (d–f) Exx, g–i Eyy, j–l Ezz for porosity groups of 25%, 35%, and 45%,

respectively across solid volume fractions (solid vol. %) of nickel/gadolinium-doped
ceria (Ni/GDC).
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In group A (low porosity), both the average von Mises stress and the
CVF increase with aging across all Ni/GDC solid volume fractions, indi-
cating an enhancement of thermally induced stresses resulting from the
coefficient of thermal expansion (CTE) mismatch between Ni and GDC.
These results suggest that high-densityNi-GDC anodes experience elevated
stress levels during long-term operation. From a mechanical integrity
standpoint, an increase in average von Mises stress, particularly when
coupled with an increase in CVF, indicates an overall elevation of the
internal stress state and stress concentrationwithin themicrostructure. This
behavior might be attributed to the high effective stiffness (EHill) and low
porosity of the structures, which strongly constrain the thermal-expansion
mismatch and limit stress reduction through pores. In the absence of
external mechanical loading, stresses resulting solely from thermal expan-
sion might be determined by competing effects of porosity, stiffness, phase
connectivity, and local heterogeneity at the interfaces betweenNi/GDC and
solid/pores, in addition to the primaryCTEmismatch. An increase in theNi
volume fraction further increases the stress levels, as themore rigidNi phase
increasingly restricts GDC deformation. For example, in configuration A5,
the average vonMises stress increases from1.61 to 1.88GPa over aging. The
CVF increases from 46.4% to 60.0%, indicating that substantially larger
volumes of the microstructure exceed their initial stress threshold. This
stress amplification and redistribution caused by coarsening suggest an
increased mechanical loading state within the microstructure. Similarly,
Xiang et al.65 simulated thermomechanical stresses arising from the CTE
mismatch between Ni and YSZ under operating conditions and external
loading. Their results demonstrated that the YSZ volume fraction plays a
dominant role in controlling the mechanical strength of the anode, and
optimizing the YSZ skeleton during fabrication could significantly improve
the resistance to mechanical failure in Ni-YSZ composite anodes.

In the highly porousNi-GDCanodes of groupC, aging enhances stress
reduction, as reflected in a systematic reduction in both the average von
Mises stress and the CVF across all Ni/GDC compositions. High porosity
may promote stress reduction through the pores, allowing the Ni or GDC
phase to expand without restriction, and coarsening of the particles under
reduced phase constraint might smooth local stress gradients. As a result, a
smaller portion of the microstructure is exposed to stresses above the
pristine average. For example, in configuration C5, aging resulted in a
decrease in the average von Mises stress from 1.14 to 0.97 GPa, and the

corresponding critical volume fraction decreases from 46.0% to 36.8%. The
decrease in average von Mises stress and CVF over the aging indicates
improved tolerance to thermal mismatch strains. However, this improved
mechanical stability is achieved at the expense of reduced stiffness
(see Fig. 8) and possibly lower electrochemical performance (see Fig. 5).
Previous studieshavehighlighted the strong influenceof anode composition
and porosity on the thermomechanical behavior in SOFC anodes. Celik
et al.66 numerically investigated the stress distributions in porous Ni-YSZ
anodes at the microstructural level and demonstrated that increasing the
volume fraction of a particular solid phase (Ni or YSZ) stabilizes thermal
expansion and reduces thermo-mechanical stress. They further reported
that the lowest stress levels occur at high porosity due to stress reduction
through the pores. To further illustrate the local stress redistribution during
aging, Fig. 10 shows representative 3D contourmaps of the vonMises stress
together with the histograms for configurations A5 andC5 in the initial and
2000h aged states. In all cases, the stress field is strongly heterogeneous, with
elevated stresses confined to small localized regions, whereas themajority of
the microstructural volume remains at comparatively low stress levels. The
histograms are strongly right-skewed, showing that very high stress values
occur onlywith very lowprobability and therefore contribute onlyweakly to
the volume-averaged stress. Aging shifts the stress distribution differently
depending on the volume composition. In the A5 configuration, the dis-
tribution shifts toward higher stresses and the maximum local stress
increases (from 7.76 GPa to 10.30 GPa), while in C5, the distribution shifts
toward lower stresses and themaximumstress increases slightly (from11.55
GPa to 12.57GPa).The color scale of the stress contourplots is limited to the
range of 0 to 4 GPa to enhance the representation of the dominant stress
regime, at which the majority of the distribution density is concentrated.
These local stress maps and the histograms show that aging is accompanied
by a redistribution of stress within the microstructure, as reflected by the
change in the probability distribution from the initial to the aged state. A few
isolated extreme stress values are also observed, likely associated with very
thin neck regions, but these occur with very low probability.

Each microstructure exhibits distinct stiffness, phase connectivity,
constraint, and thermal load sharing, resulting in different distributions of
thermal stresses depending on the Ni/GDC/porosity balance. In group B
(intermediate porosity with 35%), both the average vonMises stress and the
CVF remain relatively stable during aging, with only a slight increase

Fig. 9 | Evolution ofmechanical response over 2000 hours of aging frommultiphase-field simulations. a–cAverage vonMises stress, and d–f critical volume fraction for
porosity groups of 25%, 35%, and 45%, respectively, across solid volume fractions (solid vol. %) of nickel/gadolinium-doped ceria (Ni/GDC).
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observed in theNi-rich configurationB5 (CVF: 48.6% to 51.1%; average von
Mises stress: 1.49 to 1.56 GPa). These results suggest that a Ni-GDC anode
with intermediate porosity offers a mechanically favorable balance: rela-
tively better stiffness values compared to the high porous group (Fig. 8) to
sustain load-bearing requirements while limiting stress localization and
CVF growth. These results provide an understanding of the possible
mechanical degradation in the initial configurations of porous Ni-GDC
electrode structures over the aging process as a result of thermal expansion-
related stresses and the resulting performance losses, degradation of the
SOFC. The current work investigates the overall behavior of themechanical
properties and their deterioration resulting from aging-induced complex
morphological evolutions of the 3D Ni-GDC SOFC anode. A detailed
analysis of the relevant mechanisms and trends with regard to porosity and
evolutionwithin specific groups is beyond the scope of the current research.
Nevertheless, these findings provide a basis for future research focusing on
more comprehensive investigations.

The rigorously validated digital twin microstructure of the Ni-GDC
SOFC anode enabled optimization investigations of anode microstructures
using combined electrochemical performance and mechanical integrity
metrics in both pristine and aged states. The extended structure generator
workflow incorporating sintering-likemorphological coalescence produced
greatly closer, realistic synthetic microstructures, yielding a global mean
absolute percentage error of below 5% over 16 quantitative descriptors.
Systematic investigations of fifteen synthetic anode microstructures in the
pristine and aged states revealed strong, correlateddependencies ofTPBand
DPB densities, phase tortuosities, elastic moduli, and stress distributions on
Ni and GDC volume fractions and porosity.

Considering the initial TPB density and its long-term stability as pri-
mary design criteria, configurations A2 (Ni vol. 29.77%, GDC vol. 45.33%)
and A3 (Ni vol. 37.60%, GDC vol. 37.99%) emerge as the most promising,
exhibiting high initial TPB density accompanied by relatively low degra-
dation after 2000 hours of aging. A3 additionally demonstrated better nickel
percolation compared to A2. Given theMIECnature of GDC and its role in
electrochemical activity and transport, configurations with reduced or even
non-percolatingNi contentmay remain viable depending on the cell design.
In this context, B1 (Ni vol. 19.67%, GDC vol. 45.25%), B2 (Ni vol. 25.71%,
GDC vol. 39.13%), and C1 (Ni vol. 16.78%, GDC vol. 38.34%) configura-
tions offer favorable trade-offs, exhibitinghigh initialDPBdensity, relatively
low degradation rates, and stable GDC transport pathways. Among these,
the B2 configuration provided the best overall performance whilst prior-
itizing Ni-related metrics, as it incorporated Ni-percolation along with a
relatively high TPB density, and reduced degradation.

The effective elastic properties and average von Mises stress
decreased linearly with increasing porosity. For all configurations, the
effective elastic properties exhibited a pronounced initial decline cor-
responding to rapid Ni coarsening in the early stages, followed by a
gradual decline or near-constant behavior at longer aging times. The
coarsening of the microstructure during aging led to a significant
redistribution of local stress fields and substantial changes in global
stress conditions resulting from thermal eigenstrains. Microstructures
with medium porosity (35%) offered the most balanced mechanical
performance by limiting stress localization and critical stress volume
fractions during aging. In contrast, anodes with low porosity exhibited
increased stress concentrations, while anodes with high porosity showed
improved stress tolerance at the expense of lower stiffness and reaction
site density values.

Taken together, these findings demonstrate that optimal SOFC anode
design requires an integrated electrochemical-mechanical performance
consideration based on multiple microstructural descriptors rather than a
single-metric optimization. The quantitative results presented here provide
guidance for selecting Ni and GDC volume fractions tailored to specific cell
designs, while the extracted microstructural parameters serve as necessary
inputs for transmission line modeling of Ni-GDC-SOFC anodes for cell
performance as a function of microstructural composition, as well as for
modeling at the cell and stack levels. A comprehensive investigation of
particle size sensitivity and optimization is planned as a natural extension of
the present work.

Methods
In this section, we present the comprehensivemethodology employed to
generate synthetic Ni-GDC SOFC anode microstructures and to model
the degradation of microstructural properties pertinent to electro-
chemical performance and mechanical integrity during aging. The
workflow begins with an overview of a synthetic microstructure gen-
eration process, including a newly implemented extension to the original
structure generator. This is followed by modeling of microstructure
coarsening utilizing the phase-field method and formulations of solid
mechanics to resolve the stress-strain distribution within the evolving
microstructure. Thereafter, we detail the quantification of the 3D Ni-
GDC anode microstructure relevant to electrochemical and mechanical
performance. Lastly, the validation of the generated synthetic micro-
structure against an experimental structure and the subsequent gen-
eration of fifteen statistically representative synthetic microstructures
are discussed.

Fig. 10 | Local stress distributions in the initial and 2000h aged microstructures for configurations A5 and C5. a–d contour maps of von Mises stress, and e–h stress
distributions.
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Extension of the structure generator for sintering-like
morphologies
In thework of Schöller et al.41, syntheticmicrostructures were generated in a
four-step process as shown in the schematic workflow (original workflow)
inFig. 11: (i) dense packingof hard spheres using adiscrete elementmethod,
enforcing prescribed particle size distributions for differentmaterial phases;
(ii) identification of contact points via a neighbor graph connecting all
spheres based on a minimum spanning tree (MST); (iii) generation of
individual particle geometries using spherical harmonics with specified
angular energy spectra, incorporating the previously identified contact
points; (iv) The resulting parameterizedmicrostructure was then voxellized
and converted into a diffuse-interface representation using a multiphase-
field method. Further details on the original framework can be found in
ref. 41. Validation of the virtual structure generator was performed by
comparisonwith experimentally reconstructed electrodemicrostructures in
previous work41. A comparison of key microstructural descriptors, such as
phase volume fractions, specific surface areas, and tortuosities, as well as a
qualitative visual comparison, showed that the reported deviations were
limited to a few percentage points. The generator relies on several input
parameters, such as particle size distributions and angular power spectra;
their influence on the resultingmorphology is not known a priori. Amulti-
objective Bayesian optimization was employed to systematically calibrate
the generator by minimizing the discrepancy between the morphological
metrics of the generated and experimental microstructures across multiple
objectives.

Although the original structure generator workflow provides a rea-
sonably close representation of the experimental SOFC anode micro-
structures and agrees well with several quantitative descriptors, the
workflow lacks the ability to generate microstructures more realistic to the
experimental structures. In particular, key quantitative metrics such as TPB
density and mean particle diameter are not validated against experimental

structures. The current work extends the original workflow to further
improve synthetic SOFC anode microstructures in comparison to experi-
mental structures. One significant limitation of the original generator is the
missing particle coalescence, which results from the sintering stage in the
experimental fabrication process. To address this, a sintering-like mor-
phological coalescence step is integrated as an extension of the original
workflow. The aim of this extension is not to simulate the physical
mechanisms governing sintering, as this would require detailed governing
equations, extensive parameterization, and substantial computational
resources, as well as time for large 3D domains. Instead, the focus is on
efficiently replicating sintering-like morphological features, particularly the
formation of sintering neck and particle coalescence, in a computationally
tractablemanner suitable for syntheticmicrostructure generation. Figure 11
shows a qualitative comparison between the synthetic microstructures
obtained using the original and extended Workflows.

Theprimary objective of the structure generatorworkflow extension in
this work is to generate synthetic SOFC anode microstructures that are
visually and quantitatively representative of the experimental structures
across a large set of microstructural descriptors. To achieve sintering-like
morphological coalescence in the synthetic structures, a multiphase-field
(MPF) method is employed. The MPF method is well established for
simulating the evolution of complex microstructures across micro- and
mesoscopic length scales. The model utilized in this study is based on the
multiphase-field formulation of Steinbach et al.10 and Nestler et al.67 and
incorporates a targetedmodification of theAllen-Cahn equation to simulate
sintering-like coalescence while preserving phase volumes. Although the
classical Allen-Cahn equation68 is not inherently volume-conserving, this
property canbe enforcedbymeansof an extra artificial bulkdriving force for
volume preservation of specific phases47. In addition, an obstacle potential is
used together with a corrective term that suppresses the curvature mini-
mization dynamics intrinsic to the Allen-Cahn equation. This curvature

Fig. 11 | Schematic representation of the extended microstructure generation workflow, emphasizing the extended sintering-like morphological coalescence step and
resulting enhancements to synthetic solid oxide fuel cells (SOFCs) nickel-gadolinium doped ceria (Ni-GDC) anode microstructures.
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minimization behavior, resulting from the Laplace termΔϕ in Eq. (7), leads
to changes in both phase shape and phase volume. Following the approach
proposed by Sun et al.69, this dynamics can be partially or fully eliminated,
enabling controlled morphological coalescence.

In a systemwithN phases, themicrostructure is represented by a set of
order parameters ϕ ¼ ϕ1; ϕ2; . . . ; ϕN

� �
, whereby each order parameter or

phase field variable ϕαðx; tÞ represents the presence of phase α at position x
and time t.Valuesϕα =1andϕα =0correspond to thepresenceor absenceof
phase α. Diffuse interfaces with finite thickness are employed in place of
sharp phase boundaries, where ϕα smoothly varies between 0 and 1. The
phase field variable ϕα can therefore be interpreted as the local volume
fraction of phase α. The total free energyF of a multi-phase heterogeneous
material containing N solid phases is represented as the volume integral of
the free energy density f over the domain V

F ½ϕ;∇ϕ� ¼
Z

V
f gradð∇ϕÞ þ f potðϕÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

f intf ð∇ϕ;ϕÞ

þ f ðϕÞ þ gðϕÞ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
f bulkðϕÞ

dV: ð1Þ

Following the notation of Nestler et al.67, the combined potential f pot
and the gradient term f grad together account for the interfacial energy and
ensure a diffuse interface with finite thickness. The term f ðϕÞ represents the
phase-inherent bulk energy of the phases and acts as the driving force for
phase transformation. An additional positive contribution gðϕÞ enforces the
volume preservation of the phases. For more details, interested readers are
referred to Nestler et al.47. The gradient10 and potential terms are as follows:

f grad ∇ϕ
� � ¼ �ϵ

X
α;β > α

γαβ∇ϕα � ∇ϕβ; ð2Þ

f pot ϕ
� � ¼ 16

ϵπ2
P

α;β > α
γαβ ϕαϕβ þ 1

ϵ

P
α;β > α;δ > β

γαβδ ϕαϕβϕδ; if ϕ 2 G;

1; otherwise :

8<:
ð3Þ

Here, γαβ represents the interfacial energy of the α and β phases, and ϵ
controls thediffuse interfacialwidth.The second term inEq. (3) prevents the
growthof unwanted interfacial contributions at binary interfaces. The order
parameter ϕα evolution follows an Allen-Cahn type equation driving the
system towards minimal energy. The evolution equation reads as follows:

∂ϕαðx;tÞ
∂t ¼ � 1eNϵ

PeN
β≠α

Mαβ
δf intf
δϕα

� ϵbaðϕα;∇ϕαÞ�h
� δf intf

δϕβ
� ϵbaðϕβ;∇ϕβÞ � 8

ffiffiffiffiffiffiffi
ϕαϕβ

p
π Δαβ

	

;

ð4Þ

whereMαβ represents the mobility, eN refers to the number of locally active
phases, and the variational derivative

δf
δϕα

¼ ∂f
∂ϕα

� ∇ � ∂f
∂∇ϕα

: ð5Þ

Meanwhile, Δαβ is given as:

Δαβ ¼ δ

δϕα
� δ

δϕβ

 !
f bulk; ð6Þ

where f bulk denotes the phase-inherent bulk energy of the phases and an
additional positive contribution that enforces volume preservation. As
demonstrated by Schoof et al.48 in themultiphase-field context, the addition
of an extra isotropic gradient energy density term, ϵbaðϕα;∇ϕαÞ, to the

phase-field evolution is specified as follows:

ϵbaðϕα;∇ϕαÞ ¼ ϵγcα Δϕα � ∇ϕα
�� ��∇ � ∇ϕα

∇ϕα
�� ��

 ! !
: ð7Þ

This term enables the calibration of the curvature-driven interface
evolution by a surface energy-like parameter γcα, which does not contribute
to curvature minimization. The parameter γcα can be understood as a
numerical factor for calibrating the strength of the artificially constructed
interface. The combined contribution of the interfacial free energy density
and this additional isotropic gradient term, as discussed in ref. 48,70, pro-
vides a means of controlling the curvature minimization dynamics deter-
mined by γαβ. In the present work, these formulations are used as a
numerical means of controlling curvature minimization. The extended
workflow’s ability to generate synthetic microstructures representative of
experimental SOFCanodemicrostructures is validated in thisworkusing an
extensive set of quantitative descriptors.

Multiphase-field framework for aging simulations
A simplified modeling approach is followed with the aim of capturing the
essential physical mechanisms governing the aging of the Ni-GDC SOFC
anode microstructure whilst ensuring computational tractability. In parti-
cular, a multiphase-field method based on the grand-potential functional
of 20 expanded to include surface self-diffusion21 is employed to model the
coarsening of both the Ni and GDC phases under thermal operating con-
ditions. The porous anode microstructure is represented by three order
parameters corresponding to the nickel, GDC, and pore phases. The model
assumes mass and volume conservation, isotropic interfacial properties,
along with surface and interfacial diffusion as primary mass transport
mechanisms. In the current work, each solid phase is treated as homo-
geneous, and grain boundary effects are not explicitly resolved. Incorpor-
ating grain boundary effects and achieving quantitative validation requires
reconstructed pristine and aged microstructures with resolved grain
boundary or crystallographic orientation information, along with experi-
mentally determined orientation-dependent parameters (e.g., grain
boundary energies and diffusion coefficients) under relevant operating
conditions, which are currently limited. In our previous work24, phase-field
simulations based on FIB-SEM reconstructed pristine microstructures
(without resolved grain boundaries) were quantitatively validated against
experimentally agedmicrostructures (240h and 1100h). For amore detailed
discussion, including the scope and limitations of the current modeling
framework, the interested reader is referred to the work of Jeela et al.24.
CoarseningofNi andGDCis considered tobe thepredominantdegradation
mechanism in thermal aging.Accordingly, this study focuses onquantifying
the impact of microstructural coarsening on the long-term performance of
SOFCs.Themodel is applicable toNi-GDCandNi-YSZanodes subjected to
high-temperature thermal aging in open-circuit conditions. Detailed
descriptions of themodel formulations, parameters identified by a Bayesian
active learning approach and parameterization, as well as the multiphase-
field simulation results in comparison to experimentally aged 3D FIB-SEM
microstructures after 240 hours and 1100 hours under thermal operating
conditions of 900 °C with a gas composition of H2-50%/H2O-50% are
reported in our previousworks24,25. Building upon this validated framework,
the current work performs large-scale multiphase-field simulations to
investigate microstructural evolution over 2000 hours, utilizing a range of
initial synthetic microstructures. The temporal evolution of microstructure
descriptors relevant to electrochemical performance and mechanical
integrity is predicted, enabling the evaluation of distinct anode configura-
tions for optimal initial performance, as well as minimal degradation of
performance over long-term operation.
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Solid mechanics in PACE3D framework
The effective elastic properties during the aging are determined by load
simulations of the aged microstructures within the PACE3D multiphysics
framework26. A quasi-static solid mechanics formulation is adopted for
determining the locally resolved stress and strain fields within the micro-
structure, assuming negligible body forces and small deformations. Under
these assumptions, the momentum balance is given by

∇ � σ ¼ 0; σ ¼
XN
α¼1

ϕα σ
α; ð8Þ

cf.71, where σ refers to the interpolatedCauchy stress calculated fromphase-
specific stresses σα, and ϕα represents the order parameter of the α phase.
The infinitesimal strain tensor is interpolated analogously as
ε ¼PN

α¼1ϕα ε
α. In accordance with the jump condition approach72–74,

the local phase strain εα is expressed as

εα ¼ εþ
XN

δ¼1;δ≠α

ϕδ �½ε��αδ; ð9Þ

whereby �½ε��αδ indicates the strain jump over diffuse interfaces between
phasesα and δ defined by�½ε��αδ ¼ εα � εδ . The phase-specific strain εα is
additively decomposed as εα ¼ εel;α þ εθ;α with εel;α denoting the elastic
contribution and εθ;α the thermal contribution. In this regard, εθ;α ¼ ααθΔθI
is considered, wherein ααθ is the isotropic thermal expansion coefficient of
the phase α, Δθ ¼ θ � θαref is the temperature difference relative to the
reference temperature, and I is the identity tensor of second order.

According toHooke’s law, the corresponding phase-specific stresses in
each phase are given by σα ¼ Cα εel;α

� 
 ¼ Cα εα � εθ;α
� 


, with Cα indi-
cating the phase-specific stiffness tensor. Under the assumption of isotropic
elasticity, the stiffness of phaseα is givenbyCα ¼ 3KαP1 þ 2GαP2, where
Kα and Gα denote the compression and shear moduli, respectively. The
projection tensors are given byP1 ¼ 1

3 I � I andP2 ¼ IS �P1, whereby

IS refers to the fourth-order symmetric identity.Material properties used for
this study are listed in Table 1. As the material properties considered here
refer to room temperature conditions, this could result in an overestimation
of the predicted absolute values of effective stiffness at the operating tem-
peratures of SOFCs. However, the relative differences in effective stiffness
between the microstructures remain unchanged, since all microstructures
were evaluated under the same constitutive assumptions.

Microstructure quantification
Microstructural descriptors related to electrochemical performance are
discussed below. The geometrical and electrochemically relevant micro-
structural descriptors of the 3D Ni-GDC SOFC anode, including phase
volume fractions,median particle diameter, tortuosity, TPBs, andDPBs, are
quantified according to establishedmethods. Collectively, these parameters
determine the anode’s performance, influencing electrochemical activity
and ion, electron, and gas transport significantly, and thus affecting the
overall performance of the cell. Particle coarsening is evaluated using con-
tinuous particle size distributions, with the median diameter (d50) as the
representative measure75. Phase tortuosity (τα), which describes the com-
plexity of transport pathways, is estimated from the ratio of ideal to effective
current, averaged over the three spatial directions to obtain a representative
value for the overall transport properties of a phase76. The TPB length is
calculated using a 3D skeletonization method77. The specific surfaces are
determined from the phase-field gradients asAα ¼ 1

V

R
V ∇ϕα
�� ��dV , whereby

each interface (Aα−β) is extracted by solving a set of linear equations. Owing
to the mixed conductivity of GDC, the interface between GDC and pores
forms the electrocatalytically active surface. All methodologies were
implemented in-house within the PACE3D framework and benchmarked
against established test cases19.

Mechanical-related descriptors are described below. The effective
elastic properties of the 3D SOFC anode microstructure are determined
usingnumerical homogenization. In this regard, the effective stiffness tensor
�C is determined using six independent strain-controlled macroscopic load
cases. For each load caseβ=1,…, 6, a definedmacroscopic strain vector�εβ is
applied, such thatu= ε0(x)∈ δΩholds true. For example, β= 1 corresponds
to the macroscopic strain �ε1 ¼ ε0 e1 � e1. The solution to the resulting
linear elastic boundary value problem yields the local stress field σβ(x),
from which the volume-averaged macroscopic stress response can be
determined as

hσβi ¼ 1
V

Z
V
σβðxÞ dV: ð10Þ

The macroscopic stress-strain relation from the numerical homo-
genization scheme is described as follows: hσβi ¼ �C�εβ. The stiffness con-
tribution for each load case is determined by

�Cβ ¼ hσβi ð�εβÞT

ð�εβÞT ð�εβÞ
; ð11Þ

where �C denotes the matrix representation of the stiffness tensor C in

normedVoigt notation and �Cβ refers to thematrix representation of the βth

column of �C. Each load case results in a column of the effective stiffness

tensor. For example, a uniaxial strain �ε1 ¼ ε0 e1 � e1 with the Voigt
representation ε1 ¼ ½ε0; 0; 0; 0; 0; 0�T determines the first column of �C,
while shear load cases provide the corresponding shear columns using the
standard

ffiffiffi
2

p
Voigt normalization78. Since the mechanical model used for

extracting the effective stiffness is fully linear elastic, the homogenized
stiffness tensor is independent of the amplitude of ε0.

The effective stiffness tensor is constructed by superimposing the

contributions of all six independent load cases: �C ¼P6
β¼1

�Cβ. The meth-

odology presented inBöhlke andBrüggemann79 is used to calculate and plot
the elastic modulus body. The directional elastic moduli (Ex, Ey, and Ez) can
be directly extracted from the elastic modulus body as detailed in ref.79.
Beyond the directionalmoduli, an effective isotropicmodulus is obtained by
projecting the anisotropic tensor onto its isotropic Voigt and Reuss bounds
and combining these using the Hill average80. The Voigt estimates of the
bulk and shear moduli are then evaluated accordingly

KVoigt ¼
C11 þ C22 þ C33 þ 2ðC12 þ C13 þ C23Þ

9
; ð12Þ

GVoigt ¼
C11 þ C22 þ C33 � ðC12 þ C13 þ C23Þ þ 3ðC44 þ C55 þ C66Þ

15
:

ð13Þ

Whereas the Reuss bounds result from the compliance tensor
according to

1
KReuss

¼ S11 þ S22 þ S33 þ 2ðS12 þ S13 þ S23Þ; ð14Þ

1
GReuss

¼ 4
15

ðS11 þ S22 þ S33 � S12 � S13 � S23Þ þ
3
15

ðS44 þ S55 þ S66Þ:

ð15Þ

This gives the Hill average values KHill ¼ 1
2 ðKVoigt þ KReussÞ;

GHill ¼ 1
2 ðGVoigt þ GReussÞ, whereas the effective isotropic modulus of
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elasticity is given by

EHill ¼
9KHillGHill

3KHill þ GHill
: ð16Þ

We emphasize that the Voigt-Reuss-Hill estimates give an isotropic
projection of the generally anisotropic effective stiffness tensor and should
therefore solely be used as scalar measures for comparing the overall stiff-
ness evolution across different aging states.

Syntheticmicrostructure generation andexperimental validation
The performance of the extended structure generator in replicating
experimental microstructural features of the SOFC anode was evaluated by
generating a synthetic SOFC anode microstructure utilizing particle size
distributions and phase volume fractions derived from a 3D FIB-SEM
reconstructed experimentalmicrostructure25 as input for the generator. The
generated structure was subsequently validated against the experimental
reference through a combination of visual assessment and comprehensive
quantitative metrics. Since the multi-stage structure generator workflow
depends on several input parameters, such as phase volume fractions,
particle size distributions, angular power spectra, anddilation factors,whose
effects on the resultingmorphology arenot knownapriori, amulti-objective
Bayesianoptimization (BO)approachwasused for systematic calibration.A
total of 200 trials were performed to minimize the global deviation from an
experimental reference microstructure, with emphasis on key metrics such
as phase volume fractions, tortuosities, and specific surface densities of the
Ni, GDC, and pore phases. The resulting databasewas analyzed to refine the
parameter search space and identify suitable fixed input parameters.

Following the BO calibration, a limited number of manual tuning
iterations were performed to adjust the simulation time and tuning para-
meters for curvature minimization that control the sintering-like mor-
phological evolution, aiming to achieve TPB densities closer to the
experimental values as well as to achieve particle coalescence in an efficient
manner. The model parameters were determined through an iterative
manual tuning procedure, inwhich the curvature control parameter and the
interfacial energy configurations were adjusted to achieve closer agreement
between simulated and experimental microstructural descriptors (e.g., TPB
density, DPB density, and surface area densities). This was achieved by
controlling the curvature-driven evolution to obtain realistic morphologies
within a limited number of iterations, followedby aminor refinement of the
interfacial energies to enhance the agreement with the target values.
Without this sintering-like morphological step, the generated structures
exhibit much higher TPB densities than the experimental reference struc-
ture, as the generated structures consist of isolated, nearly spherical particles
resembling green body configurations. Since the primary objective of the
current work is to investigate the influence of initial microstructure con-
figurations on degradation behavior, a total of 15 synthetic microstructures
with predetermined volume fractions and particle sizes need to be gener-
ated. All other generator parameters are defined based on a combination of
BO calibration and manual fine-tuning to ensure consistency across all
generated structures, without necessitating repeated experimental valida-
tion for each structure. The optimization and validation approach thus
establishes a robust set of parameters to be employed consistently across the
generation of all synthetic microstructures. The Bayesian optimization was
performed on a reduced but statistically representative domain, keeping the
experimental voxel resolution25, to reduce computational effort. For a more
detailed description of the original structure generator, parameter sensi-
tivities, and BO framework, the reader is referred to Schöller et al.41. The
optimized input parameters given to the structure generator for creating a
synthetic microstructure are summarized in Table 2. The mean particle
diameter and standard deviation listed in Table 2 define the lognormal
particle size distribution employed as input for the synthetic structure
generation procedure to generate particle size distributions from a given
distribution.

The extended workflow incorporates a sintering-like morphological
coalescence step based on a modified Allen-Cahn phase-field equation that
preserves the volume47, as well as a correction term controlling curvature
minimization48, as described in Extension of the structure generator for
sintering-like morphologies section. All parameters are expressed in a
consistent arbitrary unit system. To accelerate morphological evolution,
equal interfacialmobilities were assigned across all phase pairs, withMNiPore

= MNiGDC = MGDCPore = 1 u4l = uEut
� �

. The interfacial energies were set to
ðγNiGDC; γNiPore; γGDCPoreÞ ¼ ð1:43; 1:2; 2:43Þ, while the curvature control
parameter was chosen as γcα ¼ 9uE=u

2
l . A higher-order term γαβδ ¼

50uE=u
2
l was included to suppress the formation of spurious phase for-

mation. The simulations were performed using an interfacial width para-
meter ϵ as 2.0 ul, number of time steps as 100, and a total simulation time of
2.5 ut. It is emphasized that thismorphological evolution does not represent
a physical sintering process. Instead, the phase-field simulations are
employed as a numerical tool to generate sintering-like morphologies
through particle coalescence rapidly. Accordingly, the simulation time
represents a pseudo-time, and the parameters for mobility and surface
energy are treated as numerical controls governing the rate and extent of
morphological evolution.

The representativeness of the synthetic microstructure was evaluated
by systematically comparing a comprehensive set of geometric, statistical,

Table 2 | Input parameters given to the structure generator for creating a synthetic microstructure

Phase Volume fraction (%) Mean particle diameter (μm) Standard deviation (μm) Angular spectrum amplitude (W nm−1) Dilation iterations

Ni 17.59 0.886 0.352 10−1.8 1

GDC 29.21 0.494 0.070 10−2.5 1

Table 3 | Comparison of microstructural and mechanical
properties: Digital Twin vs. Experimental results

Property Unit Phase Experimental Synthetic Relative
error (%)

Volume
fraction

(%) Ni 21.92 21.33 −2.69

GDC 41.57 41.25 −0.77

Mean
diameter

(μm) Ni 0.91 0.91 0

GDC 0.57 0.57 0

Pore 0.57 0.55 −3.51

Surface area
density

(μm−1) Ni 1.03 1.00 −2.91

GDC 2.19 1.90 −13.24

Pore 1.87 2.00 6.95

Mean
tortuosity

( − ) Ni inf inf –

GDC 2.51 2.21 −11.95

Pore 2.68 3.02 12.69

TPB density (μm−2) – 1.80 1.95 8.33

DPB density (μm−1) – 1.51 1.45 −3.97

Elastic moduli (GPa) Exx 59.16 62.78 6.11

Eyy 58.47 59.45 1.68

Ezz 63.94 62.52 −2.22

EHill 60.40 61.38 1.62
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and microstructural descriptors, relevant to both electrochemical perfor-
mance and mechanical behavior, with an experimental reference structure
(Table 3). The employed experimental 3D microstructure was recon-
structed from Ni-GDC SOFC anode samples produced at For-
schungszentrum Jülich and FIB-SEM tomography at KIT9. The statistical
representativeness of the experimental domain and its subvolumes was
demonstrated in our previous work25. The 3D experimental and synthetic
microstructures are shown in Fig. 12. A visual inspection reveals a high
degree ofmorphological resemblance at both the electrode and phase levels,
including particle shapes, phase connectivity, and spatial distribution. A
quantitative assessment, as shown in the Table 3, validates this agreement
across an extensive set of 17 quantitative metrics. Most relative errors
remain below 5%, with larger discrepancies of 11 to 13% observed for GDC
surface area density and the tortuosities. The generator precisely replicates
the phase volume fractions and particle sizes of Ni, GDC, and pores, while
showing high agreement in the specific surface areas forNi and pore phases;
the GDC surface area shows a higher underestimation of around 13%. TPB
and DPB densities, important descriptors for electrochemical activity, are
reproducedwith errors of about 8% and 4%, respectively. The inclusion of a
sintering-like coalescence step proves essential in achieving TPB values
closer to those observed in experiments. The tortuosity values show larger
deviations of about 12% for GDC and pore phases. These values are highly
sensitive to local microstructural changes. The tortuosity of nickel is not
reported, as the Ni phase is not percolating in both experimental and

synthetic structures. The directional and effective elasticmoduli are alsowell
captured and largely agree with the experimental values.

In order to quantify the overall accuracy of the synthetic micro-
structure, a global errormetric was calculated, defined as themean absolute
percentage error (MAPE) in all metrics considered, which yields a value of
4.92%, calculated from 16 parameters. One parameter with an infinite
reference value was excluded, as the percentage error is undefined in this
case. This single scalar metric demonstrates the generator’s ability to
accurately reproduce across a wide range of geometric, transport-related,
and mechanical properties. The strong agreement in both morphology and
quantitative descriptors confirms the synthetic structure as a digital twin of
the real SOFC anode and enables subsequent sensitivity analyses, correla-
tions between microstructure and properties, to guide optimization of the
electrodes. This work employs the continuous particle size distribution
method of Münch and Holzer75, which is particularly useful for porous
networks as it avoids artificial segmentation into discrete particles. The
methoddetermines the fraction of the phase volume that can be occupied by
overlapping spheres of a certain diameter and, in principle, results in a
complementary cumulative distribution that decreases monotonically from
unity to zero. For the validation of the generated synthetic microstructure,
the continuous particle size distributions of the nickel, GDC, and pore
phases are comparedwith those obtained from3DFIB-SEMreconstruction
(Fig. 13). The close agreement across all phases, as shown in Fig. 13, further
supports the validation of the generated structure in comparison to the

Fig. 12 | Comparison of the Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) reconstructed 3D solid oxide fuel cells (SOFCs) anode microstructure25 and the
individual phase morphologies with a digital twin created by a structure generator.

Fig. 13 | Comparison of particle size distributions of synthetic and reconstructed
microstructures. Continuous particle size distributions (PSD) for the synthetic
microstructure and the Focused Ion Beam Scanning Electron Microscopy (FIB-

SEM) reconstructed anode for a nickel phase, b gadolinium-doped ceria (GDC)
phase, and c pore phase.
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experimental microstructure. Furthermore, a statistical analysis of 10
independently generated microstructures under identical conditions (as in
the validation case) was performed, and the resulting variability in key
microstructural properties is summarized in Table 4. The low variance
observed across a wide range of properties, with coefficients of variation of
about 1% for the majority of properties and 2–3% for two other properties,
confirms the robustness and reproducibility of the structure generation
method. This further demonstrates the reliability of the comparisons pre-
sented in this work.

Generation of synthetic structures for aging simulations
The influence of initial phase volume fractions onmicrostructural attributes
that govern electrochemical performance andmechanical behavior initially
and during aging was investigated by generating a series of synthetic

microstructures through variation of phase volume fractions. Fifteen syn-
thetic microstructures were created by varying the volume fractions of Ni,
GDC, and pore phases while maintaining constant particle sizes. The tar-
geted parameters for analysis and their values in the generated synthetic
structures are summarized in Table 5. Three pore volume fractions were
considered: 25%(groupA), 35% (groupB), and45%(groupC).Within each
group, five configurations were generated by varying the Ni/GDC solid
phase ratio in 10% increments from30/70 to 70/30. These parameter ranges
comprise widely reported experimental and investigated compositions and
enable a systematic evaluation of the effects resulting from the volume
fractions of the three phases. To isolate the influence of particle sizes, the
average particle sizes of Ni and GDC were kept constant in all configura-
tions.Averageparticle diameters of 0.75μmforNiand0.5μmforGDCwere
chosen, corresponding largely to the experimental values for conventional

Table 4 | Evaluation of statistical variations in microstructural properties across 10 synthetic structures (S1 to S10 samples)
generated independently under identical conditions from the structure generator

Property S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 Mean Standard
deviation

Coefficient of
Variation (%)

TPB density (μm−2) 1.90 1.92 1.88 1.86 1.96 1.86 1.86 1.87 1.95 1.89 1.89 0.03528 1.86

DPB density (μm−1) 1.46 1.46 1.48 1.44 1.43 1.47 1.46 1.47 1.45 1.45 1.46 0.01418 0.97

Ni SA density (μm−1) 0.95 0.96 0.95 0.96 0.99 0.95 0.96 0.95 0.98 0.97 0.96 0.01327 1.38

GDC SA density (μm−1) 1.90 1.89 1.90 1.87 1.89 1.89 1.90 1.89 1.89 1.89 1.89 0.00831 0.44

Pore SA density (μm−1) 1.98 1.98 2.01 1.97 1.95 1.99 1.98 1.99 2.00 1.99 1.98 0.01562 0.79

GDCMean tortuosity (− ) 2.19 2.20 2.17 2.26 2.26 2.22 2.18 2.19 2.18 2.21 2.21 0.03040 1.38

PoreMean tortuosity (− ) 2.93 3.13 2.86 3.01 3.12 2.97 3.13 2.98 3.10 2.99 3.02 0.08908 2.95

Ni Mean diameter (μm) 0.93 0.94 0.94 0.88 0.91 0.93 0.95 0.90 0.93 0.94 0.92 0.02062 2.23

GDCMean diameter (μm) 0.57 0.57 0.58 0.59 0.58 0.58 0.58 0.58 0.58 0.57 0.58 0.00600 1.04

Pore Mean diameter (μm) 0.56 0.56 0.55 0.55 0.56 0.55 0.56 0.56 0.56 0.56 0.56 0.00458 0.82

Exx (GPa) 59.57 61.04 61.81 59.72 61.86 60.51 60.18 59.48 61.34 61.38 60.69 0.87160 1.44

Eyy (GPa) 60.69 61.14 59.35 60.11 59.97 61.40 60.50 59.51 59.99 59.75 60.24 0.64370 1.07

Ezz (GPa)) 60.59 61.74 59.71 61.80 61.17 60.93 60.61 61.04 61.92 61.03 61.05 0.63450 1.04

EHill (GPa) 60.18 61.26 60.00 60.07 60.72 60.78 60.39 60.00 60.83 60.38 60.46 0.40150 0.66

Table 5 | Microstructural parameters of the generated synthetic structures

Synthetic
structures

Pore vol.
frac. (%)

Ni GDC Ni Mean dia. (μm) GDC Mean
dia. (μm)

Target (solid
vol. %)

Synthetic
(vol. %)

Target (solid
vol. %)

Synthetic
(vol. %)

Target Synthetic Target Synthetic

A1 25 30 22.51 70 52.57 0.75 0.757 0.50 0.508

A2 40 29.77 60 45.33 0.737 0.495

A3 50 37.60 50 37.99 0.740 0.493

A4 60 45.00 40 30.52 0.749 0.514

A5 70 52.71 30 22.87 0.755 0.499

B1 35 30 19.67 70 45.28 0.75 0.748 0.50 0.502

B2 40 25.71 60 39.13 0.761 0.498

B3 50 32.66 50 32.37 0.756 0.502

B4 60 38.91 40 26.10 0.758 0.502

B5 70 45.26 30 19.34 0.762 0.506

C1 45 30 16.78 70 38.34 0.75 0.753 0.50 0.497

C2 40 22.08 60 32.94 0.742 0.510

C3 50 27.58 50 27.34 0.750 0.504

C4 60 32.85 40 21.96 0.753 0.497

C5 70 38.60 30 16.50 0.748 0.499

The bold values denote the target (reference) parameters used in the design of the fifteen synthetic microstructures, while the remaining values represent the corresponding realized parameters obtained
from the generated structures.
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screen-printed anodes. The resulting particle sizes in all generated micro-
structures remained close to these target values, as shown in Table 5.

Some representative examples of generated synthetic microstructures
are shown in the first row of Fig. 3. The statistical representativeness of the
microstructures is ensured by the appropriate domain size, voxel resolution,
and number of particles. All synthetic microstructures comprise a cubic
domain of 103μm3 and a voxel size of 35 nm, providing sufficient resolution
while maintaining computational tractability for long-term aging simula-
tions. The volume of the domain is well above the representative volume
element (RVE) threshold of 103 particles, wheremost properties converge to
stable values, as found by Joos et al.81. In our previouswork25, statistical error
analysis of a FIB-SEM reconstructed domain (9.4 x 12.4 x 6.4 μm3)
demonstrated low variability inmicrostructural properties, with coefficients
of variation (CV) ranging from 1-5% (mean CV of about 3%), confirming
negligible spatial heterogeneity. In the current work, the simulation domain
of 10.0 x 10.0 x 10.0 μm3 with a total volume of 1000 μm3 is comparable to
and slightly larger than the previously validated representative volume,
ensuring statistical representativeness. Accordingly, any microstructural
inhomogeneities are expected to be minimal, with no significant influence
on the computed properties. Structure generator enables direct and flexible
control over phase volume fractions and particle sizes. By modifying the
parameters of the particle size distribution, microstructures with finer or
coarser particle sizes can be systematically generated. Comprehensive
investigation of particle size sensitivity and optimization, however, is
beyond the scope of the current study and is planned for future work.
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