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H I G H L I G H T S

Generate virtual microstructures to use 
in mechanical simulations for SOEC.
Facile modification of the microstruc-
ture of single layers, and assessment of 
the resulting changes in cell properties.
Develop exemplary design rules for the 
SOEC investigated in this work.
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 A B S T R A C T

Solid oxide electrolysis cells (SOEC) based on a thin ceria electrolyte show excellent performance, but suffer 
from mechanical instability due to expansion of the ceria electrolyte. The cathodic overpotential of the 
fuel electrode increases the chemical expansion, which couples the expansion to the operation conditions 
and can lead to electro-chemo-mechanical failure of the cell. Among the possible mitigation strategies is 
the optimization of the microstructure to minimize chemical stresses during operation. However, changing 
individual features of the microstructure experimentally can be extremely time-consuming and even impossible, 
as the cell production couples the microstructure evolution of support, electrode and electrolyte during 
sintering. Here, we present an innovative approach using a microstructure generator to tailor synthetic 
microstructures and examine the influence of microstructural parameters, such as particle size, density, or 
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electrolyte thickness, on the predicted mechanical stresses during operation. This approach yields correlations 
between microstructure and chemical stresses with greatly reduced effort compared to an experimental 
approach, and highlights the potential of digital materials design.
1. Introduction

Solid oxide electrolysis cells (SOEC) enable the production of hy-
drogen or syngas with high electrical efficiency (100% cell efficiency 
when operated at the thermoneutral voltage), making them an attrac-
tive technology to realize sector coupling between the electrical and 
chemical sector. Compared to fuel cell operation (power generation 
mode), SOEC using a Ni/Y0.148Zr0.852O1.93 (8YSZ) electrode suffers 
from a specific degradation mechanism linked to the migration of Ni 
away from the electrolyte, mostly driven by the electrode overpoten-
tial [1–3]. As a result, the degradation in SOEC mode is higher than 
in SOFC operation [4,5]. In contrast, cells utilizing a cermet electrode 
made from Ni and doped ceria, e.g. Gd0.1Ce0.9O1.95 –  (GDC), show 
lower degradation rates under harsh conditions [6]. The manufacturing 
sequence and required sintering temperatures have so far restricted 
Ni/GDC electrodes to electrolyte- and metal-supported cells, since co-
firing of half-cell results in severe interdiffusion between GDC and YSZ 
that is detrimental to cell performance [7]. However, recent efforts 
to incorporate Ni/GDC electrodes into fuel-electrode supported cells 
have yielded promising results when using a Physical Vapor Deposition 
(PVD) layer to avoid interdiffusion [8], or when reducing the sintering 
temperature to minimize it [9]. The use of a GDC electrolyte layer 
co-fired with the Ni/GDC electrode avoids the formation of GDC-YSZ 
mixed phases or Kirkendall voids at the electrode-electrolyte inter-
face [10]. While the resulting cell performance is excellent, there 
are issues with the mechanical stability of the electrolyte that have 
been hypothesized to derive from electro-chemo-mechanical stresses 
resulting from the expansion of the ceria layer under the strongly 
reducing conditions of the SOEC cathode overpotential [11]. In order 
to understand and mitigate the mechanical degradation of the cell 
via electro-chemo-mechanical coupling, we investigate the mechanical 
stresses in the cell as a function of the operational parameters and the 
cell’s microstructure. Experimental modifications of the microstructure 
are very labor-intensive to implement and often have undesired side-
effects. For instance, changing the electrolyte thickness will change 
the curvature of the cell after sintering, possibly preventing electro-
chemical characterization and potentially changing residual stresses in 
the system. Therefore, we utilize virtual microstructures generated via 
dense sphere packing based on discrete particle packing and spherical-
harmonics [12]. The starting point is a microstructure designed to align 
with an experimental three-dimensional structure reconstructed via FIB 
milling and SEM imaging regarding layer thicknesses, volume fractions, 
and porosity. The virtual microstructure can be easily modified, so the 
structure generator is used to investigate how different microstructures 
affect the mechanical stresses in the cell. In order to achieve this, 
we developed a model that predicts the local mechanical stresses in 
the cell in dependency of the local oxygen partial pressure pO2 in all 
three dimensions. Prerequisites for these calculations are reliable input 
parameters under SOEC conditions (high temperature, low pO2):

• Mechanical parameters, such as the Young’s modulus
• Chemical expansion of ceria under cathodic polarization
• Three-dimensional representation of the microstructure of the cell
• Quantification of the overpotential and its distribution to anode, 
cathode and electrolyte

We address each of these prerequisites with dedicated experiments that 
supply the necessary information for the model.

This paper is structured as follows. Section 2 details the workflow, 
including cell manufacturing and characterization, three-dimensional 
2 
microstructure reconstruction, the chemo-mechanical multiphasefield 
framework and governing equations, the treatment of oxygen par-
tial pressure, and the generation of virtual microstructures. Section 3 
begins with the generated microstructure, the choice of boundary 
conditions, and the discussion of the stress distribution in an exemplary 
microstructure, followed by systematic studies of operating conditions 
(e.g., fuel-electrode overpotential) and morphology (e.g., electrolyte 
thickness and porosity). Finally, Section 4 summarizes the main find-
ings and outlines implications for microstructure design and operating 
parameters.

2. Methods

This Section introduces the methods used to compute local me-
chanical stresses in ceria-based SOECs at operating temperature and 
low oxygen partial pressure. The subsections cover cell manufacturing 
and characterization, microstructure reconstruction, the multiphase-
field method for chemo-mechanical coupling, generation of virtual 
microstructures, and the distribution of oxygen partial pressure in 
the electrolyte, forming an experimental-computational workflow for 
the subsequent analyses. It must be pointed out that for the entire 
analysis presented in this paper, the influence of the air electrode 
is neglected. This is motivated by the extremely small overpotential 
of LSC electrodes at the investigated conditions, which amounts to 
approximately 10% of the total overpotential in these cells [13], as well 
as their very low mechanical stiffness. This combination suggests that 
the influence of the air electrode on the calculations presented here is 
very small, but would be computationally demanding due to their small 
particle size and the overall increase in the volume of the investigated 
microstructures.

2.1. Cell manufacturing

Two types of fuel electrode-supported cells were manufactured 
for the microstructure reconstruction and electrochemical cell char-
acterization presented in this work: (i) a fully suspension-based cell 
and (ii) a cell employing two PVD-derived barrier layers. Both cell 
types share the same underlying architecture. The support consists of 
an in-house tape-cast NiO/8YSZ substrate (NiO: Green Nickel Oxide, 
Vogler, the Netherlands and 8YSZ: Y0.148Zr0.852O1.93, Unitec Ceramics 
Ltd., U.K.), pre-calcined prior to subsequent processing. A NiO/10GDC 
(Gd0.10Ce0.90O1.95−𝛿 , 10GDC-M, Fuelcellmaterials, USA) fuel electrode 
functional layer was applied by screen printing using a semi-automatic 
screen printer (EKRA E2, EKRA Automatisierungssysteme GmbH, Ger-
many). The electrolyte for both cell types is a three-layer design: a 
10GDC electrolyte layer, a 8YSZ (TZ-8Y, Tosoh, Japan) barrier layer 
to suppress electronic conduction, and a top 10GDC barrier layer 
to inhibit strontium zirconate formation at the air-electrode/8YSZ-
interface. The manufacturing routes differ only in the fabrication of 
the electrolyte. In the fully suspension-based cell, all electrolyte layers 
are screen-printed and co-sintered at 1400 ◦C for 5 h. In contrast, for 
the PVD-processed cell only the first GDC layer was screen-printed 
and sintered at 1400 ◦C, after which the approximately 500 nm thick 
YSZ and GDC barrier layers were deposited separately by reactive 
magnetron sputtering (CS400ES cluster system, Von Ardenne Anla-
gentechnik GmbH, Germany). These distinct fabrication procedures 
resulted in pronounced differences in microstructure and subsequent 
cell performance, motivating the range of virtual barrier-layer con-
figurations investigated in this study. In the fully screen-printed cell, 
all electrolyte layers were formed by suspension-based processing and 
co-sintering, whereas the PVD-processed cell contains thin, separately 
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(a) 

(b) 

Fig. 1. Current–voltage characteristics (a) and impedance spectra (b) of the 
modeled SOEC at 750 ◦C and H2O in the fuel, and extraction of overpotentials 
for parametrizing the model.

deposited YSZ and GDC barrier layers. Particularly with respect to layer 
thicknesses, which were larger for screen-printed layers (>4 μm) and the 
quality of interfaces. The fully screen-printed cells exhibited significant 
interface porosity within the electrolyte, whereas the PVD-derived 
barrier layers produced clear and distinct interfaces with no poros-
ity. For cell tests, either lanthanum-strontium-cobalt-ferrite (LSCF) or 
lanthanum-strontium-cobaltite (LSC) air electrodes were printed on top 
of the electrolyte.

The FIB/SEM reconstruction used as morphological reference for the 
virtual microstructure generation was obtained from the fully screen-
printed cell. In contrast, the electrochemical boundary conditions used 
for the mechanical simulations, summarized in Fig.  1 and Table  1, 
were derived from measurements on the PVD-processed cell. The use of 
different experimental inputs is deliberate. The fully screen-printed cell 
provides the morphological reference for the virtual structures, because 
it contains the thicker suspension-derived electrolyte-stack geometry 
relevant for the present parameter study. The PVD-processed cell, in 
contrast, provides electrochemical boundary conditions from a cell 
with thinner, separately deposited barrier layers that were not co-
sintered with the electrolyte stack after deposition. Extended GDC/YSZ 
interdiffusion zones are therefore expected to be negligible compared 
with the fully screen-printed cell. Since such interdiffusion zones are 
not explicitly represented in the present model and reliable material 
parameters for them are not available, the PVD-derived electrochemical 
data provide a better-defined operating condition for the mechanical 
simulations.

2.2. Cell characterization

To simulate the mechanical response of synthetic SOECs during 
operation, realistic electrochemical boundary conditions were derived 
3 
Table 1
Electrochemical parameters for the representative operation points of the 
SOEC extracted from electrochemical characterization.
H2O content 𝑉N 𝑉OC 𝑅Ohm 𝑗cell 𝜂EL 𝑅pol

mol% V V mΩcm2 Acm−2 V mΩcm2

50 0.9574 0.9258 10.2

0.0 0.0 –
−0.5 −0.0559 111.8
−1.0 −0.1100 110.0
−1.5 −0.1606 107.1
−2.0 −0.2065 103.3

80 0.8963 0.8755 13.1

0.0 0.0 –
−0.5 −0.0603 120.6
−1.0 −0.1172 117.2
−1.5 −0.1697 113.1
−2.0 −0.2181 109.5

from electrochemical impedance spectra (EIS) and current–voltage 
characteristics (IV-curves) of GDC-based cells. These were measured 
following the characterization procedures described in [14,15]. A more 
extensive study of the cells will be published separately. In brief, 
the cells were characterized at temperatures of 600–800 ◦C under a 
pO2 gradient set by dry laboratory compressed air (pO2 ≈ 0.21 bar) 
and fuel gas composed of 5–80mol% steam balanced in H2. Both gas 
streams were supplied at a flow rate of 0.25Lmin−1 to the air electrode 
(AE) and the fuel electrode (FE) support, respectively. The AE and FE 
were contacted using 1 cm2 square gold and nickel current-collecting 
meshes, which allow unobstructed gas access to the electrochemi-
cally active regions of the porous electrodes. EIS measurements were 
performed under open-circuit conditions using a Solartron SI1260 
impedance/gain-phase analyzer with galvanostatic perturbation. The 
AC amplitude was adjusted to ensure a voltage response ≤ 12mV. 
Sweep frequencies ranged from 0.05Hz to 1MHz, covering relaxation 
times characteristic of most processes occurring in SOEC electrodes. 
IV-curves were measured in both fuel cell and electrolysis modes by 
applying DC currents up to ±2A cm−2 using an Agilent 6612C DC power 
supply, in increments of 20mAcm−2 with an integration time of 20 s
per step. Voltage signals were recorded with an Agilent 34970 A data 
acquisition unit. The measured IV-curves are almost linear under SOEC 
mode polarization, and the open-circuit voltage (𝑉OC, 𝑗cell = 0A cm−2, 
see Fig.  1(a)) is lower than the theoretical Nernstian value 𝑉N for the 
given H2:H2O ratios, although the deviation is smaller in a more oxidiz-
ing fuel atmosphere (80mol% H2O). The lower measured open-circuit 
voltage compared with the theoretical Nernstian value is consistent 
with partial electronic conduction in the reduced GDC, which partially 
relaxes the oxygen chemical-potential gradient across the electrolyte, 
and with finite electron blocking efficiency of the 8YSZ layer. The 
latter may result from the finite YSZ thickness and local microstructural 
imperfections, for example defects in the underlying screen-printed 
electrolyte that are not fully covered by the thin PVD layer. At such 
sites, localized electronic short-circuit paths or gas leakage cannot be 
excluded. In contrast, extended GDC/YSZ interdiffusion is not expected 
to be a significant contribution in the PVD-processed cell, because the 
PVD-derived barrier layers were not co-sintered with the electrolyte 
stack after deposition. A quantitative separation of these contributions 
is beyond the scope of the present study. The ohmic resistance of 
the cell is extracted from apparent high-frequency intercepts of the 
impedance arcs with the real axis in the Nyquist plot (𝑅Ohm, see 
Fig.  1(b)). If the related ohmic overpotential is assumed linear with 
respect to applied current (𝜂Ohm = 𝑗cell𝑅Ohm), the total polarization 
(overpotential) of the electrodes and interfaces is defined as 𝜂EL =
𝑉OC − 𝑉cell − 𝜂Ohm, and 𝑅pol = 𝜂EL∕𝑗cell. If the 𝜂EL(𝑗cell) dependence is 
considered roughly linear, the corresponding polarization resistance 
equals 𝑅pol = 𝑅tot − 𝑅Ohm, extracted from EIS at 𝑉OC (see Fig.  1(b)), 
and 𝑅tot corresponds to the slope of the IV-curve (see Fig.  1(a)). Note 
that 𝜂EL includes contributions from both the fuel electrode and the air 
electrode. In the present model, these overpotentials 𝜂  and 𝜂  will be 
FE AE
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defined by proportional distribution within the total 𝜂EL, as suggested 
in [11]. The boundary electrical parameters defined for the model this 
way are summarized in Table  1.

For the present mechanical study, the most relevant electrochemical 
input is the fuel-electrode overpotential, because it determines the 
reducing conditions and thus the chemical expansion of the fuel-side 
GDC. The fuel electrode architecture is kept unchanged throughout 
the virtual parameter studies. The electrochemical parameters obtained 
from the PVD-processed cell are therefore used as prescribed operating 
conditions for the controlled morphology variations, rather than as a 
claim that the virtual structures are direct replicas of the measured PVD 
cell.

2.3. Microstructure reconstruction

Focused ion beam/scanning electron microscopy (FIB/SEM) tomog-
raphy is a well-established method for three-dimensional microstruc-
tural reconstruction. A consecutive series of images of the volume 
of interest (VOI) is generated by alternating FIB milling and SEM 
imaging. A three-dimensional representation of the microstructure and 
material distribution is obtained by stacking the images, expanding 
the image pixels in the stacking direction followed by the segmenta-
tion. The latter describes the assignment of every voxel to a material 
phase based on its gray scale value and surrounding material. For the 
segmentation process, different algorithms have been developed. The 
watershed algorithm interprets images as topographic reliefs based on 
every pixel’s gray scale value, which corresponds to a height on the 
image plane. The phase boundaries are stored in an edge map. By 
flooding the images starting from local minima, every pixel is assigned 
to a material phase. Preliminary image processing, such as brightness 
and contrast corrections or noise reduction, and post-processing via 
morphological filters, e.g. erosion and dilation, are used to avoid and 
correct segmentation errors [16–18].

For the three-dimensional microstructural reconstruction a series of 
313 images was recorded using Helios 5 CXe (Thermo Fisher Scientific, 
Hillsboro, OR, USA) equipped with a backscattering detector. The VOI 
(18 176 μm3) was covered with a mixture of 99% Pt and 1% C to protect 
the microstructure during FIB milling. For image alignment, processing 
and segmentation Avizo (Version 2023.1.1, Thermo Fischer Scientific, 
Hillsboro, OR, USA) was used.

2.4. Multiphase-field method

The multiphase-field method (MPFM) is a well-established frame-
work for simulating the evolution of complex microstructures on micro- 
and mesoscopic length scales. Over the past decades, MPFM has become 
a standard tool for modeling multi-phase and multi-component systems. 
For comprehensive reviews of the method and its applications, the 
reader is referred to [19]. The MPFM employed in this study builds 
on the formulations of Steinbach et al. [20] and Nestler et al. [21] 
and includes a mechanical extension following Schneider et al. [22,23]. 
In contrast to sharp-interface descriptions, MPFM represents interfaces 
as smooth, diffuse transition regions. The microstructure is described 
by a set of order parameters 𝝓 =

{

𝜙1, 𝜙2,… , 𝜙𝑁
}

, where each 𝜙𝛼
corresponds to one particle (phase). Interpreting the order parameters 
as local volume fractions imposes the summation constraint 
𝑁
∑

𝛼=1
𝜙𝛼 = 1. (1)

Together with the displacement field 𝒖 and the spatial gradients ∇𝝓 =
{

∇𝜙1,∇𝜙2,… ,∇𝜙𝑁
}

, the free energy functional of a material body 𝛺
is given by 

 [𝒖,𝝓] = ∫𝛺
𝑓grad(∇𝝓) + 𝑓pot (𝝓)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

+𝑓el(𝒖,𝝓,∇𝝓) d𝑣. (2)
𝑓intf(∇𝝓,𝝓)
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The interface contribution consists of a gradient term and a potential 
term,

𝑓grad(∇𝝓) = −
𝑁
∑

𝛼=1

𝑁
∑

𝛽>𝛼
𝛾𝛼𝛽∇𝜙𝛼 ⋅ ∇𝜙𝛽 , (3)

𝑓pot (𝝓) =
16
𝜖𝜋2

𝑁
∑

𝛼=1

𝑁
∑

𝛽>𝛼
𝛾𝛼𝛽𝜙𝛼𝜙𝛽 , (4)

where 𝛾𝛼𝛽 is the surface energy between phase 𝛼 and 𝛽, and 𝜖 controls 
the diffuse interface width. The phase-specific elastic strain energy 
density 𝑓 𝛼el = 1∕2𝝈𝛼 ⋅𝜺𝛼 , Cauchy stress tensor 𝝈𝛼 , and infinitesimal strain 
tensor 𝜺𝛼 are interpolated according to 

𝝈 =
𝑁
∑

𝛼=1
𝜙𝛼𝝈𝛼 , 𝜺 =

𝑁
∑

𝛼=1
𝜙𝛼𝜺𝛼 , 𝑓el =

𝑁
∑

𝛼=1
𝜙𝛼𝑓 𝛼el, (5)

to effective quantities, with 𝜺 = 1∕2 (∇𝒖 + ∇𝒖⊺). The phase-specific 
strain tensor is additively decomposed into elastic and chemical con-
tributions 
𝜺𝛼 = 𝜺𝛼el + 𝜺𝛼ch (6)

and stresses follow Hooke’s law 
𝝈𝛼 = C𝛼

[

𝜺𝛼el
]

, (7)

with the phase-specific stiffness tensor C𝛼 . Further assumptions are 
necessary in order to model effective material behavior. Schneider et al.
[22,23] amongst others, utilized the mechanical jump conditions 

[[𝜺]]𝛼𝛽 = 1
2
(

𝒂𝛼𝛽 ⊗ 𝒏𝛼𝛽 + 𝒏𝛼𝛽 ⊗ 𝒂𝛼𝛽
)

, [[𝝈]]𝛼𝛽𝒏𝛼𝛽 = 𝟎, (8)

where [[𝜓]]𝛼𝛽 = 𝜓𝛼 −𝜓𝛽 denotes a jump across interface region and 𝒏𝛼𝛽
is the local interface normal. Based on these equations, the effective 
material behavior is defined and the effective stress 𝝈 and an effective 
stiffness tensor can be calculated. Chemical expansion is incorporated 
via the inelastic strain 

𝜺𝛼ch = 𝛽𝛼
(

pO2
)

𝟏, 𝛽𝛼
(

pO2
)

=
𝑎𝛼
(

pO2
)

− 𝑎𝛼(0)
𝑎(0)

, (9)

where the lattice parameter 𝑎𝛼 depends on the local oxygen partial 
pressure pO2, as determined experimentally for the ceria-based phases. 
The data, used in this study, can be found in [24].

Porous phases are modeled as phases with vanishing stiffness. Ap-
plying the jump condition framework to solid-pore interfaces leads to 
an ill-posed momentum, since the balance of linear momentum at a 
singular surface reduces to 𝝈𝛼𝒏𝛼p = 𝟎. Therefore, strains are assumed 
to be equal in these pairwise interactions: 
[[𝜺]]𝛼p = 𝟎, 𝒂𝛼p = 𝟎. (10)

This reduces the system of unknowns, which is solved in order to 
determine the effective material behavior.
Governing equations. Based on minimizing the free energy of the sys-
tem, the evolution of the order parameters follows as superposition of 
pairwise interactions [25]:

𝜕𝜙𝛼

𝜕𝑡
= − 1

𝑁𝜖

𝑁
∑

𝛽≠𝛼
𝑀𝛼𝛽

(

𝛿𝑓intf (∇𝝓,𝝓)
𝛿𝜙𝛼

−
𝛿𝑓intf (∇𝝓,𝝓)

𝛿𝜙𝛽

+
8
√

𝜙𝛼𝜙𝛽

𝜋
(

[[𝑓el]]𝛼𝛽 − 𝝈 ⋅ [[𝜺]]𝛼𝛽
)

+ 𝛥𝛼𝛽acurv

)

, (11)

with the mobilities 𝑀𝛼𝛽 and the variational derivative 
𝛿𝑓intf
𝛿𝜙𝛼

=
𝜕𝑓intf
𝜕𝜙𝛼

− ∇ ⋅
𝜕𝑓intf
𝜕∇𝜙𝛼

. (12)

For the derivative of the contribution from the strain energy, the 
reader is referred to [26,27]. Furthermore, 𝛥𝛼𝛽acurv is an additional non-
variational driving force that decouples physical and numerical inter-
facial energies [28] and enables calibration of curvature-driven in-
terface evolution by a surface energy 𝛾c, which does not contribute 
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to curvature minimization. Variation of the free energy with respect 
to the displacement yields the equilibrium equation for mechanical 
equilibrium under quasi-static conditions and neglected body forces 
div(𝝈) = 𝟎. (13)

2.5. Generation of virtual microstructures

To investigate the mechanical response of varying SOEC microstruc-
tures, we employ a physics-informed virtual microstructure generator 
originally developed for multilayer SOFCs, as described by Schöller
et al. [12]. The generator constructs three-dimensional microstructures 
with controlled morphology using discrete-element particle packing, 
graph-based connectivity modeling, and spherical-harmonics particle-
shape reconstruction. After shape generation, the structures are vox-
elized and embedded into a multiphase-field representation that is 
fully compatible with the electro-chemo-mechanical framework used 
here. All simulations are carried out with the parallel phase-field 
code Pace3D [29]. Within this framework, systematic variations of 
microstructural features, such as particle size, porosity, and layer 
thickness, can be studied independently of experimental constraints. 
In the following, the individual steps are described briefly. For an 
extensive introduction, the reader is referred to [12].
Discrete-element packing of spheres. The generator workflow starts by 
constructing a dense packing of spherical particles using a discrete 
element method (DEM). The DEM formulation explicitly resolves in-
terparticle repulsive contact forces, viscous damping, and constraints 
across the layer boundaries, enabling realistic packing of polydisperse 
spheres across SOEC layers. This procedure yields an equilibrated con-
figuration in which prescribed particle-size distributions, layer-resolved 
material compositions, and target volume fractions are reproduced.
Neighbor-graph and contact constraints. From the final DEM packing, a 
neighbor graph is constructed using a modified minimum-spanning-tree 
(MST) graph. The MST ensures global connectivity, while additional 
edges are inserted between particles whose free surface distances fall 
below prescribed thresholds. This extended graph captures the contact 
topology and enables physically meaningful interparticle connectiv-
ity without over-constraining the system. For each pair of connected 
particles, a geometric contact point is computed from their radii-
weighted center positions. These contact relations later act as geometric 
constraints during particle-shape reconstruction, ensuring that the gen-
erated microstructure exhibits features consistent with experimentally 
observed SOFC microstructures.
Particle-shape construction via spherical harmonics. The particle shapes 
are then constructed by modeling a local varying fluctuation of the 
particle radii in terms of real spherical harmonics up to a maximum 
angular degree. The angular power spectrum controls the surface com-
plexity of the particles and provides statistical tuning of morphological 
features such as roughness, anisotropy, and deviation from sphericity. 
The spherical-harmonics coefficients are sampled from distributions 
governed by the target power spectrum but are further constrained 
so that the reconstructed surface satisfies all neighbor-graph contact 
points. This yields irregular particle shapes whose morphology matches 
experimentally reconstructed SOFC particles (e.g., from FIB-SEM data), 
while ensuring physically consistent interparticle contact.
Voxelization and multiphase-field representation. After the particle
shapes have been generated, the geometry is voxelized on a regular 
Cartesian grid and embedded in a multiphase-field description that 
is directly compatible with the electro-chemo-mechanical framework 
used in this work. All simulations are performed with the structured-
grid phase-field framework Pace3D [29], which provides a mature 
environment for large-scale 3D microstructure calculations. Pace3D
combines optimized stencil-based numerics with MPI-parallel domain 
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decomposition and dynamic load balancing, enabling efficient simu-
lations on massively parallel hardware. Within this environment, the 
Local Reduced Order Parameter (LROP) [30,31] strategy is employed 
to activate phase fields only where the corresponding particles occur 
locally, allowing hundreds to thousands of particles to be treated 
efficiently without sacrificing accuracy. The same software framework 
has been used in a broad range of applications, including grain growth 
and coarsening, sintering, solidification, martensitic transformations, 
multiphase flow, and mechanically coupled phase-field models [31]. 
In the present study, the resulting diffuse-interface representation 
provides a scalable and robust basis for resolving the virtual SOEC 
microstructures in fully coupled electro-chemo-mechanical simulations.
Morphological accuracy and calibration. The generator workflow is able 
to reproduce both porous and dense SOFC layers by input parameters, 
such as particle size distributions, layer-specific target porosities, angu-
lar power spectra for particle shapes and post-voxelization morpholog-
ical dilation. In its original formulation, the generator was calibrated 
through a multi-objective Bayesian optimization loop, matching exper-
imentally reconstructed microstructures in terms of volume fraction, 
tortuosity, specific surface area, and equivalent radius distributions. 
The main objective of this study is to investigate the mechanical 
behavior of microstructure variations that go beyond what is feasible 
in experiments, while maintaining physical realism in terms of particle 
connectivity, interface geometry and porosity distribution. Therefore, 
calibration of certain morphological quantities, such as equivalent 
radius distributions, has been omitted as they are not expected to be 
sensitive to the overall mechanical behavior. See Section 3.1 for details 
about the generated microstructures.
Sintering-like morphologies via MPFM. In SOECs, sintering and oper-
ational aging continuously changes the microstructure, altering for 
example tortuosities, specific surface areas, and triple-phase bound-
ary lengths. The structure generation workflow so far is based on 
particle packing and, by construction, does not enforce interfacial 
curvature or surface-energy minimization. In contrast, real microstruc-
tures evolve toward lower-energy configurations during sintering and 
cell operation. Fully physical-based simulations of these processes, 
incorporating mass transport, interfacial thermodynamics, and cou-
pled chemo-mechanics, are nontrivial and beyond the scope of this 
work. Instead, we employ the MPFM to evolve the initially packed 
microstructure via curvature-driven interfacial forces and energy mini-
mization to achieve a sintering-like morphological coalescence in the 
virtual microstructures. This is achieved by employing the modified 
classical Allen-Cahn phase-field equation with the volume-preserving 
approach [32] and a correction [28], enabling the calibration of the 
curvature-minimizing dynamics by a surface energy 𝛾c term. The qual-
itative outcomes of this evolution results are presented in Section 3.1. 
A quantitative evaluation of the MPFM aging step is not performed in 
this work, instead the reader is referred to [33] for a recent extensive 
study of such approach applied to SOFC microstructures.

2.6. Distribution of oxygen partial pressure

The distribution of the oxygen partial pressure pO2 across the 
layered cell architecture follows from the electrochemical boundary 
conditions at the electrodes and from the transport behavior within the 
electrolyte and fuel electrode. The formulation builds on the work of 
Riess [34], Gödickemeier and Gauckler [35], Dierickx et al. [36] and 
the recent analysis by Lenser et al. [11].

The treatment of the GDC/YSZ/GDC electrolyte stack as an effective 
electrolyte is a simplifying assumption of the present model. A more 
accurate description would require a layer-resolved electrochemical 
transport model including the YSZ blocking layer, the GDC layers, 
and possible GDC-YSZ interdiffusion regions. Such approaches have 
been reported for GDC-YSZ electrolyte systems and show that the 
oxygen-potential drop can be strongly localized near the GDC/YSZ 
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(a) Structure of the cell.

  
(b) pO2 and chemical expansion distribution.

 

Fig. 2. (a) Structure of the multilayered cell with the corresponding layer coordinates. (b) Exemplary distribution of the oxygen partial pressure pO2 and chemical 
expansion 𝛽GDC across the cell, excluding the substrate and air electrode layers.
interface or within interfacial regions [37]. In the present study, the 
pO2 profile is used as a prescribed electrochemical loading condition 
for the microstructure-resolved mechanical model. The resulting stress 
magnitudes should therefore be interpreted as values obtained under 
this defined electrochemical loading assumption.

At the air electrode, the surrounding atmosphere is assumed to 
consist of 21% O2 and 79% N2. At 1 bar ambient pressure, this yields the 
oxygen partial pressure of 𝑝O2,air  = 0.21 bar. The oxygen partial pressure 
on the fuel side is obtained from the Nernst equation, using the open-
circuit voltage 𝑉OC > 0, interpreted as the reference cell voltage at zero 
current density, 

pO2 ,fuel = pO2 ,air exp
(

− 4𝐹
𝑅𝑇

𝑉OC
)

, (14)

with the universal gas constant 𝑅, the Faraday constant 𝐹  and the 
absolute temperature 𝑇 . Similarly, the partial oxygen pressure at the in-
terface between the electrolyte and air electrode (AE) and fuel electrode 
(FE) can be calculated by

pO2 ,EL∕AE = pO2 ,air exp
( 4𝐹
𝑅𝑇

𝜂AE
)

, (15)

pO2 ,FE∕EL = pO2 ,fuel exp
( 4𝐹
𝑅𝑇

𝜂FE
)

, (16)

with the overpotentials 𝜂AE, 𝜂FE of the air and fuel electrode. The 
distribution of the oxygen partial pressure in the electrolyte, from 
pO2 ,FE∕EL to pO2 ,EL∕AE is modeled by

pO2 ,EL
(

𝑥EL
)

= pO2 ,FE∕EL

(

1 −
1 − exp

(

− 𝑒
𝑘B𝑇

𝛥𝑉 𝑧EL
𝑡EL

)

1 − exp
(

− 𝑒
𝑘B𝑇

𝛥𝑉
)

(

1 −
pO2 ,FE∕EL

pO2 ,EL∕AE

))−1

, (17)

with elementary charge 𝑒, the Boltzmann constant 𝑘B, the thickness of 
the electrolyte layer 𝑡EL (including the thickness of the YSZ and GDC 
barrier layers) and the coordinate along the layer 𝑧EL with its origin at 
the fuel electrode interface. The voltage difference 𝛥𝑉  is assumed to be 

𝛥𝑉 = 𝑉OC − 𝑉MC, (18)

with the voltage of the mixed conductor 𝑉MC = 𝑉cell − 𝜂FE − 𝜂AE, 
which defines the qualitative distribution of oxygen partial pressure 
in the layer. The lowest partial pressure at the starting interface is 
defined by pO2 ,FE∕EL, and the increase of pressure over the electrolyte 
layer is defined by (1 − pO2 ,FE∕EL∕pO2 ,EL∕AE). Based on the work of 
Dierickx et al. [36], the oxygen partial pressure distribution in the fuel 
electrode is modeled by
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Table 2
Mechanical material properties of each material with their corresponding 
references.
 Property GDC YSZ Ni  
 Young’s modulus in GPa 152 [38] 143 [38] 169 [39]  
 Poisson ratio 0.28 [40] 0.41 [40] 0.31 [41] 
 Chemical expansion see [24] 0 0  

pO2 ,FE
(

𝑥FE
)

= pO2 ,fuel +
(

pO2 ,FE∕EL − pO2 ,fuel

)

exp
(

𝑧FE − 𝑡FE
𝜆

)

, (19)

where 𝑡FE is the thickness of the FE layer and 𝑧FE the coordinate along 
the layer with its origin at the substrate interface. The penetration 
depth 𝜆 is set to 2 μm according to [11].

Oxygen partial pressure pO2 across the cell is governed by electrode 
boundary conditions and transport: The Nernst equation and electrode 
overpotentials set interfacial pO2. Within the electrolyte, pO2 increases 
steeply due to the internal potential drop 𝛥𝑉 , and in the fuel electrode 
it relaxes with the penetration depth 𝜆, yielding a continuous profile, 
as illustrated in Fig. 2(b).

3. Results

All simulations represent an SOEC operating at 750 ◦C with a fixed 
current density of 1.5A cm−2. The material parameters used in the 
model are summarized in Table  2, and the electro-chemical properties 
are listed in Table  1. Section 3.1 briefly outlines the generation of 
the microstructures, which are based on a reconstruction of an exper-
imentally manufactured SOEC cell and subsequently reproduced using 
the virtual microstructure generator. Section 3.2 introduces the applied 
mechanical boundary conditions and motivates the use of an effective 
in-plane strain to represent the mechanical constraints imposed by the 
cell environment. In the remaining subsections, we examine the result-
ing stress distributions for systematic variations in layer size, porosity, 
and overpotential, highlighting the influence of each parameter on the 
electro-chemo-mechanical response.

3.1. Generation of virtual microstructures

The microstructures are based on a three-dimensional reconstruc-
tion of a fully screen-printed experimental SOEC cell, shown in Fig.  3a. 
The reconstruction was used to extract representative morphological 
descriptors for the virtual microstructure generator. The generated 
structures are therefore morphology-controlled model systems derived 
from experimental descriptors, but they are not intended as direct 
replicas of a specific manufacturing route.
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Fig. 3. (a) Microstructure reconstruction of a fully screen-printed experimental SOEC. Virtual microstructure with similar morphological properties after the 
generation (b), after aging simulation based on the MPFM (c), and with varying layer thicknesses (d). The red phase represents Ni, the yellow phase GDC, and 
the blue phase YSZ.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The reconstructed volume measures approximately 29 μm × 25 μm ×
25 μm at a spatial resolution of ≈33 nm, and contains the four layers 
relevant for this study: The fuel electrode (FE), the electrolyte (EL), the 
YSZ electron blocking layer, and the GDC barrier layer, with thicknesses 
of 8, 8.5, 3 and 3 μm, respectively.

For the numerical simulations, virtual microstructures were gener-
ated with an in-plane base size of 200 × 200 elements and the same 
spatial resolution of 33 nm, consistent with the experimental dataset. 
The virtual microstructure generator was calibrated using quantitative 
descriptors extracted from the reconstruction. Specifically, we targeted 
the experimentally determined volume fractions (FE: 31.12% Ni, 48.79%
GDC; EL: 92.26% density; YSZ electron blocking layer: 92.26% density; 
GDC barrier layer: 86.97% density), tortuosities (FE: 7.30 for Ni, 2.26
for GDC; EL: 1.06; GDC barrier: 1.10), and specific surface areas in the 
FE (0.236 nm−1 for Ni and 0.155 nm−1 for GDC).

The applied optimization workflow described in [12] achieved ac-
curacy across all layers. In the FE, the largest deviation occurred in 
the tortuosity values (≈5%), with all other metrics within 0.35–2.30%
of the target. Deviations in the remaining layers were similarly small 
(EL volume fraction 2.63% and tortuosity 0.81%; YSZ electron blocking 
layer volume fraction 0.003%). For the GDC barrier layer, the contrast 
in low tortuosity and higher porosity leads to relatively higher errors 
with 5.29% for the volume fraction and 1.63% for the tortuosity. A 
representative calibrated microstructure is shown in Fig.  3b, featuring 
layer thicknesses of 7 μm (FE), 3 μm (EL), 1.5 μm (YSZ barrier) and 
1.5 μm (GDC barrier). Subsequently, aging of the SOEC structure was 
simulated based on the MPFM using 𝑀 = 1 s nm2 kg−1, 𝜖 = 4𝛥𝑥∕𝜋2, 
and interface energies 𝛾p,Ni = 1.2 kg s−2, 𝛾p,GDC = 𝛾p,YSZ = 2𝛾p,Ni, 
𝛾GDC,𝑌 𝑆𝑍 = 1.0 kg s−2, and 𝛾c = 450 kg s−2. A simulation time of 250 
s was used for all aging runs. An example of the resulting morphology 
is shown in Fig.  3c.

Finally, the calibrated structures were systematically modified to 
study how morphology influences the mechanical response. The objec-
tive of this study is not to reproduce specific manufacturing processes, 
but rather to explore the effects of controlled changes on electro-chemo-
mechanical stresses. This involves modifying the thicknesses of the GDC 
and YSZ layers to emulate the influence of different manufacturing 
routes, such as PVD for layers with submicron thickness and screen-
printing for layers in the μm-range, as well as increasing the YSZ 
electron blocking layer thickness, and varying the fuel-electrode over-
potential to represent degraded electrochemical performance. Fig.  3d 
shows an example of a modified structure with increased barrier-layer 
thicknesses.

In the following parameter studies, the thickness of the fuel-side 
GDC layer is kept fixed. The varied GDC thickness refers to the air-side 
GDC barrier layer. This terminology is used to distinguish the position 
and function of the individual layers within the GDC/YSZ/GDC elec-
trolyte stack; it does not imply that the layers are electrochemically in-
dependent. The choice of varied layers follows the experimental design 
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question addressed here, namely the transition from thin PVD-derived 
YSZ/GDC barrier layers to thicker screen-printed barrier layers, while 
the fuel-side GDC layer is already screen-printed in the considered cell 
architecture.

3.2. Boundary conditions

To evaluate the effective electro-chemo-mechanical response of the 
virtual microstructures, appropriate mechanical boundary conditions 
are applied. The microstructures represent periodic sections of the func-
tional layers and are therefore subjected to in-plane periodicity. Along 
the 𝑧-axis, the lower boundary is fixed in orthogonal displacement, 
while the upper boundary is stress-free 
𝑢𝑧(𝑧 = 0) = 0, 𝝈𝒏||

|𝑧=𝐿
= 𝟎. (20)

The lateral boundaries follow periodic conditions of the form 
𝒖+ = 𝒖− + 𝒖̂𝑖, with 𝒖̂𝑥 = 𝜀̂𝐿𝑥𝒆𝑥, 𝒖̂𝑦 = 𝜀̂𝐿𝑦𝒆𝑦, (21)

with the displacement 𝒖± at opposite lateral faces and with the corre-
sponding 𝒖̂𝑖 at each lateral direction. 𝜀̂ denotes the imposed effective 
in-plane strain. It should be noted that the effective in-plane strain 𝜀̂
is not imposed at the lower boundary. The lower boundary is fixed 
only in the out-of-plane displacement to remove rigid-body motion and 
to represent the support by the substrate. The in-plane constraint is 
prescribed through the lateral periodic boundary conditions. Thus, 𝜀̂
represents the average in-plane expansion state of the functional-layer 
RVE. This effective strain controls the degree to which the microstruc-
ture is able to expand in response to chemically induced eigenstrains. 
Different choices of 𝜀̂ therefore lead to different effective stress states. 
The effective in-plane stress is evaluated by 

𝜎̂ = 1
2
(⟨

𝜎𝑥𝑥
⟩

+
⟨

𝜎𝑦𝑦
⟩)

, with ⟨𝜓⟩ = 1
𝑉 ∫𝑉

𝜓𝑑𝑣. (22)

representing the volume-averaged normal stresses in the directions of 
periodicity.

Choice of effective strain. Fig.  4 shows the resulting stress–strain re-
sponse obtained by imposing various effective strains on the mi-
crostructure based on the reconstructed structure with the layer thick-
nesses of 7 μm (FE), 3 μm (EL), 1.5 μm (YSZ electron blocking layer) and 
1.5 μm (GDC barrier layer), as shown in Fig.  3c. The microstructure 
exhibits a linear relationship between the effective stress 𝜎̂ and the 
effective strain 𝜀̂, with the slope corresponding to the effective in-plane 
Young’s modulus, where a linear fit yields 144GPa. At zero applied 
strain (𝜀̂ = 0), the chemically expanding materials are constrained 
by the surrounding layers, generating a compressive effective normal 
stress. Conversely, the strain at which 𝜎̂ = 0 holds corresponds to the 
effective chemical expansion of the microstructure with 0.057%.

To represent the experimental situation, including the mechanical 
support of the substrate, the classical laminate theory [42] was used 
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Fig. 4. The stress–strain curve of the imposed effective in-plane strain 𝜀̂ versus the effective in-plane normal stress 𝜎̂. The system exhibits linear behavior with 
an effective Young’s modulus and an intercept that can be interpreted as an effective inelastic strain.
to estimate the constrained expansion of the functional layer bonded 
to a thick substrate. The 450 μm thick substrate layer is assumed to 
be isotropic with a Young’s modulus of 23.8GPa [43]. For the 11 μm
thick isotropic functional layer, the Young’s modulus and eigenstrain 
are based on the previous calculations. The Poisson ratio for both layers 
is set to 0.28 [44]. For the calculation of the resulting values, the 
software eLamX2 [45] was used. Assuming no forces and moments, the 
mean expansion of the whole system is small (≈0.0056%) due to the 
strong mechanical support of the substrate. In contrast, the expansion 
in only the functional layer is approximately 0.02% leading to a stress 
in this layer of −70MPa. Moreover, the curvature of the whole system 
is negligible with 7.12 × 10−7 μm−1.

The value 𝜀̂ = 0.02% does not correspond to the free chemi-
cal expansion of the functional layers. The zero-stress condition in 
Fig.  4 gives an effective unconstrained chemical expansion of ap-
proximately 0.057%. In contrast, the value 0.02% represents the par-
tially constrained expansion of the functional layers when bonded to 
the thick substrate, as estimated by classical laminate theory. The 
smaller global expansion of the complete substrate/functional-layer 
system, approximately 0.0056% is dominated by the 450 μm thick sub-
strate and therefore does not directly represent the average strain 
state of the microstructurally resolved functional-layer volume element. 
Thus, the applied boundary condition represents a partially constrained 
supported-cell state, not a fully clamped condition.

The mechanical constraint at stack level is decisive for the absolute 
stress state in the cell. Depending on sealant geometry, interconnect 
thickness, external clamping, and possible creep relaxation, the cell 
may experience different constraint states, ranging from nearly free de-
formation to strongly constrained in-plane expansion [11]. Therefore, 
there is no unique boundary condition that represents all possible stack 
configurations. In the present work, the imposed effective strain is used 
to define a representative partially constrained state of the functional 
layers, allowing the local microstructural stress concentrations to be 
evaluated under a prescribed mechanical constraint.

An explicit substrate representation was not included because a fully 
resolved microstructure-scale simulation of the 450 μm thick support 
together with the approximately 11 μm thick functional layers at the 
voxel resolution of 33 nm is computationally infeasible.

Since the virtual microstructures do not include the substrate, the 
effective strain is imposed via the boundary condition by setting 𝜀̂ =
0.02% in the following sections to recover the appropriate compressive 
stress state in the functional layers. This approach retains the relevant 
large-scale mechanical constraint imposed by the support while keeping 
the simulations focused on the local electro-chemo-mechanical stress 
concentrations in the microstructurally resolved functional layers.

3.3. Stress distribution

In this subsection, the general stress distribution of the introduced 
SOEC microstructures will be investigated. Therefore, the microstruc-
ture and mechanical boundary conditions from Sections 3.1 and 3.2 are 
used. The full three-dimensional stress field is evaluated to assess the 
mechanical response. Since stresses are tensorial quantities, different 
quantities can be extracted depending on the mechanical question, 
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including individual stress components, directional normal stresses, or 
scalar stress measures. In the present work, the maximum normal stress 
(largest absolute principal stress) according to Rankine theory is used 
as the primary scalar stress measure. This choice is motivated by the 
brittle character of the ceramic electrolyte and barrier layers, for which 
local normal stress concentrations are relevant for crack initiation. 
Directional stresses, such as the effective in-plane normal stress intro-
duced in Section 3.2, characterize the global constraint state, but do not 
generally represent the locally critical stress state near pores, interfaces, 
and material junctions. Fig.  5(a) illustrates the resulting maximum 
normal stress field across the domain. The highest stresses occur within 
the electrolyte layer where the GDC exhibits chemical expansion, and 
distinct stress concentrations appear at pores and material interfaces 
due to geometrical features and material contrasts. To clarify the 
tensorial stress state underlying this scalar stress measure, additional 
signed stress statistics for the reference microstructure are provided in 
Fig. S1 of the Supplementary Material. These include the mean in-plane 
normal stress, the out-of-plane normal stress, and the maximum and 
minimum principal stresses. The absolute stress scale for the reference 
microstructure is given in Fig.  5. In the subsequent parameter studies, 
the same stress measure is reported in normalized form to compare 
relative changes caused by variations in layer thickness, porosity, or 
overpotential.

Because direct interpretation of the full-field stress distribution is 
challenging, the data is reduced to allow a comprehensible overview of 
the distribution along the cell stacking direction. Fig.  5(b) shows stress 
quantiles as a function of the microstructure height. The highest median 
local stresses occur within the electrolyte, but the GDC barrier layer 
also experiences elevated stresses. At the lower quantiles, the stresses 
remain small, indicating always practically stress-free regions. This is 
likely due to the porous character of the microstructure. At higher 
quantiles, including the maximum local stress, pronounced peaks are 
observed at boundaries toward other layers, especially within the elec-
trolyte layer. These stress concentrations result from the superposition 
of chemical eigenstrain due to local oxygen partial pressure and the 
mismatch in mechanical properties across solid–solid interfaces, further 
amplified by the changes in porosity. The locations of these peak 
stresses indicate mechanically critical regions and potential sites for 
crack initiation. In the YSZ blocking layer, the stress field is not 
spatially uniform. Instead, the height-resolved statistics indicate that 
the mechanically critical values occur close to the adjacent GDC/YSZ 
interfaces, where chemical eigenstrains in the neighboring GDC layers, 
elastic mismatch, and local interface geometry interact. Consequently, 
the model can identify mechanically critical regions in and near the 
YSZ layer, but it cannot determine whether a crack will actually nu-
cleate without an additional fracture criterion. The signed stress state 
underlying this interpretation is further illustrated in Fig. S1 of the 
Supplementary Material.

Previous post-test analysis of the same ceria-based SOEC architec-
ture showed electrolyte cracking after operation at high electrolysis 
current density [11]. The present model cannot directly predict crack 
formation, because it does not include an explicit fracture criterion, 
flaw-size distribution, subcritical crack growth, or crack-propagation 
model. A direct simulation of crack initiation and propagation would 
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(a) Full field distribution.

  
(b) Statistical distribution over height.

 

Fig. 5. Exemplary maximum normal stress. (a) A full three-dimensional stress distribution with white contour lines between the different materials. (b) The 
statistical distribution of these stresses over the height of the microstructure for different quantiles, with the median highlighted in black. The vertical dotted 
lines indicate the layer interfaces.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. The relative change of the median and maximum of the maximum normal stress for different layer thicknesses of the YSZ and GDC barrier layer (a) and 
a further increase of the YSZ electron blocking layer thickness (b). The stresses are therefore normalized by the value for the thinnest layers.
require an additional fracture-mechanical formulation, for example 
a phase-field fracture approach as used in Schöller et al. [46]. The 
spatially resolved stress field in Fig.  5 is nevertheless consistent with the 
experimentally observed failure mode, since elevated maximum normal 
stresses occur in the electrolyte and near the adjacent GDC/YSZ inter-
faces. These stress concentrations identify mechanically critical regions 
of the cell and provide a qualitative indication of where failure may 
be promoted under electro-chemo-mechanical loading. Consequently, 
the following parameter studies are interpreted primarily with respect 
to their influence on these critical stress concentrations, rather than as 
deterministic predictions of crack initiation or crack propagation.

3.4. Variation of GDC & YSZ barrier layer thickness

This subsection investigates the influence of the YSZ electron-
blocking layer and the air-side GDC barrier layer thickness on the 
stress state, while the fuel-side GDC layer thickness is kept fixed at the 
reference value extracted from the screen-printed reconstruction. This 
parameter choice reflects the focus of the present study: the mechanical 
consequences of changing from a PVD-based cell architecture with thin 
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YSZ/GDC barrier layers to a screen-printed architecture with thicker 
barrier layers. The fuel-side GDC layer is not considered less relevant; 
however, its thickness is kept fixed because it is not the primary 
manufacturing variable in the transition studied here. Varying this layer 
would address an additional design question concerning the complete 
electrolyte stack and is therefore left for future work.

All other aspects of the microstructure generation, and mechanical 
boundary conditions, follow Sections 3.1 and 3.2. To enable a compre-
hensible comparison of stress behavior across different microstructures, 
the information of such simulations, see Section 3.3, is reduced to 
layer-averaged metrics. Specifically, each case is summarized by the 
median of the maximum normal stress, which characterizes the typical 
level of the chosen Rankine-type stress measure in a brittle layer, and 
the peak value of the maximum normal stress, which captures local 
stress concentrations relevant for damage initiation. The stresses in the 
following parameter studies are normalized by the respective reference 
case. This normalization is used deliberately to emphasize relative 
trends between microstructural variants, whereas the absolute stress 
scale of the reference microstructure is shown in Fig.  5 and Fig. S1 of 
the Supplementary Material
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Fig.  6a presents the layer-averaged median and maximum stress 
for each layer for simulations with systematically varied GDC and YSZ 
barrier layer thicknesses. To make the results directly comparable, all 
stresses are normalized by the values obtained for the thinnest layers. 
Consequently, each curve starts at 1.0, and deviations indicate the 
relative change with increasing layer thickness with respect to this 
reference. The fuel electrode (FE) shows no dependence on layer thick-
ness, as the chemical strains remain unchanged, and the layer is not 
adjacent to any barrier layer. The electrolyte (EL), despite adjacency to 
the YSZ layer, does not exhibit a consistent trend with increasing layer 
thickness. Distinct trends were observed within the barrier layers. For 
the YSZ electron blocking layer positioned between two GDC layers, 
increasing thickness reduces stress. A thicker YSZ layer results in a 
more uniform redistribution of the load caused by chemical strains 
in neighboring ceria. This lowers the characteristic stresses within 
the YSZ electron blocking layer. On the other hand, the GDC barrier 
layer showed a clear increase in stress for thicker layers, with the 
median rising more than the maximum. This behavior is dominated 
by the lower local oxygen partial pressure reached in a thicker GDC 
barrier compared with thin layers, where pO2 remains closer to the air-
electrode value. The lower local oxygen partial pressure corresponds to 
a stronger reduction of ceria and therefore increases the local chemical 
expansion, which elevates the stress level in the GDC barrier layer.

The interpretation of the barrier-layer stresses depends on the pre-
scribed pO2 profile. The dominant chemical-expansion contribution is 
expected in the fuel-side GDC layer adjacent to the Ni–GDC electrode, 
where GDC is strongly reduced and exhibits mixed conduction. A 
refined treatment of the YSZ blocking layer and possible interdiffusion 
regions would mainly affect the detailed pO2 distribution near the 
GDC/YSZ interfaces and in the air-side GDC barrier layer. Therefore, 
such a treatment would improve the quantitative accuracy of the 
calculated stress magnitudes, but it is not expected to alter the main 
purpose of the present parameter studies, namely the identification 
of systematic mechanical trends under a prescribed electrochemical 
loading state.

Previous analysis of ceria-based SOECs suggested that electro-
chemo-mechanically induced stresses in the YSZ blocking layer and ad-
jacent interfaces can contribute to mechanical failure [11]. The present 
spatially resolved simulations support this interpretation by showing 
elevated maximum-normal-stress values near the GDC/YSZ interfaces. 
These stress concentrations indicate mechanically critical regions and 
possible crack-initiation sites. However, because the present model does 
not include an explicit fracture criterion or crack-propagation model, 
the calculated stresses should not be interpreted as a deterministic 
prediction of crack formation.

3.5. Variation of YSZ barrier layer thickness

Starting with the thickest barrier layer configuration of 5 μm, only 
the YSZ electron blocking layer thickness is increased further while 
keeping the GDC barrier thickness fixed. This is motivated by the 
experimental finding that 5 μm thickness of YSZ is insufficient to yield a 
fully electron-blocking layer in a co-fired cell, which will be described 
in detail in a forthcoming publication.

The relative changes in median and maximum stress per layer are 
summarized in Fig.  6b. Across the variation, the fuel electrode and the 
electrolyte layer exhibit no distinct change in either median or max-
imum of the maximum normal stress, indicating that the mechanical 
response is localized to the barrier layer regions. In the YSZ electron 
blocking layer, the median of the maximum normal stress remains 
essentially constant as the layer becomes thicker. In contrast, the GDC 
barrier layer shows a reduction in median stress that is approximately 
linear up to a YSZ thickness of about 8 μm, beyond which the median 
approaches a nearly constant value. This is likely due to the scaling 
of the oxygen partial pressure profile across the cell for thicker YSZ 
electron blocking layers; increasing the effective layer shifts the steep 
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rise in pO2 further into the GDC barrier and lowers the local pO2
in the now relatively thinner GDC layer. The resulting reduction in 
chemical expansion diminishes the maximum normal stress in GDC 
and reduces stress concentrations overall. Both barrier layers exhibit 
a similar, monotonic decrease in maximum stress with increasing YSZ 
thickness, pointing to the YSZ/GDC interface as the primary origin of 
peak stress. The decrease of maxima with thicker YSZ is consistent 
with the shifted pO2 gradient, which together reduce interfacial stress 
concentrations.

This analysis suggests that for the given GDC thicknesses, a YSZ 
thickness of more than 8 μm does not yield a reduction in mechanical 
stress, while increasing cell resistance. These calculations provide a 
guide to cell design, although it must be stressed that the presented 
results emphasize the relative changes over accuracy in absolute values.

3.6. Variation of GDC & YSZ barrier layer porosity

In contrast to changing the layer thickness, the porosity of the 
barrier layers can be varied while keeping layer sizes constant. To 
isolate porosity effects, both barrier layers were fixed at 5 μm thickness, 
and only their porosity was modified. This reflects the influence of 
the manufacturing methods on the resulting microstructures, where 
methods such as PVD lead to highly dense layers, while the porosity of a 
co-sintered, three-layer electrolyte is highly dependent on the absolute 
and relative shrinkage rates of the individual layers, their thickness, 
their dynamic viscosity as well as sintering time and heating rate. A 
controlled, experimental variation of the porosity is therefore extremely 
challenging. The elaboration of synthetic microstructures allows for 
a systematic evaluation of the influence of porosity. Because the vir-
tual microstructures are generated from random seeds, the realized 
porosities vary stochastically around their targets, and the evaluated 
stresses are sensitive to these variations. Therefore, to obtain robust 
trends transition from individual samples to an ensemble-based analysis 
is made. Fig.  7b summarizes the distribution of realized porosities 
across the generated virtual microstructures. The dataset is binned by 
porosity using variable bin widths but a constant number of samples 
per bin (nine) to ensure comparable statistical confidence across the 
porosity range. For each bin, the ensemble-average porosity and the 
corresponding ensemble-averaged layer stresses are computed. Fig.  7a 
displays the relative median and maximum of the maximum normal 
stress per layer for these ensembles, plotted against the ensemble-
average porosity of each bin. Consistent with the thickness-variation 
study, the fuel electrode and the electrolyte show no distinct, systematic 
changes in either median or maximum stress over the investigated 
porosity range. In contrast, both barrier layers exhibit a clear trend 
in the ensemble-average response. The median stress decreases with 
increasing porosity; higher porosity reduces the effective stiffness of 
the barrier layers. Since loading is driven by chemical strain rather 
than external traction, a more compliant microstructure can accom-
modate imposed strain more easily, thereby reducing median stress. 
Moreover, the maximum stress in the GDC barrier layer shows a slight 
increase with porosity. This increase is attributed to the higher local 
stress concentrations around pores and phase boundaries that occur as 
the microstructure becomes more porous. Increased porosity amplifies 
these local heterogeneities, which explains the modest rise in peak 
stress despite the overall reduction in median stress.

Overall, the sensitivity of the normalized stresses to porosity is com-
paratively low, with relative values ranging approximately from 0.9 
to 1.12 across the studied porosities, whereas previous layer-thickness 
studies have reported substantially larger ranges (about 0.5 to 2.6).

3.7. Variation of fuel electrode overpotential

In addition to the morphological studies, the sensitivity of me-
chanical response to varying the fuel-electrode overpotential 𝜂FE is 
investigated. While the change in 𝜂  physically refers to a change in 
FE
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Fig. 7. The relative change in median and maximum of the maximum normal stress for different porosities of the YSZ and GDC barrier layer (a). The stresses 
are therefore normalized by the value for the lowest porosity. (b) Distribution of porosities for different generated microstructures (orange), the bins (blue), and 
mean value (red) used to calculate the averaged stresses shown in (a).  (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
Fig. 8. The relative change of the median and maximum of the maximum normal stress for different fuel electrode overpotentials. The stresses are therefore 
normalized by the value for the lowest overpotential.
the microstructure of the fuel electrode, our model does not compute 
𝜂FE from the microstructure; therefore, it can be varied independently. 
The impact of microstructural changes on mechanical stresses is an-
ticipated to be small since the main source of chemical strains is the 
electrolyte. The increase in 𝜂FE is therefore investigated in the context 
both, of performance degradation during operation, as well as the 
influence of the electrode overpotential itself.

Simulations were performed on the microstructure defined in Sec-
tion 3.1, but with both barrier layers doubled to 3 μm thickness each, 
under the same operating conditions as the previous sections.

Fig.  8 summarizes the relative changes in median and maximum of 
the maximum normal stress per layer for 𝜂FE in the range 𝜂FE = 0.075 to
0.375V. Varying 𝜂FE has only a minor influence on the median stresses 
of the fuel electrode, while the maximum stress exhibits an increase. 
The underlying reason is that the drop in oxygen partial pressure, 
induced by the overpotential, and the associated chemical expansion, is 
confined to a limited penetration depth (modeled by the characteristic 
depth 𝜆). Thus, only a local fraction of the electrode volume close to the 
electrolyte is strongly affected. Additionally, the porous morphology 
and the chemically unaffected Ni phase compensate for these local 
strains, preventing a shift of the median stress but allowing localized 
peaks to grow. The YSZ electron blocking layer likewise exhibits only a 
small change in the median stress. However, because it shares interfaces 
with GDC on both sides, this still leads to a noticeable rise in the 
maximum stress with increasing 𝜂FE. As expected, the largest stress 
increases occur in the ceria-containing layers. Both GDC in the barrier 
and electrolyte layer show a clear rise in stress with increasing 𝜂FE, 
driven by the stronger chemical expansion of ceria at lower pO2. 
Notably, in the GDC barrier layer the increase in the maximum stress 
is smaller than the increase in the median, opposite to the trend in 
other layers. We attribute this to stress homogenization toward the 
air-electrode side. In the model, the air-electrode is neglected, and the 
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boundary is treated as a free interface, which promotes a more isotropic 
and uniform stress state near that boundary and suppresses local peaks, 
consistent with the height-resolved stress statistics shown earlier (see 
Fig.  5(b)). These results predict that the influence of the fuel-electrode 
overpotential on the stress response is higher than that of the morpho-
logical variations studied (layer thickness and porosity), underscoring 
a stronger sensitivity to electrochemical properties. Care must be taken 
to minimize 𝜂FE, since its impact on the electro-chemo-mechanical 
stresses by far exceeds those of the electrolyte microstructure. For a 
given material combination, the way to minimize 𝜂FE is by optimizing 
the processing route to obtain a microstructure with increased internal 
surface area and optimized porosity. The lesson for cell manufacturing 
is that the fabrication route should prioritize the properties of the fuel 
electrode over that of the electrolyte.

4. Conclusion

This work utilizes virtual microstructures to perform electro-chemo-
mechanical simulations of SOECs with a ceria electrolyte. The mi-
crostructures were designed to preserve a realistic contact topology 
and enable physically meaningful stress analyses in the microstructure 
of multilayered solid oxide cells. The analysis presented here uses a 
3D reconstruction of a fully screen-printed SOEC as the reference for 
microstructural parameters, while electrochemical boundary conditions 
were derived from measurements on a PVD-processed cell. This com-
bination is used as a controlled modeling framework rather than as a 
direct reconstruction of one specific manufactured cell. The modeling 
of the gradient of the oxygen partial pressure is based on literature 
sources; specifically, it expands on previous work that investigated this 
issue using a 1-dimensional approach with homogenized layers [11].

The presented microstructure–property relations showcase the po-
tential of using virtual microstructures to predict the impact of mi-
crostructural changes on device performance. The fabrication of cells 
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with controlled changes in one microstructural parameter is very time-
consuming at best, and impossible at worst, since many microstructural 
features cannot be influenced independently of others. The use of 
virtual microstructures can quickly delineate the most important mi-
crostructural features with regards to a specific objective, and thus 
provide guidance for the cell design. Secondly, the results of this work 
point to several design guides which can be used to improve the 
durability of the cells. For instance, it was shown that the overpotential 
of the fuel electrode is by far the most important influence on the 
stresses during SOEC operation, while the porosity of the electrolyte 
has a comparatively smaller effect. Therefore, lowering the sintering 
temperature, which would limit the grain growth and thus positively 
affect the overpotential but also negatively influence porosity, is advis-
able, on balance. Furthermore, it can be shown that thicker YSZ layers 
reduce stresses in the multilayer electrolyte. In practice, this will have 
a tradeoff with increased cell resistance, so an optimum thickness for 
the YSZ layer can be approximated around 8 μm.

Future work should address a fully layer-resolved electrochemical 
treatment of the pO2 profile, including GDC, YSZ, and possible inter-
diffusion regions, as well as a systematic variation of the fuel-side GDC 
layer thickness. Both aspects are expected to couple mechanical stresses 
with electrolyte resistance, oxygen-potential distribution, and chemical 
expansion. In the present study, the fuel-side GDC layer was kept fixed 
because it is already screen-printed in the considered cell architecture, 
while the varied YSZ and air-side GDC barrier layers represent the 
experimentally relevant transition from PVD-derived to screen-printed 
barrier layers.

As a perspective beyond the current work, it appears feasible to 
combine such virtual microstructures with a 3-dimensional electro-
chemical model that computes quantities such as the electrode over-
potential directly from the microstructure. While beyond the scope of 
this work, this would enable the digital design of SOECs with freely 
configurable microstructure.
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