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H I G H L I G H T S

Discrete Element Method for the fuel-electrode substrate manufacturing.
Fitted and validated force fields for the solvent-based slurry of the substrate.
First model to link manufacturing process to physical properties of the green tape.
Simulated green tape microstructure of the fuel-electrode substrate.
Cross-sectional views of the calculated green tape are extracted from the DEM model.
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 A B S T R A C T

Optimising the tape casting process for fabricating NiO/YSZ cermet-based fuel-electrode supports in Solid 
Oxide Cells remains a resource-intensive challenge. Improving the green tape properties are often reliant on 
trial-and-error procedures or proprietary knowledge that is inaccessible to the broader scientific community. 
In this work, we use computational simulations as a powerful tool to link the manufacturing process to the 
final microstructure of the tape. A novel three-dimensional physics-based model is presented to simulate 
the slip preparation and the homogeneous drying process of the tape casting producing the fuel electrode 
support in Solid Oxide Cells. Our model is well-calibrated to experimental data, and we investigate the dried 
microstructure of the simulated support.
1. Introduction

In the pursuit of addressing the challenges posed by climate change 
and the depletion of finite fossil fuel resources, green energy, also 
known as renewable energy, has emerged as a viable and critical 
solution in the global energy landscape. Environmentally-friendly en-
ergy sources, such as solar, wind, and hydropower, have a crucial 
role to play in decreasing greenhouse gas emissions. Nevertheless, the 
intermittent nature of these sources poses challenges in ensuring a 
stable and reliable energy supply. This results in the need of efficient 
power generation devices. Amongst them, solid oxide cells (SOCs) stand 
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out as a promising technology that holds a strong potential to boost the 
energy transition.

SOCs are classified as electrochemical energy conversion devices 
that can operate sequentially in two distinct modes within one unit. In 
the solid oxide fuel cell (SOFC) mode, this technology directly trans-
forms the chemical energy of the fuel into electricity. Alternatively, 
while the conversion of renewable energy (power-to-gas) is taken into 
account, reversible solid oxide fuel cells (rSOFCs) function as solid 
oxide electrolysis cells (SOECs). SOCs conventionally operate at high 
temperatures ranging between 650 °C and 900 °C [1,2]. State-of-the-art 
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SOCs are fundamentally comprised of a dense electrolyte sandwiched 
between two porous electrodes, i.e. an anode (a fuel electrode) and a 
cathode (an air electrode), where fundamental electrochemical reac-
tions take place. SOCs have particular advantages in terms of energy 
conversion efficiency and fuel flexibility, allowing them to operate 
on carbohydrate fuels with internal or external reforming [2,3]. To 
increase SOC’s unit cell efficiency, the electrolyte layer thickness was 
reduced to approximately 5 − 20 μm [4,5]. As a result, the ohmic loss 
attributed to the electrolyte thickness is minimised, enabling lower 
operating temperatures as well as higher power density [6,7]. Further-
more, lowering the operating temperature significantly mitigates degra-
dation (due to corrosion of the ancillary reactant delivery equipment 
and detrimental effects on the cell), resulting in increased lifetime [8–
11]. In order to utilise the thinner electrolyte, fuel-electrode-supported 
cells (FESCs), also called anode-supported cells, with a planar design 
were studied at Forschungszentrum Jülich [12,13]. Nevertheless, the 
expensive cost of these cells along with the shortage of appropriate 
materials, required for the demanding SOC operation conditions, pre-
vent SOCs from being commercialised [14,15]. Hence, an optimised 
manufacturing procedure is required to lower the production cost of 
each SOC’s unit. Additionally, selecting an effective fabrication method 
is essential for developing each component to integrate them into single 
cells and stacks. For transportation and portable application, achieving 
microfabricated dimensions through manufacturing is critical to enable 
simplified designs [16,17].

In FESCs, a fuel-electrode support or a fuel-electrode substrate must 
exhibit sufficient mechanical strength of the cell. Moreover, the func-
tions of the support are also electrical connection and gas permeability 
for reactants and products. This results in the major requirements of 
the fuel-electrode support: high electrical conductivity for electronic 
conduction and a sufficiently open porous network for gas transport. 
NiO/YSZ cermets were widely selected as the porous fuel-electrode 
substrates, as they were reduced to Ni/YSZ cermets in the presence of 
the fuel during cell start-up, contributing to both sufficient mechanical 
stability and high electrical conductivity. One of the promising low-
cost methods widely used to fabricate the fuel-electrode substrate is the 
tape-casting method [18,19]. Tape casting is a well-known technique 
for the formation of thin-flat-ceramic sheets [20]. The mass production 
of green tape using this promising process demands casting slip prepa-
ration, including powders, binders, plasticisers, and dispersants [20,
21].

In the tape-casting process, the mechanical and physical attributes 
of the green tapes are of the utmost importance in the subsequent 
processing and the final characteristics of the substrate [22]. In order 
to produce high-quality green tape, a trial-and-error procedure is often 
applied to ensure the most stable suspension and achieve the desired 
tape properties [23–25]. Nonetheless, this approach is costly, resulting 
in material wastage, product rejection, and significant time investment. 
Besides, understanding the evolution of the three-dimensional (3D) 
microstructure during the tape casting process is critical for inves-
tigating key phenomena such as agglomeration, sedimentation, and 
particle packing, which significantly impact the porosity and mechan-
ical properties of the final support structure. Advanced visualisation 
techniques, including focused ion beam-scanning electron microscopy 
(FIB-SEM) [26–28] and X-ray computed tomography (XCT) [29,30], 
are frequently utilised to examine the internal microstructure of the 
electrode. Despite their utility, these techniques can be time-consuming 
and pose challenges to fully differentiate between material phases.

Computational modelling has been used to understand the influence 
of electrode microstructure on electrochemical performance. Although 
most studies rely on stochastically generated electrode microstruc-
tures [31–34], the manufacturing process plays a pivotal role in de-
termining the morphology and electrochemical performance of the 
support in SOCs [35–37]. Thus, accounting for microstructural analy-
sis with manufacturing parameters gives a comprehensive framework, 
providing deep insights into microstructural evolution.
2 
Table 1
Materials used to prepare the casting slip.
 Material Role in the slip Producer  
 NiO Powder G. Vogler B.V. 
 8YSZ Powder Imerys  
 Ethanol Solvent Merck  
 Methyl ethyl ketone Solvent Merck  
 Polyvinyl butyral B-98 Binder Solutia Inc.  
 Solusolv S-2075 Plasticiser Solutia Inc.  
 PEG400 Plasticiser Merck  
 BYK 220 S Dispersant BYK  

In the context of the ARTISTIC research initiative [38], numerous 
physics-based numerical models were reported allowing the predic-
tion of the three-dimensional microstructure of battery electrodes as a 
function of manufacturing parameters [39–44]. These models typically 
employ coarse-grained molecular dynamics or discrete element method 
(DEM) simulations for each step in the electrode manufacturing process 
chain. To the best of our knowledge, this powerful computational 
approach has yet to be considered in the case of SOC devices. In this 
article, a physics-based DEM approach is applied to model two stages 
of the tape-casting process of the fuel-electrode supports, namely the 
slip phase and its drying. In the slip phase, the DEM approach models 
the interaction between NiO, 8YSZ, and domains representing the 
solvent, the binder, the dispersant and the plasticiser (Binder Dispersant 
Plasticiser Domain—BDPD) to mimic the properties of the casting slip. 
Subsequently, the experimentally validated simulated slip is used as an 
input to simulate the drying stage by solvent removal from the BDPD.

In this study, we propose a 3D physics-based modelling framework 
to simulate the fabrication of fuel-electrode substrates in Ni-cermet pla-
nar FESCs. This framework characterises the green tape’s microstruc-
tural features using the DEM approach, which operates efficiently with 
limited computational resources. As a proof of concept, the underlying 
theory and methodology are introduced. An overview of the results 
obtained and the model perspectives are discussed in details as well. 
Finally, we conclude and indicate perspectives for our work.

2. Materials and methods

2.1. Casting slip preparation

The most prevalent materials for the support in the state-of-the-
art FESCs are Ni-YSZ cermets [45–47]. The NiO (Green Nickel Oxide) 
and 8YSZ (8 mol% yttria-stabilised zirconia) powders were utilised 
to attain a 57:43 NiO:8YSZ volume fraction [48]. The NiO and 8YSZ 
powder mixture, Ethanol and Methyl ethyl ketone solvents, binders, 
dispersants, plasticisers and grinding balls were mixed for 10 h to form 
the most stable suspension of the slip. The particle size distributions 
of both NiO and 8YSZ were not distinguishable in the prepared slip 
and determined with d10 = 0.35–0.45 μm, d50 = 0.5–0.7 μm, and d90
= 0.8–1.0 μm. Table  1 lists all material components used for the slip 
preparation.

2.2. Physical model workflow

There are two primary phases in our modelling methodology to 
simulate the 3D microstructure of the fuel-electrode substrate in the 
FESCs, which are covered in-depth in this study, namely the slip phase, 
and its drying phase. More specifically, the DEM approach is employed 
to simulate the slip and dried microstructures corresponding to each 
step of the tape casting process of the ceramics. DEM is a computational 
simulation technique used to model the dynamic behaviour of complex 
systems at the particle level, such as powders and granular materials 
by numerically solving Newton’s equations of motion for a collection 
of particles in a simulated system [49,50]. The simulation starts by 
defining the initial positions, velocities, and forces acting upon each 
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particle in the system. These initial conditions may be based upon 
experimental data, previous simulations, or theoretical calculations. 
The interactions between a pair of particles are described by force 
fields (FFs), which are mathematical functions that model the potential 
energy of the system as a function of particle distances. The forces 
acting upon each particle are calculated based upon their positions 
by using the force fields. In particular, these forces are determined 
by the gradients of the potential energy with respect to the particle 
positions. Newton’s second law of motion, then, is used to update the 
positions and velocities of the particles in the system. The equations 
of motion are numerically integrated over a small time step so as 
to calculate the new positions and velocities of the particles based 
upon the current positions, velocities, and forces. The integration step 
is left to run until the system reaching the equilibrium, each time 
advancing the system’s state by a small time interval. The smaller the 
time step, the more accurate the simulation, however, it also increases 
the computational cost. Particles of all materials are randomly located 
in a big enough simulation box at the beginning for the purpose of 
avoiding the overlap of particles. A constant temperature and constant 
pressure (NPT ensemble) are applied for the slip-phase simulation 
at 300 K and 1 bar until the system is equilibrated. In this work, 
LAMMPS [51,52], an open-source molecular dynamics programme, is 
employed to simulate the slip phase upon the boundary condition being 
periodic in all three directions (x, y, and z-axis). The drying phase is 
then simulated by using the experimentally validated simulated slip 
as an input, which enables the production of the dried microstructure 
of the fuel-electrode substrate. The dried microstructure is utilised for 
subsequent analysis steps once the computational simulation is well-
calibrated. Fig.  1a illustrates the tape casting process for the support in 
SOCs highlighting the two stages being simulated: the slip preparation 
and its drying process. Our computational workflow is illustrated in Fig. 
1b.

It is worth mentioning that two types of parameters, namely the 
manufacturing parameters and the force field (FF) parameters, are 
required as input for our computational model. The manufacturing 
parameters are defined as the parameters associated with the experi-
mental process, for instance, the slip solid content (SC) and the particle 
size distribution of the material. The manufacturing parameters are, as 
per the experimental conditions, assumed to be constant, for example, 
SC is constant along the simulation.

The FF parameters, on the other hand, are model-internal param-
eters specifying how strongly particles interact with one another and 
thus have a powerful impact on the DEM simulation results. It is, there-
fore, critical to configure the FF parameters to mimic the properties 
of the system. The Lennard–Jones FF (LJFF) and Granular Hertz FF 
(GHFF) are combined to create the FFs that resemble the physicochem-
ical characteristics of the casting slip [53]. The LJFF [54,55] is utilised 
to imitate an attractive and repulsive interaction between two particles, 
which is derived from the Lennard–Jones potential energy given as 

𝑉 (𝑟) = 4𝜖
[

(𝜎
𝑟

)12
−
(𝜎
𝑟

)6
]

𝑟 < 𝑟𝑐 , (1)

where 𝜖 is the well depth that measures the strength of the attraction 
between the two particles, 𝜎 represents the distance of closest approach 
between the centres of two particles if their potential energy were zero, 
𝑟𝑐 is the cut-off distance at which the particles stop interacting with 
one another, and 𝑟 represents the distance between a pair of particles 
measured from the centre of one particle to the centre of the other 
particle.

As mentioned in the previous section, the forces acting upon each 
particle in the system are calculated as 

𝐹𝐿𝐽 (𝑟) = −∇𝑉 (𝑟) , (2)

where 𝑟 is the distance between the centre of the two particles.
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The GHFF [56,57] is used to handle the mechanical aspects of the 
system, which is defined as

𝐹𝐺𝐻 =
√

𝛿

√

𝑅𝑖𝑅𝑗

𝑅𝑖 + 𝑅𝑗

[(

𝑘𝑛𝛿𝑛𝑖𝑗 − 𝑚eff𝛾𝑛𝑣𝑛
)

−
(

𝑘𝑡𝛥𝑠𝑡 + 𝑚eff𝛾𝑡𝑣𝑡
)]

, (3)

where 𝛿 is the overlap distance, 𝑅𝑖 as well as 𝑅𝑗 represent the radius 
of two particles, 𝑘𝑛 is the normal elastic constant, 𝑘𝑡 is the tangential 
elastic constant, 𝛾𝑛 represents the viscoelastic damping constant for nor-
mal interaction, 𝛾𝑡 is the viscoelastic damping constant for tangential 
interaction, 𝑣𝑛 and 𝑣𝑡 represent the relative velocity of two interacting 
particles in terms of normal and tangential components, respectively. 
In addition, 𝛥𝑠𝑡 is the tangential displacement vector between a pair of 
interacting particles, 𝑛𝑖𝑗 represents the unit vector along the line linking 
the centres of the two interacting particles, and 𝑚eff is the effective mass 
of both particles and expressed as 

𝑚eff =
𝑚𝑖𝑚𝑗

𝑚𝑖 + 𝑚𝑗
, (4)

where 𝑚𝑖 and 𝑚𝑗 are the mass of particle 𝑖 and particle 𝑗, respectively.
It is evident from Eq.  (3) that 𝐹𝐺𝐻  will be equal to 0 for 𝛿 = 0. An 

appropriate proportion of overlap between interacting particles must 
thus be permitted so as to account for the GHFF. Another important 
parameter, the coefficient of friction (𝜇), determined by the highest 
ratio between the tangential and normal forces, is the last factor 
required for the simulation [57].

It should be noted that the LJFF in this study is an approximation 
to describe the interaction between particles, and we chose LJ because 
of its simplicity. Specifically, the LJ was used as an approach to control 
the distance and interaction forces amongst different particles. This 
adjustment of interparticle distances is critical to stabilise the particles 
in both the slip and drying phases and to prepare a physically plausible 
particle packing for the GH contact model, which governs elastic and 
frictional forces once particles are in contact. By contrast, the GH 
contact model is directly derived from physical contact mechanics and 
represents the particle-level physics, ensuring suspension stability and 
particle packing after drying that are consistent with experimental 
observations. Therefore, these two FFs form the coarse-grained de-
scription, allowing the model to mimic the experimentally observed 
suspension behaviour, particle packing, and microstructural features 
of the fuel-electrode support. While the LJFF provides an effective 
means to mimic mesoscale cohesive interactions, the GHFF preserves 
rigorous particle-level physics, enabling the overall DEM framework to 
be considered physics-based in the coarse-grained modelling sense.

In the simulation, the particles are explicitly considered as distinct 
material kinds in the system, i.e. NiO, 8YSZ, and BDPD, in which 
the BDPD particle is a type of effective particle representing also the 
solvent and the organic materials in the slip. It is worth noting that all 
particles were modelled as effective spheres. All forces are calibrated 
to fit the experimental output descriptors. Specifically, the slip phase is 
validated by comparing the experimental with the simulated density. 
Additionally, such DEM simulations should also display a calibration of 
the viscosity of the simulated slip. As a proof of concept, the calibration 
of two viscosity points is required to ensure that the simulated slip 
behaves in agreement with the experimental one. A series of non-
equilibrium simulations was adopted to determine multiple viscosity 
values against the desired shear rates. This was accomplished by re-
versly rotating the upper and lower planes of the simulation box with 
respect to the x direction and thus deforming the simulation box in a 
single lateral direction. The length of the simulation box multiplied by 
the selected shear rate in the y direction determines the deformation 
rate. Besides, it is also necessary to allow enough time for the simu-
lation to converge on the target viscosity value. Our non-equilibrium 
simulations were deployed by running 107 timesteps with a size of 
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Fig. 1. (a) A diagram illustrating the stages of the tape casting process of a SOC fuel-electrode support. (b) A schematic snapshot of our computational workflow 
depicting each simulation step in this work. The workflow starts with an initial configuration consisting in a random spatial distribution of particles. Afterwards, 
the slip microstructure is obtained by performing the simulation until the initial structure is equilibrated in the NPT ensemble. Grey spheres represent NiO, light 
red particles illustrate 8YSZ, and slate-blue spheres exhibit Binder Dispersant Plasticiser Domain (BDPD). In the slip phase, NiO and 8YSZ are almost obscured 
by the BDPD including the solvent. Furthermore, the image also shows the dried microstructure obtained after solvent removal by shrinking the BDPD spheres 
in order to mimic the solvent evaporation. We performed several simulations following this workflow to ensure proper statistical representativeness. Videos 
displaying the evolution of the simulations, highlighting solvent removal, are included in the Supplemental Information. The particle size distribution used for 
the simulation can also be found in the Supplemental Information. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
𝛥𝑡 = 0.001 μs. The simulated viscosity was, then, calculated by taking 
the mean of the instantaneous viscosity measurements following the 
convergence of the simulation. The same FF parameter values of the 
slip simulation were used for viscosity simulation to ensure consistency. 
Our viscosity calibration was performed on a small slip microstructure 
(14 162 particles). After the calibration of the viscosity achieved the 
4 
experimental values, the model was scaled up to 226 568 particles to 
meet the expected thickness.

Regarding the drying stage, the drying model is modelled by the 
homogeneous shrinkage of BDPD particles mimicking the solvent evap-
oration. Specifically, all the BDPD particles, containing the solvent, 
were instantly shrunk from 1.8 μm to 0.38 μm in diameter. The DEM 
simulation continued to run until reaching the equilibrium. The FFs 
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were re-calibrated to obtain a dried microstructure satisfying the ex-
perimental porosity and density. Stronger particle connections formed 
by binder bridges, along with improved mechanical properties of the 
green tape, result from increased attractive and elastic interactions. The 
difference trnalsated in the values of FFs of the drying and slip phases. 
Consequently, the thickness drops from top to bottom. Throughout the 
simulation, the temperature persists constant at 300 K at each time 
step.

The simulation domain sizes were chosen to ensure that each system 
contained a sufficient number of particles to simulate the SC used 
in the experiment. The sizes of the simulation domain must also be 
consistent with the experimental physical properties of the substrate. 
Besides, these simulation domain sizes should represent a balance 
between computational cost and the physical representativeness of the 
substrate system. In this work, for each phase, two domain sizes were 
employed: a larger domain regarding the experimentally measured 
thickness for the slip or the corresponding dried microstructure, pro-
viding the validation of the simulated microstructure, and a smaller 
domain used as a representative test case to assess finite-size effects. 
The small and large domains of the slip simulation were approximately 
L𝑥 × L𝑦 × L𝑧 = 13 × 13 × 32 μm3 and L𝑥 × L𝑦 × L𝑧 = 17 × 17 × 300 μm3, 
respectively. The corresponding small and large domains for the dried 
microstructures were approximately L𝑥 × L𝑦 × L𝑧 = 12 × 12 × 9 μm3 and 
L𝑥×L𝑦×L𝑧 = 16×16×90 μm3, respectively. Simulations for both small and 
large domain sizes showed no significant differences in agreement with 
our experimental measurements, confirming that finite-size effects are 
negligible. All information on FF parameters about the slip and drying 
phases can be found in the Supplemental Information.

3. Results and discussion

The DEM approach was conducted using LAMMPS software to 
model the slip and drying phases of the tape-casting process of fuel-
electrode substrates in SOCs. All the simulations were run on the 
MatriCS High Performance Computing cluster of the Université de 
Picardie Jules Verne, in Amiens, France, using one node with 128 GB 
of RAM and 2 processors (Intel® Xeon® CPU E5-2680 v4 @ 2.40 GHz, 
28 cores) [58]. Simulating the large microstructure, comprising 226 568
particles, required approximately 78 h for the slip stage and 226 h for 
the drying stage, while simulations of the smaller microstructure, con-
taining 14 162 particles, completed in approximately 10, 14, and 29 h 
for the slip, viscosity, and drying stages, respectively. In order to further 
optimise the models and assess the physicochemical aspects of the slip 
simulation, the BDPD diameter and its density are taken into account. 
The interaction amongst these material particles was controlled by the 
FF parameters, which were parameterised to imitate the experimental 
properties. In other words, all FF parameters were calibrated to achieve 
a simulated density value within the experimental uncertainty range. 
Specifically, the experimental casting-slip density value of 2.23 g∕cm3 is 
utilised to validate the calculated slip microstructure with a simulated 
density of 2.22 g∕cm3. Furthermore, the rheological properties of the 
casting slip also have an effect on the fabrication of the substrate [59,
60]. It is, therefore, important to ensure that the simulated slip behaves 
like the experimental one. The casting slip should behave as if a shear-
thinning fluid, also known as a pseudoplastic fluid, operates [61,62], 
which means that the casting slip exhibits a decreasing apparent viscos-
ity with an increasing shear rate [63,64]. Even though a full viscosity 
curve is desirable, this would be too computationally expensive and 
two viscosity values are determined to be sufficient for this proof-of-
concept study. To meet this requirement, manually tuning the FFs to 
obtain two viscosity values corresponding to low and high shear rates 
was performed. The simulated viscosities corresponding to the chosen 
shear rates are shown in Table  2, and the animation of the simulation 
is provided as a video in the Supplemental Information.
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Table 2
Experimental and simulated viscosity as a func-
tion of the shear rate.
 Shear rate (s−1) Viscosity (Pa s)

 
80 ± 0.3

Experiment 1.7 ± 0.3 
 Simulation 1.9 ± 0.2 
 
100 ± 0.3

Experiment 1.5 ± 0.3 
 Simulation 1.6 ± 0.1 

In the drying phase, the porosity calibration is used as a means to 
validate the DEM model. The experimental porosity of the green sample 
is calculated as 

𝜙exp (%) =
𝑉pore

𝑉green tape
× 100%, (5)

where 𝑉pore is the pore volume of the green sample, and 𝑉green tape is 
the volume of the green sample.

It is critical to ensure the stability and reproducibility of the DEM 
simulations to validate the reliability of the generated data. Regarding 
this, six different simulations (Slip Microstructure 1–6) were conducted 
for the slip phase by varying the initial positions of the particles, 
number of particles in the simulation box, and the size of the simulation 
box, providing various microstructures for the analysis to ensure the 
consistency of the microstructural properties and particle arrangement 
of our model. Subsequently, these slip microstructures served as inputs 
to generate the dried microstructures (Dried Microstructures 1–6) in the 
drying phase. The density and porosity of these dried microstructures 
were calculated to ensure the stability and consistency of the DEM 
model, achieving the values of 3.45 ± 0.01 g∕cm3 for the green density, 
and 9.7 ± 0.3 % for the porosity, in good agreement with those of the 
experiment which are 3.46 g∕cm3 and 9.6% for the green density and 
porosity, respectively. All information pertaining to these simulated 
microstructures can be found in the Supplemental Information (Table 
S2).

Radial Distribution Function (RDF) was adopted to evaluate the 
microstructural characteritics of the slip and dried microstructures. 
As a robust analytical tool, RDFs enable the evaluation of structural 
consistency in the microstructures across various simulation runs by 
implementing a quantitative measurement for comparing particle ar-
rangements in a 3D microstructure during the simulation. Figs.  2 and
3 depict the RDF analyses in the slip and drying phases. Fig.  2 demon-
strates the RDF curves of six different slip microstructures in terms 
of three different scenarios, namely NiO-8YSZ pair-correlation (Fig. 
2a), NiO-NiO pair-correlation (Fig.  2b), and 8YSZ-8YSZ pair-correlation 
(Fig.  2c). Likewise, Fig.  3 shows the corresponding RDF curves for 
the dried microstructures in terms of four different scenarios: pair-
correlation for all particle types (Fig.  3a), NiO-8YSZ pair-correlation 
(Fig.  3b), NiO-NiO pair-correlation (Fig.  3c), and 8YSZ-8YSZ pair-
correlation (Fig.  3d). In the slip stage, solid particles, such as NiO and 
8YSZ, are suspended in a liquid phase. This is also explained in the sim-
ulation when most solid spheres were covered by the BDPD overlapped 
highly to effectively mimic the behaviour of viscous suspensions such as 
the slip (Fig.  1b). In other words, BDPD particles serve as a liquid phase 
surrounding the solid particles in the slip phase, which results in the 
relative distribution of NiO and 8YSZ particles being the main object 
investigated in the slip stage. By contrast, in the drying stage, BDPD 
particles tend to cluster after solvent removal to function as binder 
bridges, which enables stronger particle bonds as well as a higher 
level of stiffness. Hence, BDPD was taken into consideration along 
with NiO and 8YSZ particles during the drying stage. Overall, RDFs 
indicate consistency during the microstructural evolution in both slip 
and drying steps. The RDF curves for each type of particle interactions 
are nearly identical regarding different microstructures within each 
phase. Nevertheless, the differences between RDFs are smaller in the 
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Fig. 2. Pair-wise radial distribution functions (RDFs) for 6 different slip microstructures with respect to all cases: (a) NiO-8YSZ, (b) NiO-NiO, and (c) 8YSZ-8YSZ. 
The first peaks in all RDFs are quite high, demonstrating that NiO and 8YSZ particles cluster at short distances within the slip. Comparative analysis of the RDFs 
confirms the co-existence of both particle types in close proximity. Particularly, in the case of NiO-NiO correlations, the first peak is slightly lower than the second 
peak, attributable to the intervening presence of 8YSZ particles at shorter radial distances from the reference NiO particle. g(r) tends to unity at long distances 
indicating that the particles are well dispersed throughout the microstructure—characteristic behaviour of a stabilised casting slip system.
drying phase. This explains the difference in NiO and 8YSZ particle 
distribution where there is a higher particle movement in the slip phase 
in comparison to the dry phase. Furthermore, the consistency shown 
by RDFs also ensures the confidence of the DEM model regardless of 
the initial particle configurations or model size, which supports the 
reproducibility and reliability of our model.

To further characterise the dried microstructure, we analysed the 
simulated thick dried microstructure (90 μm in thickness, composed of 
226 568 particles). The volume fraction for each material phase in 𝑧-axis 
(i.e. along the thickness) is shown in Fig.  4. Overall, Fig.  4 illustrates 
a consistent trend of the volume fraction distribution of all material 
phases, which is critical for fabricating the green tape. Specifically, 
NiO and 8YSZ occupy the majority of the volume fraction of the dried 
microstructure. While the volume fraction of NiO decreases, the volume 
fraction of 8YSZ increases along the thickness from bottom to top of 
the dried microstructure. This demonstrates the interaction between 
the NiO and 8YSZ particles during the formation of the dried mi-
crostructure. The trend for the volume fraction distribution of the BDPD 
phase reflects an homogeneous distribution of binders and additives 
throughout the dried microstructure. The volume fraction of the pores 
remains low along the thickness of the dried microstructure. Fig.  5 
demonstrates cross-sectional views of the dried microstructure of the 
fuel-electrode support obtained from our DEM simulation at various 
depths. Specifically, the cross section of the dried microstructure was 
extracted along the thickness direction after voxelising the 3D dried 
microstructure of the simulated support by using an in house Python 
script. It is clear that the cross-sectional microstructures show that the 
6 
phases, including NiO (green), 8YSZ (yellow), BDPD (dark purple), 
and pore (dark blue), are well-distributed within the examined slices, 
which aligns with the distribution of the volume fraction of each 
phase. Moreover, the cross-sectional views show the tight arrange-
ment of the particles within the examined slices. These cross-sectional 
views indicate the correlations between NiO and 8YSZ particles along 
the thickness of the dried microstructure. The cross-sectional views 
also demonstrate the role of BDPD as the binder bridges for the NiO 
and 8YSZ particles as we discussed above. These characterisations 
of phases in the examined simulated dried microstructure are also 
affirmed by calculating the coordination number to provide an idea 
of particle packing and connectivity after solvent evaporation in the 
tape-casting process (Fig.  6). Indeed, Fig.  6a and 6b show strong 
spatial correlations between the NiO and 8YSZ phases. This implies 
NiO and 8YSZ particles were well-mixed during the slip preparation 
and remained uniformly distributed after drying, which is an important 
characteristic for ensuring mechanical stability as well as enhancing 
connectivity in the final microstructure for the next manufacturing 
step, the sintering process. Meanwhile, the coordination number of 
BDPD exhibits a uniform distribution along the microstructure (Fig. 
6c and 6f). The high values (i.e. orange or red) correspond to tight 
particle arrangement in the examined area due to the presence of the 
binder phase (BDPD). Furthermore, BDPD forms a network connected 
along the microstructure reflecting the role of BDPD in supporting the 
connection between particles, which is of the utmost importance in the 
formation of a stable microstructure. Besides, a Pore Network Model 
(PNM) is shown in Fig.  7. To investigate the pore structures as well 
as their distribution, the diverse shapes of pores are approximated as 
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Fig. 3. Pair-wise RDFs for the dried microstructures corresponding to their slip microstructures with respect to all cases: (a) All particle pairs, (b) NiO-8YSZ, 
(c) NiO-NiO, and (d) 8YSZ-8YSZ. RDFs of the dried microstructures demonstrate a stable particle configuration, characterised by distinct primary peaks that 
gradually decay to 𝑔 (𝑟) = 1 beyond radial distances of approximately 2.5 μm, which demonstrates transition to homogeneous particle distributions at longer 
distance. In general, RDFs reveal significant differences between the slip and dried microstructures, highlighting structural changes in particle distribution as the 
system transitions from the slip phase to the drying phase.
spheres for simplification by using the Avizo software (Thermo Fisher 
Scientific) [65]. Specifically, Fig.  7 illustrates the distribution of pores 
along the thickness of the calculated microstructure of the green tape. 
PNM shows that the size of the pores in the simulated microstructure 
is up to 2.5 μm. Along the microstructure, there is a homogeneous 
distribution of pores, where each pore is approximately 2 μm in size. 
Meanwhile, larger pores are located closer to the central section of 
the simulated green tape. A well-optimised pore arrangement in the 
dried microstructure of the fuel-electrode support in FESCs facilitates 
the formation of a favourable microstructure after the sintering process. 
This helps to ensure efficient gas transport, a high density of triple-
phase boundaries, and improved fuel utilisation. It also contributes to 
mechanical robustness during sintering, which is critical for long-term 
cell performance.

SEM and tomography characterisations can provide valuable in-
sights into the green tape microstructure of the fuel-electrode support, 
yet their application at this early stage is often limited due to technical 
constraints. Our model provides a valuable first step in visualising 
features that are difficult to observe through experimental imaging, 
particularly the distribution of materials with low imaging contrast. 
It therefore serves as a useful complement to direct imaging and sup-
ports an integrated modelling and experimental approach for gaining 
deeper insights into how manufacturing processes influence material 
distribution and final properties. Besides, the DEM-generated dried 
microstructure, representing the green body of the fuel-electrode sup-
port, can also serve as the starting point for multiscale modelling. 
7 
Fig. 4. Volume fraction evolutions of NiO, 8YSZ, BDPD and pores along the 
thickness of the dried substrate microstructure.

Specifically, it can be used as input for a phase-field model to sim-
ulate sintering. The resulting sintered microstructures can then be 
employed in subsequent performance-oriented simulations (e.g., Lattice 
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Fig. 5. Cross-sectional views of the dried microstructure (90 μm in thickness) resulting from our simulation, shown in the xy plane (i.e. along the thickness 
direction), at various depths: (a) Slice at 𝑧 = 10 μm, (b) Slice at 𝑧 = 30 μm, (c) Slice at 𝑧 = 60 μm, and (d) Slice at 𝑧 = 80 μm. Each colour represents a different 
phase, namely NiO, 8YSZ, BDPD, and pore. (e) 3D volume showing slicing positions, providing an overview of the simulated volume and the planes where the 
cross-sections (a–d) were taken. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Boltzmann method, pore network modelling) or thermo-mechanical 
durability studies (e.g., based on finite element methods).

4. Conclusions and perspectives

In this article, a physics-based computational workflow, based upon 
DEM, to simulate the tape casting process of a SOC fuel-electrode 
support made of NiO/8YSZ cermet is presented for the first time. The 
model was calibrated with in house experimental data, such as the slip 
density, the viscosity of the slip, the density and the porosity of the 
green tape so as to reproduce the experimental conditions as closely 
as possible. Our model describes two main stages in the tape casting 
process of the fuel-electrode support, namely the slip casting and its 
drying. Our performed DEM simulations allow linking each step of the 
tape-casting process to the 3D-resolved microstructure of the support, 
by verifying its properties for good agreement with experimental data. 
This allows for an efficient and more physics-based approach than those 
based upon stochastic generation of microstructures. A homogeneous 
distribution of all materials throughout the dried microstructure was 
observed from the simulation, which is expected to happen in practice 
before the heat treatment of the green tape.

Our model employs a homogeneous drying assumption for the BDPD 
particles, which is a simplification of the actual drying behaviour. 
While this represents an approximation, it is sufficient in the context 
of this proof-of-concept study to capture the main trends of the tape 
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casting and drying processes. The debinding and sintering of the ma-
terials helps control the porosity and avoid undesirable pore clustering 
after the sintering process. These processes, not considered in this first 
modelling proof of concept, enhance both the mechanical performance 
and electrochemical properties of the support [66].

The work reported herein further exhibits that the ARTISTIC work-
flow can be applied not only to batteries but also to other technologies 
such as SOCs. Nevertheless, our framework can be extended to also 
simulate properties involved in other processing steps of SOC supports 
as well as functional layers, such as the sintering process. It is useful, as 
a future perspective, to complement our findings with supplementary 
imaging characterisation to provide better insights related to material 
processing/performance coupling. Even though our model has some 
limitations due to its assumptions (e.g. consideration of spherical par-
ticles), it provides, to the best of our knowledge, the most complete 
computational approach to connect manufacturing with the microstruc-
ture properties. It also remains particularly well suited to investigate, 
from a physical perspective, the tape casting process. By using our 
experimentally validated computational workflow, numerous combina-
tions of the manufacturing parameters may be researched to inspect 
quickly the material processability before performing the experimental 
fabrication. This results in a powerful computational approach for the 
generation, with physics background, of component microstructures 
utilised in a wide spectrum of energy conversion applications.
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Fig. 6. Coordination number of particles in the dried microstructure. The 
colour code exhibits the reference particles, such as (a) NiO, (b) 8YSZ, (c) 
BDPD. The rest of particles in contact with the reference particles are shown 
in grey. The colour zone exhibits only the reference particles in contact with 
each other, such as (d) NiO-NiO particles, (e) 8YSZ-8YSZ particles, (f) BDPD-
BDPD particles. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
9 
Fig. 7. Pore Network Model of the dried microstructure for the SOC support, 
illustrating the pore distribution and size throughout the dried microstructure. 
The colour bar indicates equivalent pore diameters, while the throats indicate 
the pore interconnections. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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