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DEM-FEM coupling for simulating the
manufacturing process of

all-solid-state batteries

by Koji Yamamoto
CYBERNET

All-solid-state batteries (ASSBs) are attracting attention as safe
energy storage devices for use in electric transport. However, although
high safety can be guaranteed, it can be difficult to achieve high
ion conductivity within ASSBs compared to conventional lithium-
ion batteries (LIBs). The keys to achieving high performance lie in
improving the performance of the materials that comprise the product
and in optimizing the manufacturing conditions of the powdered raw
materials used. This article focuses on the latter issue and introduces
analysis techniques that simulate the manufacturing processes
for ASSBs and even enable the performance of the final moulded
products to be predicted. The article, “Filling and compression
analysis of metallic powders composed of spherical particles”[1],
introduced a similar analysis method using a simple model. This
article is a follow-up to that report and introduces recently developed
technology that enables more rigorous analysis using the discrete
glement method-finite element method (DEM-FEM) coupling
function provided by Multiscale.Sim[2].
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What is an all-solid-state battery (ASSB)?
Lithium-ion, nickel-metal hydride, and lead-acid batteries are
commonly used in both hybrid and conventional electric vehicles. In
particular, LIBs are highly practical due to their ease of charging and
excellent energy density. However, one of their constituent materials,
the electrolyte, is a flammable liquid that frequently combusts due to
thermal runaway.

As their name suggests, ASSBs are entirely composed of solid
materials, which are non-flammable and the solid electrolyte makes
ASSBs highly safe. They also have the advantage of high energy
density and the potential for high capacity. On the other hand,
however, technical challenges include high internal resistance due to
poor connection in the contact area between the solid electrolyte and
the electrode material, and low ionic conductivity of the electrolyte.
Active research and development is underway to solve these
problems.

(&) ENGINSOFT



Solid electrolyte
Current collector

Anode

Anode active material
I

Fig.1. Diagram of the internal microstructure of an all-solid-state battery.

In order to maximize the properties of the
battery, its internal microstructure needs to
be optimized. The following is a simplified
description of a system consisting of
electrolyte and active material, which are
typical components. The active material,
shown in blue in Fig.1, stores electrical
energy, and the electrolyte (shown in red)
acts as a conduit for the electrical energy.
In Fig.2a, the ionic pathway is interrupted in
the middle and cannot transport any more
electrical energy. The electrical path (called
a percolation path) should be continuous
from inlet to outlet. Ideally, for efficient
ion transport a lattice-like microstructure
(see Fig.2c) should be formed rather than
a tortuous structure (Fig. 2b), but these
microstructures are determined by the
manufacturing process.

Manufacturing process

There are two main approaches to the
production of solid-state batteries: wet and
dry. Both approaches have their advantages
and disadvantages, and the most suitable
method is chosen based on the desired
product characteristics and the production
Costs.

In the wet method, an organic solvent is
added to the powder, which is then mixed,
applied and dried. This technique is often
used in sheet batteries because the liquid
improves the uniformity and precision of film
formation.

This article focuses on the dry process, in

which powdered materials are compacted
directly without the use of liquids. This
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reduces material wastage and simplifies the
process, but has the disadvantage of making
it difficult to control the microstructure.

When attempting to analytically predict the
performance of the product obtained using
the dry method, it is necessary to consider
four steps: mixing, filling, compressing, and
performance evaluation, shown in Fig.3.
Since the material properties change from
powder to solid during the manufacturing
process, appropriate analysis techniques
must be used for each step. This requires
knowledge of the physical properties
governing the behaviour of the material in
each step of the process (see Fig.3).

Although the mixing and filling steps do not
strictly result in zero particle deformation, it
is the movement of each particle that governs
the phenomenon. In these steps, density is
the material property that determines material
behaviour. During the compression process,
on the other hand, particle movement is
restricted and deformation is negligible,
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Fig.2. The relationship between microstructure and performance of all-solid-state batteries

but the stiffness behaviour and strength
information are important.

For problems in the first two steps where
deformations are negligible, the discrete
element method (DEM) is recommended
for its efficiency. For compression where
deformation must be considered, the finite
element method (FEM) is preferred. FEM
has the great advantage of accurately
representing the microstructure for use in
later stages of the performance evaluation
process.

Approach to simulating each step
in the manufacturing process

In the previous section we discussed
suitable analysis methods to simulate each
step of the dry manufacturing process. It is
also important to ensure that the analysis
results from the upstream processes are
correctly reflected in the analysis conditions
of the downstream processes otherwise the
microstructure of the final moulded products
cannot be accurately predicted.
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Fig.3. Material constants governing each step in the dry production process of all-solid-state batteries.
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Fig.4 shows the analysis flow to achieve this:
the DEM analysis provides information on the
particle configuration. Since itis notalways
possible to achieve a homogeneous
mixture over the entire area, the size
and arrangement of each particle
after filling is defined in the CAD
data.

Multiscale.Sim, a multiscale
analysis tool developed in
Japan, provides a DEM-
FEM coupling interface, and
automatically converts models
using primitive spherical shapes
instead of STL (standard tessellation
language) to create high-quality FE
models. The interface also makes it easier
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Fig.4. Workflow to simulate a series of manufacturing processes using DEM-FEM coupling.
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to assign the correct material properties to
each part using Ansys Mechanical, even for
powders composed of multiple materials.

The resulting FE is used to perform a
compression analysis. Due to the strong
nonlinearity involved, we recommend using
the explicit method in Ansys LS-DYNA.
Fig.4 summarizes the particle material
information required to analyse each step of
the process and the methods used to obtain
this information.

Ansys Rocky offers various functions to
calibrate material properties from these
test results. The properties required for
DEM analysis can be easily identified
by comparing experimental data and
analytical results. Micro-compression tests
generate the mechanical properties of the
particles necessary for the compression
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analysis. The FE analysis also reproduces
the load-displacement characteristics of
compressing a single particle obtained by
inserting the material properties as unknown
parameters. The actual material properties
are identified retrospectively by combining
the experimental and analytical results.
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-
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Mass flow rate [g/s]

The microstructure obtained from the
compression analysis is used to evaluate
the performance of the final product, which
requires the use of Multiscale.Sim’s
homogenizationmethod. Asmentioned
in Fig.2, battery performance is
determined by various geometric
factors, including the percolation
path of the solid electrolyte.
Electrical ~ tests  conducted
on virtual materials using the
homogenization method enable
the macroscale properties such as
internal resistance to be predicted.
For details on the homogenization
method, please refer to the article
“Predicting the strength of composite
materials using Ansys Software”[3].

Use cases

The following is a brief description of the use
case to analyse the production process from
filling to compression. In the filling step,
active material and solid electrolyte blended
in a given weight ratio are placed in a cubic
mould with an open top.

The solid electrolyte, which has a particle
size in the order of submicrons, is strongly
affected by microscopic adhesion. The
adhesion force and coefficient of friction
between each material, and between the
mould and the material are measured using
the single plane shear test and reflected in
the analysis. The mass flow rate is carefully
determined as a condition of particle delivery.

Since this value is difficult to measure, it is
used as a tuning parameter to ensure that
the bulk density after the filling process
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Fig.5. Analysis of the filling step of the process as a function of particle mass flow rate.
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Fig.6. Stress-strain curves at 12 typical locations, obtained by compression analysis. The analysis results could be
validated in the small strain region. (Specific value for each axis is hidden for confidentiality).

matches the experimental results to ensure
consistency with the actual problem. Fig.5
plots the relationship between mass flow rate
and bulk density after filling.

Due to computational costs, it is not
practical to use the same conditions as in
the experiments, so the mould size is made
smaller than in reality. (The use of a coarse-
grained method is also not recommended
in order to maintain consistency with
the compression process). The analysis
results showed a strong dependence on the
mass flow rate. If clear conditions cannot
be determined in the actual process, the
conditions should be adjusted by comparing
the experimental result with the analysis
results.

Fig.6. summarizes the results of an example
analysis of the compression process. These
results show the macroscopic stress-strain
relationship obtained from the FE model
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focusing on the 12 representative regions
shown in the figure. Particles can be crushed
in high pressure regions, but that was not
considered in this case. For the particles,
the elasto-plastic properties identified in the
micro-compression tests for all materials
were taken into account.

Particles partially out of the extraction
area were cut and modelled to fit within
the rectangular bounding box. Since the
solid electrolyte has a lower stiffness than
the active material, the solid electrolyte is
preferentially deformed as it is compacted,
which may cause partial breakdown of the
percolation path. It is therefore important to
check the appropriate material mix ratio and
the particle arrangement prior to compacting
based on the results of the analysis that
considers the deformed state of the particles.

The graph shows that the results are somewnhat
dependent on the area being sampled. This
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may be due to different mixing conditions at
different locations or an insufficient sample
size. In any case, the experimental results
obtained are close to the average value of
these analysis results, showing that the
actual problem can be reproduced with a
certain degree of accuracy, at least in the
small strain range.

Conclusion

This article introduced an analytical
technique to predict the performance of all-
solid-state batteries.

Performance predictions can be made
using Multiscale.Sim, but it requires
a microstructural model. We therefore
introduced a method to analyse a series
of manufacturing processes to obtain a
microstructure  model incorporating the
effects of each step in the process.

Since the raw materials for solid-state
batteries change from powder to solid during
manufacturing, the appropriate analysis
method varies according to the characteristics
of each process. Multiscale.Sim’s DEM-FEM
interface allows you to perform analyses of
downstream manufacturing processes using
models that accurately reflect upstream
Processes.
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