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Abstract—Mechanical characteristics of Li-ion batteries play an important part in the
design of electric devices or energy storage systems. Proper mechanical design can increase
the safety and the longevity of devices. Apart from external forces, Li-ion batteries also
experience internal volume changes due to inherent physical processes, especially volume
changes caused by intercalation and deintercalation of lithium ions into electrode materials.
Currently, these changes are mainly studied experimentally using complex methods, while
numerical simulations of these processes are surprisingly rare. This works presents
different numerical approaches for studying internal volume changes in Li-ion batteries.
The results show that it is possible to study volume changes at different length scales, but
it is necessary to apply a suitable simplification of the model to obtain macroscopic
deformation.
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1. INTRODUCTION

In recent years, mechanical behavior of Li-lon batteries became an interesting area due to their
importance in the design and longevity of energy storage systems. The structural integrity and damage
resistance are important factors in the transportation industry and especially for emerging electrical
vehicles. One specific property of Li-ion battery is its sensitivity to external and internal mechanical
loads. These loads can lead to internal short circuits, which could result in thermal runaway and rapid
dissipation of energy [1, 2].

Furthermore, volume changes are directly related to inherent electrochemical processes. These changes
can be caused by lithium migration, in which electrode materials change their volume due to lithium
intercalation and deintercalation. This process seems to be the most significant one as graphite can
expand up to 13%, while common cathode materials up to 5 % [3]. Additionally, effects such as gas
formation due to side reactions or lithium plating can lead to further volume changes. Both reversible
and irreversible volume changes increase with the degradation of the battery cell. As a result, accurate
prediction of volume changes is necessary to ensure safety and longevity of batteries designed for long
term use [4]. Experimental investigation of these changes is often difficult, as the maximum deformation
is usually in tenths of millimeters. To estimate the internal deformation of the layers, it is necessary to
use techniques such as micro-CT or destructive methods such as dissembling the battery [1]. The
disadvantage of experimental methods is that they require a lot of time and usually they can be carried
out only on a smaller scale.

On the other hand, numerical simulations can provide a suitable alternative to the experiments.
Currently, most research on internal volume changes is carried out on the microscopic scale [5-7]. While
this approach is the most accurate, as it directly describes the electrochemical nature of the process, its
complexity makes it nearly impossible to apply it on the macroscopic scale. Currently, most of the
macroscopic models focus on the effects of external forces, while the internal volume changes remain
suppressed [8].

The presented work shows a possibility of numerical modelling of internal volume changes in Li-ion
batteries caused by elastic volume change caused by intercalation and deintercalation at different length
(particles, layers, and whole battery) scales. The simulations show that a simplification of the model
based on the geometry is necessary to obtain precise results in appropriate time.
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2. NUMERICAL MODEL

As it is possible to study volume changes of Li-ion batteries from different perspective, it is necessary
to use appropriate models for each case based on the geometry scale. The simulations presented in this
work focused on a description of volume changes at different scales (particles, electrode layers and the
whole battery). Electrochemical and mechanical properties of an 18650 NCA battery were used for
simulations [2, 3, 9]. The volume changes were caused only by lithiation and delithiation as it seemed
to be the most important mechanism. For all simulations, it was assumed that the anode volume was
increased by 10%, while the cathode volume was decreased by 5% [1]. This process represented a
discharge of the battery. The structural simulations were carried out in Ansys Mechanical software,
while the electrochemical simulation was carried out in Ansys Fluent.

Microscopic simulation used a numerical model based on the models presented in [5] and [6], which
describe in detail the transport and intercalation of lithium ions into the cathode/anode host materials.
The transport of lithium inside the particles is only governed by diffusion, while the transport of lithium
ions in the electrolyte is derived from a concentrated solution theory, which considers both solute-
solvent and solute-solute interaction. The charge transfer chemistry at the solid-electrolyte interface is
described through a Butler-Volmer equation. In this model, the volume expansion can be directly related
to lithium concentration in a particle, as the initial and maximum concentrations are known parameters
[6]. The simplified geometry is shown in Fig. 1. The radius of anode and cathode particles was set to 1
pm.
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Figure 1: Simplified microstructure of a Li-Ton battery. Each particle has a radius of 1 um

Simulations which focused on large scale volume changes were described by a simplified approach.
Even a commonly used physics-based Newman’s P2D model [10] does not readily holds information
about lithium concentration in the electrodes. In these models the anode, the cathode and the electrolyte
are usually considered as single joint zone, so it would not be possible to define individual volume
changes for different materials. For this reason, it was not necessary to resolve whole electrochemical
model. Instead, only estimated volume changes were set for the anode (+10%) and the cathode (-5%)
materials. The simulation was carried out in Ansys Mechanical software, as the problem became purely
mechanical. The thickness of layers was defined as: anode — 80 wm, aluminium foil — 30 um, cathode —
55 um and copper foil — 30 um. The thickness of steel casing was set to 250 um. The height of the jelly
roll was set to 60 mm. Mechanical properties of materials were obtained from [2]. The geometry for the
whole battery simulation consisted of a steel casing with a width of 18 mm and a height of 65 mm.
Inside the casing, there was a 60 mm tall domain, which represented the jelly roll structure. A similar
approach to the method shown in [11] was used to obtain average material properties of the simplified
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Figure 2: Detail of the jelly roll layer structure with visible individual layers.

3. RESULTS

Results from microscopic simulation show that it is possible to track lithium concentration inside the
electrode particles. As lithium ions migrate from the anode, they are intercalated into the cathode
structure, which is shown by the increased lithium concentration near the particle surface. Lithium ions
inside the particles are then transported by a diffusion mechanism. In this case the volume changes are
not very significant. This is caused by the fact that the actual active layer of the electrode consists of
many particles, and the overall volume change is the sum of individual contributions. In order to increase
the particle volume by 10%, its radius has to be only increased approximately 1.032 times. This means
that the original radius of 1 pum would be 1.032 um at the end of the simulation, so the change is not
very noticeable.
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Figure 3: Lithium concentration inside microscopic structure of Li-lon battery.

Fig. 4 shows the macroscopic deformation of the jelly roll structure. In this case, the volume change was
set to individual cathode and anode layers. The maximum deformation was visible at the end of the
cathode layer (top of the geometry) and the top left area, which was empty. The average deformation of
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the steel casing was approximately 0.18 mm. Generally, the inner layers experienced more strain as they
had more free space to expand. This effect was also reported in the work of Willenberg et al. [1].
Total Deformation
Type: Total Deformation
Unit: mm
Time: 1
Max: 0.33
Min: 0

0.33
. 0.29
0.25
0.22

0.18
. 0.14

B 0.1

0.072
l 0.036
0

0.000 5.000 10.000 (mm)
—

—
2.500 7.500
Figure 4: Deformation of a jelly roll structure with resolved individual layers.

Even the resolution of individual layers may be too detailed for the study of multiple batteries in battery
packs. Fig. 5 shows the result of volume changes in the whole battery. Even though, the jelly roll
structure was considered as a continuum with averaged values, the results generally agree with the
previous simulation with resolved layers. The average outward deformation of the steel casing was
approximately 0.17 mm. The main difference, in contrast to the previous simulation, is that in this case,
the inner layers experienced significant deformation.
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Figure 5: Deformed geometry of an 18650 NCA battery.
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4. CONCLUSION

Presented simulations show that it is possible to study volume changes of Li-ion batteries at different
length scales. However, it is necessary to choose an appropriate model for the desired application. While
the simulation at the microscopic scale should be the most precise, the volume changes can be studied
only at this scale. To study macroscopic effects by this method, it would require resolving complex and
large geometries, which would be extremely computationally expensive. On the other hand, simplified
methods show good accuracy while being relatively quick. The resolution of individual layers is an
effective method to study processes inside individual batteries. To study volume changes of batteries in
battery packs, defining of individual layers may become too complicated, so a connection of layers into
a single zone may seem to be the best option. Generally, these simulations can help with identifying
critical areas in the design of batteries or even battery packs, which might lead to a mechanical failure.
These models can be also extended to include the effects of thermal expansion, Joule heating, inelastic
volume changes or gasification, which would increase their accuracy.
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