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Sodium-ion batteries (SIBs) are emerging as promising alternatives to lithium-ion batteries (LIBs) because of

their low cost and abundant resources. However, their safety and reliability under mechanical abusive

loading remain unclear, posing a barrier to further commercialization. In this study, we investigate the

mechanical–electrochemical–thermal behavior and underlying mechanisms of SIBs through ball

indentation tests. Meanwhile, we develop a multiphysics coupling computational framework—

encompassing a 3D mechanical model, a 3D thermal model, an electrochemical model, and an internal

short circuit (ISC) model—to gain deeper insights into the internal processes of SIBs. Using this

framework, we comprehensively analyze the effects of ball size, battery aspect ratio, and ball loading

position, and compare the safety of SIBs and LIBs. Experimental results show that, during ISC, the battery

temperature gradually increases, reaching only about 35 °C due to the extremely rapid voltage drop and

relatively lower capacity. Parametric studies reveal that using a larger steel ball or a smaller battery

aspect ratio delays the ISC trigger and lowers the ISC temperature. Moreover, the computational model

demonstrates that SIBs exhibit a slightly later ISC trigger and significantly lower ISC temperatures.

Overall, this study lays a solid foundation for understanding SIB behavior and mechanisms under

mechanical abuse and provides valuable guidance for designing safer next-generation sustainable batteries.
1 Introduction

Sodium-ion batteries (SIBs) have emerged as a promising
alternative to lithium-ion batteries (LIBs), particularly for large-
scale energy storage applications, due to their abundant and
evenly distributed raw materials, cost-effectiveness, and
comparable electrochemical performance.1–5 As the global
demand for sustainable and scalable energy storage solutions
continues to grow, the development of SIBs is receiving
increasing attention.6–11 However, without understanding their
safety and reliability under mechanical abuse conditions, the
widespread adoption of SIBs faces big hurdles and challenges.

Safety concerns in energy storage systems oen arise from
mechanical stresses encountered during manufacturing,12

transportation,13,14 and operation.15,16 Mechanical abuse, such
as impact, puncture, indentation, or compression, can
compromise the structural integrity of battery components,
iversity of Delaware, Newark, DE 19716,
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leading to short circuits, thermal runaway, and even cata-
strophic failure.17–19

From an experimental perspective, Wang et al.20 and Zhu
et al.21 investigated internal battery damage under ball indenta-
tion using in situ and ex situ techniques, such as scanning electron
microscopy (SEM) and X-ray diffraction (XRD). Their ndings
revealed that separator failure and electrode cracking are the
primary causes of internal short circuits (ISC) in LIBs. Addition-
ally, Li et al.22 accurately measured the contact resistance resulting
from ISC, providing critical insights for enhancing battery safety
modeling. From a modeling perspective, key contributions
include the representative-sandwich model developed to predict
ISC under ball indentation23,24 and homogenized models for LIB
behavior under nail penetration and compression.25,26 Further,
a comprehensive computational framework addressing four types
of mechanical abuse conditions was introduced by Wang et al.,27

establishing ISC criteria linked to separator failure. Another
signicant advancement is the multiphysics model based on LS-
DYNA, designed for ease of adoption by electric vehicle (EV)
manufacturers.28 Fundamental mechanisms triggering ISC under
quasi-static and dynamic loading have also been identied in
related works.29–33 From the data-driven modeling perspective,
nite element (FE) models combined with machine learning (ML)
algorithms have been applied to predict the safety envelope and
ISC risk of LIBs under mechanical loading.34,35 Similarly, ML
algorithms have been employed to forecast mechanical behavior
J. Mater. Chem. A, 2025, 13, 12203–12215 | 12203
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Table 1 Basic information about sodium ion battery

Parameters Value

Theoretical capacity 220 mA h
Reversible capacity ∼200 mA h
Charging cutoff voltage 4.0 V
Discharging cutoff voltage 1.5 V
Cathode active material Na0.97Ca0.03[Mn0.39Fe0.31Ni0.22Zn0.08]O2

layered oxide
Anode active material Hard carbon
Cathode & anode current
collector

Al

Casing Al plastic lm
Layer number 14
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and failure during mechanical abuse.36 These approaches
underscore the potential of integrating traditional modeling
techniques with data-drivenmethods to improve the accuracy and
efficiency of battery safety predictions.

While extensive research has explored the mechanical and
thermal safety of LIBs, only a limited number of studies have
investigated thermal instabilities in SIB materials, and virtually
no work has been done on SIBs under mechanical abuse
conditions. For thermally induced ISC in SIBs, Fedoryshyna
et al.37 studied the venting behavior of cylindrical SIBs and
found that SIBs exhibit lower TR temperatures compared to
LIBs, attributed to the absence of gas ignition. Yue et al.38 used
accelerating rate calorimetry (ARC) to calculate the TR
maximum temperature, revealing that the TR hazard of SIBs
with NaxTMO2 (NTM) as the cathode lies between that of LIBs
with LiFePO4 (LFP) and LiNi0.5Co0.2Mn0.3O2 (NCM523) cath-
odes. Robinson et al.39 also used ARC to demonstrate that SIBs
exhibit a slower self-heating rate and TR progression compared
to LIBs. However, Li et al.40 observed that while SIBs have
a slower TR onset, they exhibit more severe TR effects. For
electrically induced ISC in SIBs, Xu et al.41 and Gui et al.42

investigated the capacity degradation behavior and cathode
performance of SIBs under overcharging, respectively.

This knowledge gap underscores the urgency of investigating
how SIBs respond to mechanical abuse and the potential impli-
cations for their safe deployment. This study focuses on the
behavior and fundamental mechanism of SIBs undermechanical
loading. Ball indentation experiments are conducted to evaluate
the electrochemical performance, thermal safety, and mechan-
ical integrity of SIBs. Additionally, a three-dimensional multi-
physics computational framework is developed. This framework
integrates a 3D mechanical model, ISC model, electrochemical
model, and 3D thermal model, facilitating an in-depth explora-
tion of the behavior of SIBs under varying ball sizes, aspect ratios,
and loading positions. Furthermore, safety comparisons between
LIBs and SIBs are performed.

2 Methodology
2.1 Experiment

A commercially available Na0.97Ca0.03[Mn0.39Fe0.31Ni0.22-
Zn0.08]O2 layered oxide (NNMF)/hard carbon (HC) sodium-ion
Fig. 1 Internal structure and physical dimensions of (a) sodium ion pouc

12204 | J. Mater. Chem. A, 2025, 13, 12203–12215
pouch cell,43 with a theoretical capacity of ∼220 mA h and
manufactured by LiFUN, was selected for model calibration
in this paper (Fig. 1(a)). The dimensions of the pouch cell are
30 mm × 18.2 mm × 5.6 mm. The basic information about
the battery is summarized in Table 1. The aluminum–plastic
battery pouch houses a jellyroll structure consisting of 14
cathode layers, 14 anode layers, and 28 separator layers
(Fig. 1(b)). The cathodes and anodes are engineered as
sandwich structures, with current collectors double-coated
with active material (Fig. 1(c)). The charge and discharge
cutoff voltages are 4.0 V and 1.5 V, respectively.

Since the batteries we purchased were dry batteries (without
electrolyte), we prepared the electrolyte by dissolving 1 m NaPF6
in a propylene carbonate/ethyl methyl carbonate (PC : EMC =

1 : 1 by volume) mixture, with the addition of 2% uoroethylene
carbonate (FEC). Aer adding the electrolyte, the batteries were
sealed using a Vacuum Sealer (MASK-115-III) in an argon-lled
glove box (Vigor SG2400/750TS, H2O < 0.1 ppm, O2 < 0.1 ppm).
The next critical step was the formation cycle. The batteries
underwent three constant current (CC) charge–discharge cycles
under a pressure of 0.1 MPa with a current of 10 mA using
a charge–discharge instrument (Neware CT-4008) at room
temperature. Aer the formation cycle, the batteries were
degassed and resealed within the glove box. Subsequently,
a conditional test was conducted for two cycles to determine the
initial capacity of the SIBs. In this test, CC charging (22 mA,
0.1C) was applied up to 4 V, followed by constant voltage (CV)
charging until the current decreased to 4.4 mA (0.02C). The
h cell (b) jellyroll, and (c) detailed components of the jellyroll.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Design of the penetration experiment for a SIB: (a) testing equipment illustration (b) schematic diagrams of experiments and models.
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batteries were then discharged using CC mode (22 mA, 0.1C)
down to 1.5 V. The initial capacity was measured to be
approximately 196 mA h, as detailed in Table S1.†

The battery was charged to 100% state-of-charge (SOC). The
batteries were then positioned on the compression test plat-
form, which was mounted on a mechanical testing machine
(SUNS UTM5205X) with a maximum load capacity of 200 kN
(Fig. 2(a)). Axial indentation was applied to the center of the
battery using a at indenter. A 1.5 mm diameter steel particle
was positioned at the center of the cell (Fig. 2(b)). The loading
speed for the ball indentation tests was set at 5 mm min−1

(quasi-static conditions). During the loading process, in situ
monitoring of the battery voltage and surface temperature was
performed using a digital voltmeter and temperature sensors
(Agilent 34970A). Two K-type thermocouples were positioned
near the indenter on the battery surface tomeasure temperature
accurately. The dimensions of the indenter are relatively small
(Fig. S1†). As a result, it does not come into contact with the K-
type thermocouples during the mechanical loading. To ensure
precise and stable voltage measurement, nickel sheets were
rmly welded to the positive and negative terminals of the cell.
During the experiment, the indenter was lowered, driving the
ball into the battery under applied pressure.
2.2 Computational modeling: multiphysics modeling

A 3D nite element model of a sodium-ion pouch cell was
developed in this study. The top four layers were congured
individually, in sequence—cathode, separator, anode, sepa-
rator—to accurately represent the failure of each component,
This journal is © The Royal Society of Chemistry 2025
aligning with the actual battery conguration. The remaining
layers of the jellyroll were modeled as a homogeneous struc-
ture to effectively predict the mechanical response during ball
indentation (Fig. 2(b)). To simplify the model, the battery
casing was excluded from the modeling with detailed geom-
etry and material properties (Tables S2 and S3†). However, the
side surfaces along the length direction are fully constrained
to replicate the constraints from the battery casing and the
jellyroll winding method.

To comprehensively analyze mechanical deformation, the
evolution of internal short circuits, and thermal behavior in
SIBs under mechanical abuse, a coupled multi-physics model
was developed. This model integrates four sub-models: a 3D
mechanical model, an electrochemical model, a short-circuit
model, and a 3D thermal model, all implemented on the
COMSOL platform (Table S4†).

3D mechanical model. The 3D mechanical model was
utilized to predict the mechanical response of batteries during
the ball indentation test. The numerical results indicate that the
model accurately captures the mechanical behavior observed in
the experiments (Fig. 4(a)). The compression and tensile tests
conducted on the batteries were used to characterize the elastic
modulus and constitutive behavior of the battery materials
(Fig. S2†). The SUNS UTM5205X system, with a maximum load
capacity of 200 kN, was used for compression tests, whereas the
INSTRON 34SC system, with a maximum load capacity of 5 kN,
was utilized for tensile tests to suit their respective load
requirements. Rectangular specimens measuring 4 mm ×

60 mm from the cathode, anode, and separator (machine
J. Mater. Chem. A, 2025, 13, 12203–12215 | 12205
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direction) were prepared for tensile testing, while compression
testing was conducted on the complete jellyroll.

The separator material exhibits clear anisotropic behavior,
as conrmed by tensile testing. Therefore, an elastoplastic
model is employed to represent its mechanical properties.
The Hill'48 yield criterion is employed to characterize the
anisotropic stress contributions to the yielding behavior of
the separator. The associated coefficients are F = 1, G = H =

0.162, L = 0.28,M = N = 1.73.25 The cathode/anode consists of
an aluminum foil current collector double-coated with NNMF/
HC, modeled as a single integrated component. An isotropic
elastic material model is applied to represent the cathode and
anode materials, with material parameters derived from
tensile tests. Compression tests were performed on the jelly-
roll at SOC = 0 to determine its constitutive behavior. To
simplify the analysis, an isotropic elastic model was utilized.
The ball is composed of steel. Its mechanical behavior is
modeled using an isotropic elastic material model. Solid
elements are employed to represent all battery components in
the model. The boundary conditions and loading congura-
tions closely align with those used in the experimental setup.
The battery bottom surface is fully constrained, while the top
surface is loaded along the Z-axis, corresponding to its
thickness direction. This setup mimics the typical loading
condition of ball indentation. The penalty function contact
method was implemented for the computation.

Electrochemical model. A one-dimensional electrochemical
model based on the classical Pseudo-Two-Dimensional (P2D)
framework has been developed. This model integrates Fick's
laws of diffusion, the Butler–Volmer equation, the Nernst–
Planck equation, and charge conservation principles. Addi-
tionally, an ISC sub-model is employed to dene the boundary
conditions for the electrochemical model. It effectively predicts
voltage drops and heat generation. The electrochemical model,
validated through discharge voltage–time curves at rates of 0.1C
and 0.5C, is utilized to predict battery voltage. The computa-
tional results show strong agreement with the experimental
voltage curves (Fig. S3†).

ISC model. The ISC model is designed to calibrate internal
short-circuit resistance and quantify the resulting heat genera-
tion. When the strain in the separator reaches the failure
criterion, electrical contact occurs in the affected area, leading
to a short circuit. In this study, the equivalent plastic strain of
the separator is chosen as the criterion for triggering an internal
short circuit. The ISC failure mode of sodium-ion batteries
remains unidentied. In this study, the ISC resistance is
determined by tting experimental data. Both the discharge
current and the heat generated by the ISC are calculated using
the ISC resistance.30 With the increase of ball indentation
displacement, the contact area between the cell and the ball
increases, causing a decrease in resistance.

Thermal model. The thermal model is utilized to predict
the heat transfer process in SIBs. Two primary heat sources are
considered in the model: short-circuit Joule heat and battery
internal resistance Joule heat, both of which are calculated
using Ohm's law and Joule's law. The conguration of heat
sources and boundary conditions is depicted in Fig. 3(b).
12206 | J. Mater. Chem. A, 2025, 13, 12203–12215
Additionally, thermal convection and radiation effects are
accounted for on the battery and ball surface. Heat source Q is
generated during the progression of the short circuit and the
electrochemical reaction. Q includes battery heat Qcell and ISC
heat QISC. It should be noted that due to the lack of experi-
mental data for the thermal parameters of SIBs, accurately
determining these parameters for the thermal model is chal-
lenging. Therefore, we estimated these parameters (Table S3†)
based on available data from LIBs.41 To ensure the model's
accuracy, we calibrated the parameters using ball indentation
test data. Additionally, to minimize the impact of parameter
estimation on the subsequent discussion, the same thermal
parameters were applied to the LIB model in the safety
comparison described earlier.

Coupling strategies. Initially, the mechanical model
calculates the equivalent plastic strain of the separator and
the ball indentation displacement. The mechanical model
operates independently from the other sub-models. In
contrast, the electrochemical model, ISC model, and thermal
model are fully coupled and interact in real time. Thermal
and electrochemical models are linked through the interplay
between temperature and heat generation. Heat is generated
during the electrochemical reaction, primarily due to the
internal resistance of the battery, and is transferred to the
thermal model. Simultaneously, the temperature rise caused
by heat accumulation inuences the electrochemical process
by altering transport properties, such as conductivity and
diffusion coefficients. These changes, in turn, affect the
concentration distribution of the particles.29 The calculated
displacement and strain are passed to the ISC model to
determine the ISC trigger time and ISC resistance. Once the
ISC is triggered, the ISC model computes the ISC current
based on the ISC resistance and transfers the ISC current to
the electrochemical model to calculate the voltage. Simulta-
neously, the ISC heat source and electrochemical heat source
are computed by the ISC model and the electrochemical
model, respectively. These heat sources are then transferred
to the thermal model to calculate the temperature (Fig. 3(a)).

3 Results
3.1 Typical results

The typical evolution of a sodium-ion battery behavior under
ball indentation is illustrated in Fig. 4(a). For a 100% SOC cell,
as the steel ball encounters the pouch wall, the reaction force
increases over time during the initial deformation of the battery
structure, reaching approximately 530 N at t = 17 s, with a cor-
responding ball indentation displacement of about 1.4 mm. As
the displacement caused by the steel ball progressed, the
separator was penetrated upon reaching its mechanical failure
strain. At this point, the force sharply drops to 215 N. When the
cathode and anode come into direct contact, an ISC is triggered.
This results in discharge and heat generation within the cell,
causing a sudden voltage drop and a gradual temperature rise.
The voltage decreases from 3.8 V to approximately 1.3 V. While
the force shows brief recoveries, it continues to decline as the
steel ball further compresses the battery. A similar brief
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Coupling strategy and schematic algorithms for the high-level multiphysics model including multiple sub-models. (b) The geometry,
boundary conditions, heat source settings, and schematic of an internal short circuit due to mechanical abuse. Detailed variable definitions can
be referred to in the Nomenclature.
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recovery is observed in the voltage. Aer the mechanical loading
ceases, the battery voltage stabilizes at approximately 1.1 V (t =
33 s) before gradually decreasing and leveling off at 0.8 V. The
short circuit current owing through the affected area gener-
ated Joule heat, causing the measured surface temperature to
rise by 8.5 °C and peak at approximately 35 °C (t = 70 s). When t
> 70 s, the battery temperature gradually decreases as heat
dissipation through convection and radiation exceeds the rate
of heat generation (Video 1 in ESI†).

It is experimentally challenging to characterize the
mechanical–electrochemical–thermal behaviors within
a battery, either in situ or ex situ, during the ball indentation
process. Therefore, a multiphysics model has been developed to
provide deeper insights into phenomena such as internal
material deformation and short circuit current. To validate the
computational model, computational results were compared
with experimental data (Fig. 4(a)). Some deviations in the
calculated voltage proles were observed during the voltage
This journal is © The Royal Society of Chemistry 2025
recovery stage, primarily due to the challenge of accurately
capturing rapid resistance changes caused by the penetration of
battery components (cathode/anode) under mechanical
loading, as well as the simplication of the model description.
Similar discrepancies in voltage prediction have been reported
in other studies,25,26,31 where achieving a perfect voltage
response remains challenging. We may note a comparison
between experimental and computational results demonstrates
that the model effectively captures voltage variations in the
recovery stage, particularly the voltage recovery peaks. Overall,
the computation results align well with the experimental data,
demonstrating the accuracy of the multiphysics model.
3.2 Analysis: explain the fundamental mechanisms of the
behaviors

During the ball indentation process, the battery underwent
deformation from 0 s to 17 s, generating strain simultaneously.
J. Mater. Chem. A, 2025, 13, 12203–12215 | 12207
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Fig. 4 (a) Comparison between the experimental (dotted lines) and computational (solid lines) results for force (black), voltage (red), and
temperature (blue) in battery ball indentation tests, and (b) the physical appearance of the battery and its internal components-cathode, anode,
and separator-following the indentation procedure.
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At around 17 s, the equivalent plastic strain of the separator
reached the threshold value of 0.165, triggering an internal
short circuit. This event caused the voltage to drop sharply to
a lower value (1.1 V) when the short circuit occurred. The abrupt
voltage drop led to an instantaneous reduction in the short-
circuit current, bypassing the phase of rapid temperature rise.
Subsequently, the SIBs discharged at a lower short-circuit
current, gradually generating heat and resulting in a steady
temperature increase over time.

Aer the ball indentation experiment, the battery was dis-
assembled to examine its internal mechanical failure. It was
observed that the majority of the battery assembly remained
intact, with penetration occurring only in a localized area
around the indentation. Specically, the battery components—
including the cathode, anode, and separator—near the steel
ball's contact layer were penetrated (Fig. 4(b)). Additionally, the
size of the indentation holes gradually decreased with each
successive layer. The primary cause of the sharp voltage drop
was the failure of the separator, which resulted in direct contact
between the anode and cathode, triggering an internal short
circuit. Additionally, a voltage recovery phenomenon was noted
in the experimental results. This recovery occurs because the
penetration of the cathode and anode interrupts the internal
short circuit, leading to a signicant increase in resistance and
causing the voltage to rise again. Note that a similar voltage
recovery phenomenon has been observed in LIBs, where it is
attributed to the melting of the current collector and sepa-
rator.31,44 However, this mechanism was not activated in
12208 | J. Mater. Chem. A, 2025, 13, 12203–12215
sodium-ion batteries during the ball indentation experiments
due to the limited temperature rise in these tests.

4 Discussions

In practical battery applications, high SOC batteries pose more
signicant safety concerns. Therefore, all discussions in this
study are focused on 100% SOC batteries. While safety in larger-
format cells is also crucial for battery applications, this study
focuses exclusively on the safety of pouch cells. This is due to
the inhomogeneities arising from the complex internal struc-
tures of larger-format cells and the need for further advance-
ments in thermal runaway modeling. This section examines
three critical factors inuencing battery safety, i.e., ball size,
aspect ratio, and loading position.

4.1 Different ball sizes

The steel ball with a radius of 1.5 mm, battery aspect ratio L/W=

1.65, and loading position Lloading = 15 mm is set as the base-
line. To investigate the effect of ball size, three additional
radii—2.5 mm, 3 mm, and 3.5 mm—are used (Fig. 5(a)).

In the mechanical response of the SIB, the reaction force
increases with ball size, and a larger ball corresponds to
a greater short-circuit trigger displacement (Fig. 5(b)). This is
mainly because a larger ball creates a greater contact area with
the cell, increasing the load-bearing capacity of the components
and resulting in a higher force. Furthermore, the larger contact
area leads to a more uniform deformation distribution and less
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Illustration of the ball indentation test with varying ball sizes, a constant loading position (center), a fixed battery aspect ratio (L/W =

1.65), and fixed boundary conditions (bottom and sides). (b) Computational results showing force–displacement curves for different ball sizes. (c)
Voltage–time curves for various ball sizes. (d) ISC displacement and the ratio of ISC displacement to ball size (D/r)-ball size curve. (e)
Temperature–time curves for different ball sizes. (f) Maximum temperature and the time to reach a maximum temperature as a function of ball
size.
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stress concentration, requiring a greater ball indentation
displacement for the separator to reach the equivalent plastic
strain threshold needed to trigger an internal short circuit. It is
observed that the ISC displacement increases linearly with
larger ball sizes. This relationship enables a straightforward
estimation of the ISC displacement. However, the ratio of ISC
displacement to ball size (D/r) decreases almost linearly as the
ball size increases (Fig. 5(c)). This suggests that once the ball's
size surpasses a certain threshold, the cell's deformation
becomes sufficiently uniform, and further increases in ball size
exert a weaker inuence on the deformation distribution.
This journal is © The Royal Society of Chemistry 2025
In the electrochemical response of the SIB, computational
results reveal that the voltage remains stable at 3.8 V until the
onset of the ISC. Upon triggering the ISC, the voltage exhibits
a sharp decline (Fig. 5(d)). Interestingly, the rate of voltage drop
increases with the size of the ball. This occurs because a larger
ball generates a more extensive short-circuit contact area,
reducing the short-circuit resistance. As a result, the discharge
current increases, leading to a more rapid voltage drop.

The temperature results indicate that aer the initiation of
the ISC, the temperature gradually rises to its peak as the battery
discharges, releasing ISC heat and battery heat. Subsequently,
J. Mater. Chem. A, 2025, 13, 12203–12215 | 12209
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the temperature begins to decrease due to heat dissipation
through convection and radiation (Fig. 5(e)). The size of the ball
signicantly impacts the temperature evolution process. Larger
balls result in higher peak temperatures and faster temperature
rise (Fig. 5(f)). This is primarily because larger balls cause
a faster voltage drop and reduced ISC resistance, leading to less
overall heat generation. Additionally, larger balls contribute to
greater heat dissipation, especially in smaller-sized cells like the
one studied here. It is observed that the maximum temperature
increases linearly with larger ball sizes, while the time to reach
the maximum temperature decreases linearly as the ball size
Fig. 6 (a) Schematic illustration of ball indentation with varying battery
curves for batteries with different aspect ratios. (c) Voltage–time curves c
ISC force as a function of the battery aspect ratio Lbattery/L0. (e) Tempera
temperature and the time required to reach it as functions of Lbattery/L0.

12210 | J. Mater. Chem. A, 2025, 13, 12203–12215
grows. This phenomenon arises because lower ISC tempera-
tures diminish the efficiency of both convection and radiation,
resulting in slower heat dissipation. Moreover, these linear
relationships can be employed for quick temperature estima-
tion during ISC events. For LIB, the effect of ball size on ISC
behavior has been fully explored and explained in detail by
Yuan et al.28
4.2 Different aspect ratio

The baseline setup includes a steel ball with a radius of 1.5 mm,
a battery aspect ratio of L/W = 1.65 (Lbattery = L0), and a load
aspect ratios. (b) Computational results depicting force–displacement
orresponding to various battery aspect ratios. (d) ISC displacement and
ture–time curves for batteries with different aspect ratios. (f) Maximum

This journal is © The Royal Society of Chemistry 2025
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position xed at the center of the battery. It is important to note
that when analyzing the effect of aspect ratio, the cell thickness
remains constant, and the product of the battery's length and
width is kept constant (LbatteryWbattery = L0W0). To examine the
impact of aspect ratio, three additional congurations are
considered: Lbattery = 0.82L0, 1.22L0 and 1.82L0 (Fig. 6(a)).

In the mechanical response, smaller aspect ratios corre-
spond to larger ISC displacements, resulting in delayed ISC
triggering (Fig. 6(b)). This occurs because cells that are closer to
a square shape (i.e. Lbattery = 0.82L0) exhibit weaker constraints
near the steel ball, leading to more uniformly distributed
deformation. Conversely, a longer battery reaches critical strain
at lower displacements and experiences severe stress concen-
trations due to geometric constraints. Additionally, the ISC
force decreases with increasing aspect ratio because the sepa-
rator fails earlier (Fig. 6(c)).

Voltage results reveal that smaller aspect ratio cells experi-
ence a faster voltage drop (Fig. 6(d)). Themain reason is that, for
cells with a smaller aspect ratio, the delayed ISC trigger leads to
a larger short-circuit contact area, thereby reducing ISC resis-
tance and raising the discharge current. Interestingly, larger
aspect ratio cells exhibit higher temperatures following an ISC,
although the time to reach the maximum temperature remains
approximately constant at around 75 s (Fig. 6(e) and (f)). This
behavior is attributed to smaller aspect ratio cells generating
less heat during an ISC due to their faster voltage drop and
lower ISC resistance. Moreover, the more square-like geometry
of smaller aspect ratio cells provides a larger heat dissipation
Fig. 7 (a) Schematic illustration of the ball indentation process with
displacement curves. (c) Voltage–time curves. (d) Temperature–time cu

This journal is © The Royal Society of Chemistry 2025
area, further contributing to lower heat accumulation. Since
their ISC temperatures show only minor differences, the time to
reach the maximum temperature remains nearly identical
because of comparable heat dissipation.
4.3 Different loading positions

The baseline setup consists of a steel ball with a radius of
1.5 mm and a battery aspect ratio of L/W = 1.65 (Lbattery = L0).
The steel ball is xed at Wloading = W0/2, while Lloading is varied.
Note that due to symmetry, only half of the cells are analyzed in
this study. To investigate the inuence of the loading position,
four positions are considered: Lloading = 5 mm, 9 mm, 11 mm
and 12.5 mm, as illustrated in Fig. 7(a).

Changes in the loading position have minimal impact on the
mechanical response (Fig. 7(b)). This is primarily due to the
strong boundary conditions, which constrain the deformation
of the cell, and the relatively small cell size, which exacerbates
stress concentration effects. Additionally, for different loading
positions, the voltage and temperature proles remain nearly
the same (Fig. 7(c) and (d)). This is mainly because the nearly
identical ISC trigger displacements produce similar short-
circuit contact areas and ISC resistances, resulting in consis-
tent discharge currents and heat generation across the various
loading positions.

Moreover, since the cell's surface area remains constant, its
heat dissipation capacity also remains unchanged. As a result,
varying loading positions. (b) Computational results showing force–
rves for batteries under different loading positions.

J. Mater. Chem. A, 2025, 13, 12203–12215 | 12211
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the temperature and voltage proles exhibit negligible differ-
ences across the various loading positions.

4.4 Safety comparison of LIBs and SIBs

The capacity of LIBs is estimated based on the theoretical
capacity of a LiCoO2 (LCO)–graphite battery based on the size
scaling: the dimensions of the scaled-down LIBs are calculated
as 22.41 mm × 13.45 mm × 4.18 mm, with a scaling ratio of
0.747. Similarly, LIBs of the same size exhibit a higher capacity,
estimated at 557 mA h (Fig. 8(a)). It is assumed that the thick-
ness of each component (cathode, anode, and separator) is
identical for both battery types. Additionally, material differ-
ences between LIBs and SIBs, such as the current collector, are
Fig. 8 Illustrates the comparison between SIB and LIB under various c
results depicting force–displacement curves for SIB and LIB of the same
same size; (d) force–displacement curves for SIB and LIB with the same
with the same capacity.

12212 | J. Mater. Chem. A, 2025, 13, 12203–12215
included. These differences are reected in the Young's
modulus of the cathode, anode, and jellyroll. Furthermore, the
baseline conditions remain consistent, including a steel ball
radius of 1.5 mm, a centrally located loading position, and an
aspect ratio of 1.65.

Note that since the maximum temperature of SIB in the ISC
process in this study is only 35 °C, the thermal runaway of the
cell is not considered in the modeling. While for LIBs, the
temperature rise in the ISC process is limited, and the main
temperature increase is reected in the thermal runaway
process. Therefore, in this study, only the temperature changes
caused by the heat production in the ISC process of both
batteries are considered.
onditions: (a) a schematic illustration of SIB vs. LIB; (b) computational
size; (c) voltage and temperature–time curves for SIB and LIB of the

capacity; and (e) voltage and temperature–time curves for SIB and LIB

This journal is © The Royal Society of Chemistry 2025
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For LIBs and SIBs of the same size, the ISC force is greater in
LIBs (Fmax = 648 N) because most lithium-ion components,
except for the separator, have a higher Young's modulus
compared to sodium-ion components. However, LIBs trigger
ISC earlier, at a smaller displacement (dmax = 1.34 mm) in
Fig. 8(b). Computational results reveal distinct voltage drop
behaviors for high SOC LIBs and SIBs during the ISC process.
For LIBs, the voltage decreases from 4.05 V to 0.3 V (DU = ∼3.8
V) over approximately 14 seconds. In contrast, for SIBs, the
voltage drop from 3.8 V to 1.2 V occurs much faster, lasting only
about 1 second in computation (and just 0.45 seconds in
experimental results). The primary reason for this behavior is
that SIBs possess a lower Young's modulus than LIBs, since
both the cathode and anode current collectors in SIBs are made
of aluminum (Al). Consequently, during the ball indentation
test, SIBs experience more extensive mechanical damage,
leading to a faster voltage drop. Additionally, the slower voltage
drop in LIBs results in greater heat generation during the ISC
process, causing the temperature to rise rapidly to 90 °C. In
comparison, the temperature increase for SIBs is more modest,
reaching only 35 °C (Fig. 8(c)).

In addition to differences in voltage behavior, the ISC modes
also vary between high SOC LIBs and SIBs. In previous studies,31

the typical ISC mode for a high SOC LIB involves the voltage
dropping to a plateau for a few seconds before eventually falling
to 0. In contrast, for a high SOC SIB, the voltage rapidly
decreases to a lower value and then gradually declines more
slowly over time. This behavior is more similar to the ISC mode
observed in low SOC LIBs, highlighting fundamental differ-
ences in the electrochemical response of the two battery types
during ISC events.

For both cells with the same capacity, the ISC displacement
was identical (dmax = 1.4 mm), meaning the ISC was triggered
simultaneously. However, the ISC force was higher for the LIB
(Fmax = 711 N). Additionally, during the ISC process, the LIB
exhibited a greater temperature increase, reaching approxi-
mately 86 °C, and a larger voltage drop of about 3.9 V, both
exceeding those observed in the SIB ISC process.

5 Concluding remarks

Exploring the behaviors and failure mechanisms of SIBs under
mechanical loading is crucial for ensuring their safety and
reliability. This study conducts ball indentation tests and
establishes a multiphysics coupling computational framework
to investigate the complex interplay of mechanical, thermal,
and electrochemical behaviors in SIBs under mechanical abuse.
The framework integrates four sub-models: a 3D mechanical
model, an ISC model, a 3D thermal model, and an electro-
chemical model. To ensure the model's accuracy, ball inden-
tation tests were conducted to validate the computational data,
demonstrating that the computational framework effectively
predicts the behavior of SIBs.

(1) We observed an extremely rapid voltage drop in SIBs
during the ISC event, which explains why SIBs exhibit lower
ISC temperatures compared to LIBs. Through post mortem
analysis, we identied that the penetration of the cathode/
This journal is © The Royal Society of Chemistry 2025
anode caused a voltage recovery phenomenon that is funda-
mentally different from the similar voltage drop behaviors
observed in LIBs, highlighting unique behaviors in SIBs under
mechanical abuse.

(2) Results indicate that a larger steel ball results in a delayed
ISC trigger, a faster voltage drop, and a lower ISC temperature.
Additionally, when the battery shape approaches a square (e.g.,
with a smaller aspect ratio), the ISC trigger occurs later, and the
ISC temperature is slightly lower. However, the loading position
has almost no impact on the behavior of SIBs.

(3) We discover that SIBs have a slightly delayed ISC trigger
and a signicantly lower ISC temperature, demonstrating that
SIBs offer greater safety than LIBs under mechanical loading.

By bridging experimental observations with advanced
modeling techniques, this work advances the understanding of
SIB safety under mechanical abuse conditions. The insights
gained and the multiphysics model developed provide a foun-
dation for the development of next-generation SIBs with
enhanced safety, reliability, and performance.
Nomenclature
a
 Specic surface area of active particle

c
 Concentration (mol m−3)

Cp
 Heat capacity (J (kg K)−1)

D
 Diffusion coefficient (m2 s−1)

E
 Young's modulus (MPa)

F
 Faraday's constant (9.64853 × 104 C mol−1)

h
 Heat transfer coefficient (W (m2 K)−1)

I
 Current (A)

i
 Current density (A m−2)

j0
 Exchange current density (A m−2)

jloc
 Local current density (A m−2)

k
 Thermal conductivity (W (m K)−1)

kc
 Rate constant of cathode

ka
 Rate constant of anode

Qs
 Heat sources (W m−3)

Qcell
 Battery heat (W m−3)

QISC
 ISC heat (W m−3)

qloss
 Heat dissipation (W m−2)

qcon
 Heat dissipation by conduction (W m−2)

qrad
 Heat dissipation by radiation (W m−2)

Rg
 Universal gas constant, 8.314 (J (mol K)−1)

R
 Resistance (U)

r
 Radial (m)

t
 Time (s)

t+
 Transfer number

T
 Temperature (°C)

Tamb
 Ambient temperature

V
 Voltage (V)

R0
 The initial resistance

Rcell
 The ohmic internal resistance

Ecell
 The real-time updated voltage

tj
 Thickness of jellyroll

w j
 Width of jellyroll

Hj
 Length of jellyroll

Lj
 Total length aer jellyroll expansion
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Sj
12214 | J. Mat
Total area of active material

L
 Thickness in 1D model
Greek letters
a
 Conversion degree (1)

v
 Poisson's ratio (1)

3
 Strain (1)

3z
 The through-thickness strain (1)

3e
 Volume fraction

3Df
 Surface emissivity (1)

r
 Density (kg m−3)

f
 Potential (V)

4
 Efficacy coefficient (1)

h
 Overpotential (V)

k
 Electrical conductivity (S m−1)

sB–D
 Stefan–Boltzmann constant (5.67 × 10−8 W (m2 × K4)−1)

d
 Thickness in 3D model
Subscripts and superscripts
0

er. Chem.
Initial state

amb
 Ambient

eff
 Effective property

e
 Electrolyte

s
 Solid

D
 Diffusion

c
 Cathode

a
 Anode

se
 Separator

j
 Jellyroll

ISC
 Internal short circuit

eq
 Equilibrium

pc
 Cathode current collector

nc
 Anode current collector

ps
 Cathode active layer

ng
 Anode active layer

Al
 Aluminum
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