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H I G H L I G H T S

• A model describing the deformation
and short-circuit onset is established.

• Constitutive models of each compo-
nent are developed based on the ex-
periments.

• Short-circuit criteria are established
based on the separator failure.

• Short-circuit triggering behavior
under dynamic loading is discussed.
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A B S T R A C T

The safety design of systems using lithium-ion batteries (LIBs) as power sources, such as electric vehicles, cell
phones, and laptops, is difficult due to the strong multiphysical coupling effects among mechanics, electro-
chemistry and thermal. An efficient and accurate computational model is needed to understand the safety
mechanism of LIBs and thus facilitate fast safety design. In this work, a detailed mechanical model describing the
mechanical deformation and predicting the short-circuit onset of commercially available 18650 cylindrical
battery with a nickel cobalt aluminum oxide (NCA) system is established for the first time. The mechanical
properties of anode, cathode, and separator are characterized. Based on the experiment results, the constitutive
models of component materials are established and validated through numerical simulations. A detailed com-
putational model including all components (i.e., separator, anode, cathode, winding, and battery casing) is then
developed by evaluating four typical mechanical-loading conditions. Short-circuit criteria are subsequently es-
tablished based on the separator failure, thereby enabling the mechanical model to predict the short circuit
electrochemically. Results show that the model can describe LIB behaviors from mechanical deformation to
internal short circuit. Results provide a powerful tool for the safety design of LIBs and related engineering
systems.

1. Introduction

Lithium-ion batteries (LIBs) are widely used in portable electronic
equipment, electrical vehicles, and even aircrafts owing to the en-
vironmentally sustainable needs and fast breakthroughs in energy-

storage technology. However, the inevitable influence of accidents on
battery-powered products may cause mechanical failure of LIB com-
ponents, leading to internal short circuit, and further inducing cata-
strophic fire and explosion [1–3]. Such consequences pose great threats
to the public and hinder the further application of LIB in the related
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field. Therefore, mechanical behaviors of LIB cell and its components
are essential to battery safety and have received increasing attentions in
recent years [4,5]. Most of the pioneering work and breakthroughs
focused on mechanical experiments [6–8] and theoretical analysis [9]
to unravel the mechanical behaviors of LIB component materials and
cell structures. Some studies focus on improving the mechanical and
electrical performance of the components material through new mate-
rial synthesis methods [10] as well as new materials [11,12]. Previous

efforts laid a strong foundation for further computational model de-
velopment.

Owing to the physical complexity of LIB cells, a homogenized model
that treats the inner components as a homogenized material has been
developed and gradually perfected, e.g., from low [13,14] to high state-
of-charge (SOC) [15], from low to high state-of-health (SOH) [16] and
from quasi-static [17] to dynamic loading [15,18]. However, the
homogenized model has limitations in predicting the local deformation

Nomenclature

U3 displacement in Z-direction
UR1 rotation in X-direction
UR2 rotation in Y-direction
η stress triaxiality index
Fp peak force
dp corresponding displacement of peak force
ds short-circuit displacement

σUnified
eq equivalent stress

σ1 first principal stress
σ2 secondary principal stress
σ3 third principal stress
εp equivalent plastic strain
ε̄ pl

0 initial equivalent plastic strain
εs short-circuit equivalent plastic strain

Fig. 1. Schematic geometry of the target cylindrical lithium-ion battery. (a) Macroscopic structure of the jellyroll without battery casing, (b) the concentric-circle
structure of battery cell from top view, and (c) exploded view of components and their assembly. (d) Boundary-condition setups under different loading conditions for
computational models (where U3, UR1 and UR2 stand for the displacement in Z-direction, rotation in X-direction, and rotation in Y-direction, respectively).
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and buckling phenomenon of each components. Thus, a detailed model
must investigate the deformation sequence of the cell structure and the
cause of internal short circuit. Sahraei et al. [14] initiated establishing a
detailed model by modeling in layers which can capture the deforma-
tion mode under radial compression. Gilaki et al. [19] developed a
heterogeneous model with coincident nodes of adjacent layers merged,
whose deformed shapes are consistent with the CT scans of the ex-
periments under drop tests. Zhu et al. [20] established a detailed finite-
element (FE) model, covering the geometry and the mechanical prop-
erty of all components, which revealed the sequence of the axial com-
pression. However, it can only capture the trend of the for-
ce–displacement curve but cannot predict the slope and critical
inflection points of the curves under axial compression. Moreover, the
concentric layered model established by Sheikh et al. [21] proved
useful in predicting initial battery failures as well as deformation
modes.

However, in mechanical aspect, the model can only predict the
characteristic magnitude of the force, rather than the entire curve
profile, thereby losing abundant critical information. The model is also
incapable for predicting mechanical behavior of LIB cell in various
loading scenarios. More importantly, electrochemical failure, i.e., in-
ternal short circuit is the priority of the battery safety design which has
not been included in the computational mechanical model.

To better capture the local deformation of each components and
understand the mechanism of mechanically induced internal short cir-
cuit, a detailed model which considers all component modeling meth-
odologies is established in this paper. Constitutive models of each
component are developed based on the designed experiments.
Comprehensive validation under radial compression, bending, in-
dentation, and axial compression are conducted and compared with
corresponding experiments. Furthermore, short-circuit criteria are es-
tablished based on the stress and strain distribution of the separator,
and short-circuit triggering behavior under dynamic loading is dis-
cussed.

2. Computational modeling

By disassembling the battery cell, one may clearly understand the
internal structure of the cylindrical battery (Fig. 1). Target 18650 cy-
lindrical LIB is composed of battery casing, jellyroll, winding, and other
gaskets, whereas the jellyroll is rolled based on a winding in a separ-
ator–cathode–separator–anode sequence (Fig. 1a). Jellyroll is simplified
as concentric circles in the same sequence in 19 layers (Fig. 1b) based
on the actual size in FE model. The structure after assembly is shown in
Fig. 1c with the innermost layer winding and outermost layer casing,
and gaskets are simplified as foams. Table 1 shows the specific geo-
metric parameters of these components; only the size of the innermost
layers of separator, anode, and cathode are presented; dimensions of
remaining 18 layers can be inferred from the thickness and the inner-
most values.

Electrolyte is not built in the detailed model, but its effect on me-
chanical behaviors of anode, cathode, and separator is considered. The
adopted material models of inner components are established based on
the experiments when the materials are filled with electrolyte.

Battery casing, which is composed of Fe, C, and Ni, is a kind of steel
whose constitutive model was established by Wang et al. recently [22].
Johnson–Cook model is adopted with strain-rate effect and Johnson–-
Cook damage model. Cathode is a current collector double coated with
Li0.925(Ni0.80Co0.15Al0.05)O2, which is modelled as an integrated part, as
well as the anode. Isotropic material model is adopted for cathode and
anode material; the material parameters are obtained through material
tests and validated by simulation, which will be introduced in next
section. Separator is a polymer material with an apparent in-plane
anisotropicity [23] and different mechanical properties in tension and
compression [24]. Thus, establishing the comprehensive constitutive
model and time-consuming during model computation is difficult.

Therefore, the isotropic elastic–plastic model is adopted for simplifi-
cation. The elastic modulus of the separator, 275MPa, refers to the
tensile test in transverse direction with electrolyte effect, and the yield
stress is 11.39MPa [24]. The modulus of winding and foam are 100 GPa
and 100MPa, respectively, which are determined by simulations. Key
mechanical properties are summarized in Table 2.

Shell element is used to describe battery casing and winding,
whereas membrane element is used to depict the separator and the solid
element describes foam, anode, and cathode. Element mesh size ranges
from 0.3 to 0.8 mm for various parts, as shown in Table 3.

To simplify the helix rolling for the jellyroll, concentric circles
(geometrically symmetric) are used to describe the rolling structure of
jellyroll. To take advantage of symmetricity, a half FE model of battery
cell is established to improve the computation efficiency. The half FE
model in Fig. 1d shows the symmetry about plane XoY, and the bottom
of the battery is fully constrained while the top end is loaded along Y-
axis. Four typical loading conditions are established here, i.e., radial
compression, indentation, three-point bending, and axial compression.
To ensure a stable convergence, the general contact is adopted
throughout the computation. Each run took approximately 12h with
four CPUs for radial loadings and 144 h with 16 CPUs for axial com-
pression.

3. Experimental

3.1. Material and specimen preparation

Commercially available 18650 NCA/graphite cylindrical LIB was
chosen as target battery. All cells studied here are fresh with only one
discharging cycle to zero. Nickle sheets were welded on positive and
negative ends of the battery for voltage measurement. Cathode and
anode were extracted from the fresh LIB cell with the electrolyte.
Cathode is a current collector aluminum double coated with
Li0.925(Ni0.80Co0.15Al0.05)O2, and anode is copper foil coating with
Li0.008C6. The thicknesses for anode and cathode are 200 μm and 170
μm, respectively. Material samples were prepared by the metal cutter as
soon as the battery was disassembled. A total of 32-layer stacks of
samples with the dimension of 30 × 30mm2 were tested.

3.2. Experimental setups

Quasi-static compression tests were carried out by Instron 8801
(Fig. 2a) with a load sensor of 100 kN and accuracy of 2 N or 0.5% force
value presented. Samples were placed on a plate with a thickness of
6.86 and 5.3mm for anode and cathode, respectively (Fig. 2b). A pre-
load of 100 N was applied on the samples to eliminate the gap between
layers. The loading speed was set as 1mm/min. Repeated tests were
conducted to ensure data credibility as shown in Fig. 2c and d.

The force of the anode increased linearly initially, entered another
linear stage with a relatively lower slope, and finally failed. We infer
that the collapse of the active material causes the first slope change of
the curve, and the current collector Cu foil failure induces the drop of
the force. Thus, a bilinear isotropic model can be used to describe this
material, and the yield stress is used to capture the point when the slope
changes. The force of the cathode increases almost linearly with the

Table 1
Geometric measurements of components.

Neutral zone radius (mm) Thickness (mm) Length (mm)

Winding 1.14 0.16 60
Inner separator 1.228 (innermost layer) 0.016 60
Cathode 1.321 (innermost layer) 0.17 60
Outer separator 1.414 (innermost layer) 0.016 60
Anode 1.522 (innermost layer) 0.2 60
Casing 8.91 0.012 65
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displacement, such that the linearly elastic model is adopted to describe
its mechanical behavior.

To validate the material model, FE models were established ac-
cording to the material experiments. In the model, a total of 32-layer
solid elements were established, and the face-to-face contact was
adopted. Simulation results of anode and cathode were shown in Fig. 3a
and b, respectively. The material models can well capture the elastic
plastic behaviors of anode and cathode before failure. In the meantime,
the deformation profile can be well depicted by computation.

3.3. Battery cell experiment

Four typical loading conditions, i.e., radial compression (Fig. 4a),
indentation (Fig. 4b), three-point bending (Fig. 4c), and axial com-
pression (Fig. 4d) were conducted to experimentally study the me-
chanical behavior and further discover the correlation between me-
chanical buckle/failure and short-circuit behaviors of the cylindrical
LIB. Quasi-static loading (5mm/min) was applied to the battery cell
through the Instron 8801, and voltage was simultaneously measured by
the voltage sensor (Fig. 4a). A 10mm diameter indenter was adopted
for indention and three-point bending tests, and the span of the two
supports of bending test was set 50mm as illustrated in Fig. 4b and c
Three repeated tests were conducted to ensure the data credibility.

During radial compression, the force F increases linearly, and the
process can be referred to as Stage I. The load then enters a platform
stage referred to as Stage II, is followed by the compaction stage as
Stage III, and finally drops as Stage IV (Fig. 5a). The peak force Fp is
approximately 35 kN, and the corresponding displacement dp is 6 mm.
The voltage initially remains at 3.2 V and then drops to 0 V under
mechanical failure. The short-circuit displacement ds is also approxi-
mately 6mm. Here, the phenomenon in which voltage drops to 0 V is
defined as major internal short circuit, similar to Refs. [26,27].

For indentation cases, force increases gradually with the displace-
ment as Stage I and then drops rapidly as Stage II, where Fp= 11 kN

Table 2
Key mechanical properties of components.

Components Material composition Density (kg/m3) Modulus (MPa) Yield stress (MPa) Failure strain

Casing Steel 7.85× 103 211 000 740 η related [25]
Separator PP/PE 1.2× 103 275 11.39 1
Anode Cu/Active material 2.27× 103 300 / /
Cathode Al/Active material 4.68× 103 720 / /
Winding Steel 7.85× 103 100 000 2430 /
Foam / 6.5× 103 100 / /

Table 3
Section properties and mesh information.

Element type Mesh size (mm) Element number

Casing Shell 0.8 3311
Inner separator Membrane 0.3–0.8 32,250
Outer separator Membrane 0.3–0.8 33,900
Anode Solid 0.3–0.8 34,650
Cathode Solid 0.3–0.8 32,850
Foam Solid 0.8 1620
Winding Shell 0.8 2160

Total 142,000

Fig. 2. Mechanical test setups for component materials of the battery. (a) Instron 8801 for mechanical loading, (b) material sample and dimension, (c) for-
ce–displacement response of anode and the sample after unloading, and (d) force–displacement response of cathode and sample after unloading.
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and dp= 7mm (Fig. 5b). Again, the voltage remains as 3.2 V in Stage I,
drops when the force drops, i.e., ds = 7mm, and recovers to 1.4 V.

For three-point bending, force increases gradually in Stage I and
decreases in Stage II, where Fp= 2 kN and dp= 5mm. Voltage stays at
approximately 3.2 V with the minor internal short circuit (voltage drops
to a value larger than 0 V) occurring slightly before the peak force. The
voltage remains stable despite the V-shaped structural fracture as
shown in subplot of Fig. 5c. We infer that the fracture of the

components cut off the minor internal short circuit to prevent further
voltage drop.

For axial compression, Fig. 5d shows that the force increases almost
linearly in Stage I until reaching the peak force. The force then fluc-
tuates around 7 N because the casing buckles layer-by-layer in Stage II
and finally drops for the complete fracture of the casing in Stage IV.
Buckle rings form mainly in Stage II, and a large crack forms in Stage
III, evidenced by the photo of the battery cell after loading in Fig. 5d.

To summarize, mechanical buckling behavior has a strong influence
over the short-circuit behavior; therefore, having an accurate prediction
for mechanical behavior and a good understanding of short-circuit
onset is important.

4. Results and discussion

4.1. Simulation results and validation

To validate the above-mentioned computational model, simulation
results are compared with the experiment data shown in Fig. 6. For
radial compression, force in simulation can capture the general trend of
the experiment except for Stage II, where the force prediction is larger
than the experiment (Fig. 6a). The deformation profile and the stress
distribution are obtained from the simulation, which shows a good
agreement with the experiment. The stress on the edges of the battery is
larger than anywhere else because these areas are in contact with the
pressure plate. For indentation, simulation can well predict the me-
chanical response before failure (Fig. 6b). The deformation mode is
similar with the experiment, especially the bending and buckle profile,
and the maximum stress occurs at the center of battery owing to the
indenter. For three-point bending, the force in simulation can well
predict the force evolution with displacement including the force
turning point and the failure point (Fig. 6c). However, the predicted
force is smaller than the experimental value when the displacement is
larger than 5mm because the general contact algorithm allows some
minor penetration. The deformation profile of the cell highly agrees
with experiment as well as the failure crack. The stress distribution

Fig. 3. Comparison of simulation results and experiments for electrodes: (a) mechanical response and deformation morphology of the anode, and (b) mechanical
response and deformation profile of the cathode.

Fig. 4. Test setups for battery cell of different mechanical loading conditions
with in-situ voltage measurement: (a) radial compression, (b) indentation, (c)
three-point bending, and (d) axial compression.
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Fig. 5. Force–displacement, voltage–displacement curves, and corresponding failure profiles of battery cell experiments under (a) radial compression, (b) in-
dentation, (c) three-point bending, and (d) axial compression loading conditions.

Fig. 6. Comparison between simulation and experiments in terms of mechanical response and deformation modes under (a) radial compression, (b) indentation, (c)
three-point bending, and (d) axial compression loading conditions.
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shows that the areas in contact with the indenter suffer from the larger
stress. For axial compression, Fig. 6d shows the force response can be
well captured by the computation, including the peak force, force
fluctuation, and failure evolution. The numerical simulation results can
also predict the buckle rings and the failure modes.

This detailed model of the cylindrical battery can well capture the
mechanical response during different loading conditions, thereby
proving its accuracy and versatility. However, some shortcomings
cannot be avoided. For radial compression and indentation, this model
cannot capture the mechanical failure characteristics of the cell because
the failure model of battery casing is established based on the tensile
tests. However, the crack of the battery occurs on the two ends of the
battery casing which is caused by compressive stress for radial com-
pression, whereas the failure of the battery casing in indentation is
caused by the shear stress. Establishing a mechanical failure criterion
for the jellyroll itself remains difficult.

4.2. Short-circuit criteria

Internal short circuits are caused by the direct contact between
anode and cathode with either the active material or current collector,
and they are defined as four internal short-circuit modes [28,29]. The
separator, placed between the anode and cathode to avoid their direct
contact, is a critical factor in causing the internal short circuit. There-
fore, two short-circuit criteria are established based on the mechanical
properties of the separator through the detailed model in the scenario of
mechanical loading induced internal short circuit, i.e., stress state-
based and strain state-based criteria. For stress state-based criterion, the
unified strength theory (UST) which is a generalized form of von Mises,
Tresca, and Mohr–Coulomb criteria with consideration of three prin-
cipal stresses is adopted [30] as follows:
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The values of σUnified
eq can be determined by extracting three principle

stresses of separator for different loading conditions shown in Fig. 7a.
The results show that this criterion is suitable for these four loading
conditions.

For strain state-based criterion, equivalent plastic strain ε of all se-
parator nodes are extracted from four loading conditions and plotted in
Fig. 7b. Each node which is numbered sequentially has its own
equivalent plastic strain. Equivalent plastic strain ε can be calculated as:

∫= +ε ε ε ε dt¯ 2
3

˙ : ˙pl t pl pl
0 0 (2)

where ε̄ pl
0 is the initial equivalent plastic strain. =ε 0.95s is the strain

state-based criterion which can well predict the short-circuit behavior
of indentation, radial compression, and axial compression. However, it
cannot predict the minor short-circuit behavior of the bending test
owing to different trigger mechanisms.

We conclude that stress state-based criterion is suitable for pre-
dicting minor and major internal short circuits, whereas the strain state-
based criterion is only suitable for major internal short circuits.
However, the strain state-based criterion is much more convenient for
the reader to use without any extra calculations.

4.3. Short-circuit triggering under dynamic loading

To investigate the mechanical and electrical behaviors of the battery
under dynamic loading, drop tests with the hammer of 49.74 kg are
conducted. Force and voltage are synchronous recorded by an oscillo-
scope with 1.25MHz. Experimental results are shown in Fig. 8 with
force–time and voltage–time curves under different impact velocities.
Voltage decreases then recovers at the impact speed of 1m/s (Fig. 8a),
whereas the voltage drops close to 0 V when the impact speed larger

than 1.2m/s (Fig. 8b and c). We infer that the critical failure energy of
the LIB is 25–36 J which is much smaller than 46 J under quasi-static
loading. Force evolution under dynamic loading is similar with quasi-
static loading with four stages noted in Fig. 8a. Moreover, the major
internal short circuit occurs, and the force drops simultaneously. To
compare the short-circuit triggering with dynamic and quasi-static
loadings, force–time curves under dynamic loading are translated into
force–displacement curves according to Newton's second law, as shown
in Fig. 8d. The internal short circuit under dynamic loading occurs
earlier than its counterpart under quasi-static loading. Simulations
under dynamic loading are conducted to explain this phenomenon. The
first step is to validate the mechanical model and the short-circuit cri-
teria under dynamic loading, and the results are shown in Fig. 8e. The
detailed model can capture the trend of the force–time response and
peak force. Moreover, the strain state based short-circuit criteria can
also predict the short-circuit triggering time. The short-circuit dis-
placement under dynamic loading is then discussed based on the si-
mulation (Fig. 8f). Results show that short-circuit displacement under
dynamic loading is approximately 5mm; it is not influenced by the
impact velocity but is smaller than the quasi-static loading. This phe-
nomenon can be explained by the strain-rate effect of battery casing
which has high strength suffering from dynamic loading. The high
stress is transmitted to the inner components, causing the large strain
and eventually leading to earlier internal short circuit. However, the
range of the strain rate is small in dynamic loading, such that its effect
on short-circuit triggering is negligible.

5. Conclusion

A detailed model of the 18650 cylindrical battery cell that can well
predict the mechanical behaviors of the cell under radial compression,
indentation, bending, and axial compression is established in this paper.

Fig. 7. Calibration of the two proposed short-circuit criteria in various loading
conditions: (a) short-circuit criterion based on the UST and final criteria yield
plane illustration, and (b) strain state-based short-circuit criterion along with
the final criterion yield line indication =ε( 0.95)s .
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The deformation modes of cells under these loading conditions can be
well captured. The failure properties can also be predicted when the
failure of the battery cell is caused by the tensile stress such as in the
scenarios of three-point bending and axial compression. Moreover, two
short-circuit criteria are established and compared based on the com-
putational model. Stress state-based criterion is useful for predicting the
short-circuit behavior whether minor or major internal short circuit,
whereas the strain state-based criterion is convenient for use but has
limitations in predicting the minor internal short circuit. Finally, short-
circuit triggering point under dynamic loading is studied by experi-
ments and simulations.

The established computational model, together with suggested in-
ternal short-circuit criteria pave a new pathway for battery cell, module
and pack safety design upon mechanical abusive loading.
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