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Abstract: This study presents a comprehensive experimental investigation of the mechanical response
of the jellyroll and complete Li-ion 18650 Nickel–Cobalt–Alumina (NCA) battery under axial com-
pression, highlighting the effects of strain rate and state-of-charge (SOC). The jellyroll was subjected
to both static (1 mm/min) and dynamic (10–30 m/s) axial compression using a Split-Hopkinson
Pressure Bar (SHPB). A key innovation of this work is the investigation of the role of electrolytes
under both static and dynamic conditions, revealing their significant impact on stress and strain
behavior due to hydrostatic pressure. Additionally, the complete NCA battery was tested under
various SOC levels (0–75%) using flat plate compression. The results demonstrate the jellyroll’s
sensitivity to strain rate, with increased stress responses at higher loading speeds. Furthermore, the
inclusion of electrolytes markedly amplified the stress and strain response. The Fu-Chang model was
successfully employed to numerically replicate the observed static and dynamic behaviors. Critically,
the full battery tests revealed a negative correlation between voltage cutoff and SOC, with the risk
of fire and explosion increasing at higher SOC levels. This research provides novel insights into the
safety and mechanical resilience of Li-ion batteries under compression.

Keywords: split-Hopkinson pressure bar; battery safety; dynamic impact

1. Introduction

There has been a remarkable increase in the usage of Li-ion batteries in the last decade,
with applications ranging from the power source of the smartphone to powering the
modern electric vehicle. By 2017, there were around two million units of electric vehicles
worldwide, and this is predicted to reach 130 million in 2030, not to mention the steady
rise in battery capacity each year and the pressure to cut carbon emissions to reduce global
warming that could further increase demand in the future [1]. However, using Li-ion
batteries as the power source, especially for electric vehicles, raises safety concerns since
Li-ion batteries pose a hazardous risk when damaged.

Similar to a vehicle with an internal combustion engine, the electric vehicle is not
accident-proof. In fact, several recorded accidents involving electric vehicles tend to be
more destructive as the Li-ion battery reacts more violently when damaged during the
accident. Several of the recorded accidents followed by fire or explosion were due to crashes
and collisions [2–5], while others happened during charging [6–8], and some happened
when the car was parked [9–11]. An explosion or fire, especially caused by a collision or
crash, happens due to thermal runaway, triggered when the battery is damaged, followed
by an internal short-circuit.

Energies 2024, 17, 4967. https://doi.org/10.3390/en17194967 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17194967
https://doi.org/10.3390/en17194967
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-5496-9544
https://orcid.org/0000-0001-6281-9191
https://doi.org/10.3390/en17194967
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17194967?type=check_update&version=2


Energies 2024, 17, 4967 2 of 18

There are numerous studies regarding the characterization and failure assessment
of the battery and studies regarding the safety and protection of the battery. Some of the
reported studies are related to the characterization of the battery components, such as the
separator [12,13], anode, and cathode [14–16], and the casing of the battery [17]. Attempts
to study and model the jellyroll of the battery have also been made [18–20]. Currently,
a limited number of reported studies focus on the battery’s mechanical response during
dynamic loading, such as impact loading. Several that have been reported are related to the
pouch and elliptical battery [21], battery pack [22], and cylindrical 18650 battery with lateral
compression and 3-point bending load [23,24]. The currently available reports and results
are mainly in the low-strain rate or low-speed regime for component characterization. The
high-speed test on the battery mainly focuses on investigating the failure mechanism of
the battery or battery pack and its force-displacement response. Currently, there is no
study regarding the characterization and mechanical response of the battery component at
high-speed loading.

There are two main objectives of this research. The first objective is to characterize the
mechanical properties of the jellyroll of the 18650 NCA battery through experimentation
of the jellyroll on several variations and to build a homogenized numerical model that
could reproduce the stress–strain results of the experiments. NCA 18650 is chosen for this
study due to its widespread usage, especially for electric vehicle applications, and its high
energy density, which is around twice that of Li-Po. The variations in the experiments are
the variation of the loading speed and the variation of the specimen condition, which in-
cludes the usage of electrolytes, aluminum cover, specimen length-to-diameter (L/D) ratio,
specimen cut position, and production batch. These variations are performed to measure
the sensitivity of the jellyroll to the strain rate, electrolyte usage, location, production batch,
and dimension in terms of the stress–strain response.

The second main objective is to study and report the failure characteristics of the
complete 18650 NCA battery when subjected to static and dynamic axial compression. The
failure characteristics are determined through measurement of the force, displacement, and
voltage of the battery.

2. Research Methodology

Several parameters were varied to measure their effects on the stress–strain response of
the Li-ion NCA 18650 jellyroll. The experiment and the simulation performed are divided
into two main categories based on the subjected loading: static and dynamic compression.
For the dynamic compression, four different loading speeds, 10 m/s, 15 m/s, 20 m/s, and
30 m/s are used to measure the sensitivity of the jellyroll to strain rate compared to the
static compression. Two different materials, AISI 4340 and PMMA, are compared and
used for the SHPB as an estimator of the jellyroll’s impedance since the exact value of the
jellyroll’s impedance is not known, and only the approximation can be obtained using
Equation (1).

Z =
√

Eσ (1)

where Z is specimen impedance, E is specimen Young’s modulus, and σ is specimen density.
For the specimen used in static and dynamic compression, the dimensions of the

specimen are based on the constraint of the SHPB. The one-dimensionality of the strain
wave can be ensured by setting the ratio of the length and diameter (L/D) of the specimen
in the range of 0.8–1 [25]. The effect of L/D on the stress–strain response can be shown by
varying the specimen’s L/D, where the ratios of 0.5, 0.8, 1.0, 1.2, and 1.5 are tested. Since
the diameter of the specimen is already fixed by the producer, the only parameter that
changes is the specimen’s length. Since the length of the specimen used in the test is shorter
than the original length, the effect of the chosen section of the jellyroll is studied in this
research. Variation of the production batch of the jellyroll is also investigated to check if the
inconsistency in production could affect the result. For the wet specimen, the specimen is
covered by aluminum foil to contain the electrolyte inside. The static test on the jellyroll
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specimen using aluminum cover without electrolyte is performed to ensure the aluminum
cover does not affect the result of the test significantly.

For the dynamic compression test, the Split-Hopkinson Pressure Bar is used to obtain
the stress–strain curve of the jellyroll. The stress–strain curve of the material is calculated
based on the measured strain wave on the incident bar and the transmitter bar. Assuming all
the bars and the specimen have similar impedance, and the bars have similar cross-sectional
areas, then the stress and the strain of the material can be calculated using Equations (2)–(4).

.
ε(t) = 2C/LspεR(t) (2)

ε =
∫ t

0

.
ε(t)dτ (3)

σ(t) = EA0/AεT(t) (4)

where E is Young’s modulus, A is the specimen cross-sectional area, A0 is the cross-section of
the bar, C is the elastic wave speed velocity in the bar, and LSP is the length of the specimen.

2.1. Experiment Setup
2.1.1. Jellyroll Compression

The static compression test was performed using Instron 8800 MT (Instron, Norwood,
MA, USA) with a 25 kN load cell. The specimen is subjected to a constant compression
rate of 1 mm/min to ensure that the static loading condition is achieved. The test is
repeated three to four times for each of the dry specimens, dry-covered specimens, and
wet specimens.

The dynamic compression is performed using a Split-Hopkinson Bar setup, which
comprises the impactor bar, the incident bar, and the transmitter bar. The specimen is put
in between the incident and the transmitter bar. For this experiment, a high-speed camera
is also used to observe the compression and rebound of the specimen and to measure
the speed of the impactor bar. The setup of the experiment is shown in Figure 1. The
specimen is tested at four loading speeds—10 m/s, 15 m/s, 20 m/s, and 30 m/s—to
measure the material’s strain rate and observe the effect of the strain rate on the specimen’s
stress–strain response.
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Two materials are tested to find the material with the same impedance as the specimen:
AISI 4340 and Polymethyl methacrylate (PMMA). The reasons for choosing these materials
are, first, because both materials represent both extremes on the impedance range where
AISI 4340 is high-strength steel with high impedance and PMMA is a polymer with low
impedance and, second, both materials with the required length and straightness are easy
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to find on the market. Testing on both ends would help to determine the approximate value
of the specimen’s impedance and the result could aid in determining other materials as
candidates for the bar material should another iteration of the experiment be conducted.

The Li-ion NCA 18650 jellyroll was sourced from a battery jellyroll producer. The
jellyroll is cut using a lathe machine to obtain the desired specimen dimension for the dry
specimen, as shown in Figure 2. Before the cutting process, the protruding metal tab is
removed, and then the jellyroll is wrapped with a layer of cellophane tape to ensure that the
jellyroll will not disintegrate during the cutting process. Since the length of the specimen
used is constrained by the limitation of the SHPB test, two sections of the specimen will be
tested in the static test, the midsection and sidecut, as shown in Figure 2.
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in the test.

Preparation of the wetted specimen is performed initially by cutting the jellyroll in a
similar manner to the dry specimen. Afterward, the cut specimen is wetted with electrolyte
and then covered with aluminum foil. This process is performed inside an airtight glovebox
filled with inert gas. Inside the glove box, two rectangular aluminum foils are bonded on
their three sides using a vacuum thermal laminator. Then, the specimen is inserted into the
aluminum foil from the remaining unbonded side. The specimen is oriented so that the flat
plane of the cut specimen is oriented parallel to the normal direction of the aluminum foil
surface. The specimen is then wetted using 0.89 cc of LiPF6. The cover’s opening is then
sealed using the vacuum thermal laminator. The result is shown in Figure 2.

2.1.2. Battery Compression

The experiments are performed in two loading conditions: static loading condition
and dynamic loading condition. For the static loading condition, the battery is compressed
with a loading speed of 1 mm/min with SOC varied at 0%, 25%, 50%, and 75%, with as
many as three repetitions for each SOC using Instron 8800 MT (Instron, Norwood, MA,
USA) with a 25 kN load cell. For the dynamic loading condition or drop-weight test, the
battery is impacted axially by a flat impactor with a total mass of 32 kg at dropping heights
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of 0.5 m and 1 m. The SOC used in the drop-weight test are 0%, 25%, and 50%, with three
repetitions for each SOC. The SOC above 75% for the static compression test and the SOC
above 50% were not used in the test due to safety reasons as the limitation of the testing
location and the readily available equipment do not allow a more extreme testing condition
to be conducted.

Three parameters are measured in both static and dynamic tests: force, displacement,
and battery voltage. In the static compression test, the force and the displacement are
measured directly from the sensors of the UTM, and the voltage is measured using a
100 kHz voltage recorder, which continuously measures the voltage of the battery during
the testing. For the dynamic test, the force is measured using a 44 kN Piezoelectric load
cell, the displacement is measured from a video recorded by a high-speed camera, and the
voltage is measured using the 100 kHz voltage recorder. The testing setup for static and
dynamic compression is shown in Figure 3.
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2.2. Numerical Model

The numerical models of each of the static and dynamic compressions were made using
LS-DYNA ver. 2021 to simulate the stress–strain response obtained from the experiment.
The dimensions of the bars and the specimen used in the simulation are tabulated in Table 1.
For the static simulation, the bars are replaced with a flat plate to replicate the puncher and
the static plate, as shown in Figure 4. The bars, the plates, and the specimen are modeled
using solid elements.
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Table 1. The dimensions of the bars and the specimen used in the simulation.

Part Length (mm) Diameter (mm)

Impactor 200 18
Incident Bar 1000 18

Transmitter Bar 1000 18
Specimen 17 17
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The MAT 83 Fu-Chang material model is used for the static and dynamic compression
simulation to model the Li-ion NCA 18650 jellyroll material. Fu-Chang foam is used to
model a foam with a very low Poisson ratio, where it has been reported that compression
on the battery jellyroll has zero Poisson ratio [26]. The strain rate effect of the material is
obtained from the interpolation of the inputted stress–strain curves at varying strain rates.
The Fu-Chang material model is formulated by dividing the strain as the sum of the linear
and nonlinear parts. The deformation strain rate can be assumed as the sum of the linear
deformation strain rate and the nonlinear deformation strain rate. The nonlinear strain rate
is the function of stress and state variables, which is shown in Equation (5).

.
E

N
t = σ/∥σ∥D0exp

{
−c0

[
σ : S/(∥σ∥)2

]2n0
}

(5)

where
.
E

N
t is the nonlinear deformation strain rate, S is the state variable, σ is the stress, and

D0, c0, and n0 are the material constants. If D0 is equal to 0 or c0 is reaching infinity, the
nonlinear strain rate vanishes.

The state variable term can be expanded as shown in Equations (6)–(9)

.
Sij =

[
c1
(
aijR − c2Sij

)
P + c3Wn1(

∥∥∥∥ .
E

N
∥∥∥∥)n2

Iij

]
R (6)

R = 1 + c4

[∥∥∥∥ .
E

N
∥∥∥∥/c5 − 1

]n3

(7)
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P = σ :
.
E

N
(8)

W =
∫

σ : (dE) (9)

where c1, c2, c3, c4, n1, n2, n3, and aij are the material constants, R is the rate coefficient, P
is the strain power, and W is the work done. The scalar stress and the strain rate can be
formulated as shown in Equations (10)–(12).

∥σ∥ =
(
σijσij

)1/2 (10)∥∥∥ .
E
∥∥∥ =

( .
Eij

.
Eij

)1/2
(11)∥∥∥∥ .

E
N
∥∥∥∥ =

(
.
E

N
ij

.
E

N
ij

)1/2
(12)

The input for the material models is obtained by iteration to obtain the optimal result
that could fit the experimental result. The input value is tabulated in Table 2.

Table 2. Material inputs for the dynamic compression simulation for dry and wet specimens.

Material Model Parameter Value

Fu-Chang foam Dry

Density (kg/m3) 1600
Young’s modulus (GPa) 20

HU 0.01
SHAPE 200

Fu-Chang foam Wet

Density (kg/m3) 2000
Young’s modulus (GPa) 47.9

HU 0.01
SHAPE 200

For the bars, the elastic material model is used to represent the mechanical behavior of
the bars. The selection of the elastic material is used to ensure that only the elastic strain
wave generated by the bar and the observation of the experiments have shown that no
plastic deformation occurs on the bar. PMMA is chosen as the material with a density of
1190 kg/m3, Poisson ratio of 0.34, and Young’s modulus of 5.7 GPa.

3. Results
3.1. Experimental Result
3.1.1. Static Jellyroll Compression Experiment

The static compression test is used as the basis to determine the factors that will be
important for determining the specimen setup for the dynamic compression test. These
parameters are the location of the section cut, the effect of the aluminum cover on the
stress–strain result, and the effect of the electrolyte.

Figure 5a shows the average stress–strain results of compressed specimens cut on their
midsection and on their sidecut. The results on both cuts show that the jellyroll exhibits a
behavior similar to a foam that is pointed by the existence of a plateau region after they
reach the yield point and then followed by a densification region, which is indicated by the
exponentially rising stress. A similar result was also reported for pouch batteries but with
zero plateau stress and a very low Poisson ratio [26]. The average yield point of the sidecut
specimens is around 29 MPa, which is higher than the average yield point of the midsection
specimens at around 17–20 MPa. This is due to the leftover metal strip that cannot be
removed without damaging the connection between the metal strip and the jellyroll.

The leftover metal strip would add additional stiffness to the jellyroll as it helps to
resist the buckling of the electrodes during the compression. The erratic plateau region on
the sidecut specimen is due to the non-uniformity of the applied load during the rolling of
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the jellyroll in the manufacturing process, which produces a relatively uniform roll on the
midsection area but is slightly loose on the sidecut area. The looseness of the roll on the
sidecut specimen would allow multiple buckling on the loose area, thus creating erratic
stress behavior in the plateau region. Since the midsection specimen shows a lower stress
response, which indicates a weaker position compared to the sidecut, and a more consistent
stress–strain result compared to the sidecut, the midsection is chosen for the dynamic
compression test.
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The effect of the aluminum foil cover on the result is shown in Figure 5b, which shows
the average stress–strain results of the dry specimen without an aluminum cover and the
one with an aluminum cover. The results clearly illustrate that the aluminum cover does
not have any significant impact on the stress–strain results. Thus, the usage of an aluminum
cover for the wet specimen for the dynamic test will not affect the test results.

The effect of the electrolyte usage is also shown in Figure 5c. For this test, the mid-
section of the jellyroll is used as the specimen. The addition of electrolytes increases the
yield point of the jellyroll. This increase is due to the hydrostatic pressure given by the
electrolyte inside the wetted specimen. A similar response on a pouch battery was already
reported, where pouch battery was reported to show an increase in stress response when
the electrolyte was added [21].

An interesting phenomenon is shown where the stress–strain response of the wetted
material is similar to the one from the dry specimen at a strain value of 0.15, where
the densification process starts to happen. The plausible explanation for this is that the
electrolyte is already pushed out of the jellyroll from the compression and forced to fill the
crevices in the aluminum foil and no longer exerts hydrostatic pressure. Without additional
hydrostatic pressure, the only loaded component is the jellyroll, and this might explain
why the stress response of the wet specimen on the densification region is similar to the
stress response of the dry specimen.
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3.1.2. Dynamic Jellyroll Compression Experiment

The dynamic compression test using SHPB is performed to measure the sensitivity
of the material due to strain rate. The first test performed in this research is to determine
which bar material should be used for the SHPB module. Figure 6 shows the strain wave
results of the SHPB test using AISI 4340 and PMMA as the bar material.
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A measure to determine which material is proper for the test is to locate where the
transmitted wave is located compared to the location of the incident and the reflected
wave. For the one-dimensional wave equation given to be applicable, the bar should have
a similar impedance to the specimen. If the impedance of the bar is similar to or close to
the impedance of the specimen, then the transmitted wave should appear at the same time
as the first reflected wave is recorded, assuming the transmitter and the incident bar have
the same length. From Figure 6, it is shown that the PMMA bar has the closest impedance
to the specimen, where the transmitted wave appears approximately at the same time as
the reflected wave. For the AISI 4340, it can be seen that the transmitted wave appears at
the same time as the second reflected wave, which indicates that the bar impedance does
not match the impedance of the specimen. From this result, the PMMA bar is used for the
rest of the dynamic test.

The specimen L/D is known to affect the stress–strain result by the effect of the radial
inertia during the compression of the material [27]. Thus, it is important to perform a check
on this parameter before testing the material. Figure 7 shows the average stress–strain
results from the specimen with values in the range of 0.5 and 1.5 for its L/D value. It is
shown that the peak stresses of specimens with L/D of 0.5, 1.0, and 1.2 are similar, while
specimens with L/D values of 0.8 and 1.5 experienced a slight increase in peak stress, with
the difference between the lowest peak and the highest peak stress at around 2–3 MPa.
Since there is no general pattern that can be seen from the peak stress of the component
and the L/D value, and the variation of the peak stress is in the range of 10–15%, it is
safe to conclude that the peak stress is relatively similar and the variations are due to the
other factors such as small inconsistencies in the production rather than the L/D value
of the specimen itself. Similar results are also reported where the testing of the material
with the L/D ratio between 0.1 and 0.4 would result in a relatively similar stress–strain
response [28].

It is also worth noting that specimens with lower L/D values have longer strains than
the specimens with higher L/D values. One possible explanation for this phenomenon is
that if all specimens experience the same deformation length, then the specimen with a
shorter initial length will have a larger strain compared with the specimen with a longer
initial length. Since the diameter is fixed, the specimen with a lower L/D has a lower initial
length than the specimen with a higher L/D value; thus, the specimen with a lower L/D
value will have a bigger strain value compared to the specimen with a higher L/D value
with the same deformation length on all L/D values. From the results, a ratio of 1.0 is
chosen as it will not affect the stress, and it is also deformed long enough to be consistent
for the remainder of the test.
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ferent production batch, (c) different loading speed in comparison with static compression test, and
(d) different loading speed with dry and wet specimen.

For the effect of the production batch on the stress–strain result, the test is performed
with the same loading speed at 20 m/s, the same L/D value, and using a dry specimen.
Figure 7b shows the stress–strain response from specimens with different production
batches. There is no significant variance in the stress response from both batches. The
noticeable difference is from the strain at the unloading phase, where the old batch’s
specimen has a slightly longer strain than the newer batch. This difference has no major
impact as the strain at the unloading phase is commonly not used unless there is an
interesting phenomenon that occurs in that region. Thus, the difference in production batch
has no immediate major impact on the stress-strain result.

Compression of the jellyroll at different loading speeds is expected to have varying
results on the measured stress and strain, as shown in Figure 7c. From the results, it is
clear the stress response increases with the increase in the applied loading speed, from
which it can be concluded that the jellyroll is strain-rate sensitive. Comparing the dynamic
compression results with the static compression results shows an interesting founding
where the results from compression with speeds of 10 m/s and 15 m/s are lower than the
static results. This result could be due to the lack of compressive energy generated from
the loading speeds of 10 m/s and 15 m/s. Due to this result, only loading speeds of 20 m/s
and 30 m/s are used for the wet and dry specimen comparisons. The measured strain rates
at loading speeds of 20 m/s and 30 m/s are around 400/s and 700/s, respectively.

For the comparison of the wet and dry specimens, the static test shows that the addition
of electrolytes increases the stress response of the jellyroll. A similar phenomenon also
occurs on the dynamic compression test, where there is an increase in the stress response at
the wetted specimen, as shown in Figure 7d. The increase in the stress response is due to
the addition of the electrolyte which fills the porous bodies of the jellyroll components. The
trapped electrolyte can explain the strain-rate effect on the wetted specimen in the porous
bodies of the jellyroll. The electrolyte is trapped due to inadequate time for electrolyte to
flow out of the jellyroll.

An interesting phenomenon occurred during the compressing process of the jellyroll.
From Figure 8, it is shown that the specimen does not retain its maximum deformation. In
Figure 8b, the compression buckling is visible on the surface of the jellyroll as indicated by
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the reflected light. However, in Figure 8c, the surface of the specimen does not show any
buckling on the surface, which indicates that there is an unloading process immediately
after the maximum compression is over. This process would create a slightly longer strain
wave during the decompression stage, as shown in Section 3.2.2.
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3.1.3. Static Battery Compression

There are a total of 12 specimens tested on the static compression test on their own
respective SOC. The failure of the battery is mostly determined from the onset of the
occurrence of the short circuit on the battery. The results of the static axial compression
test on SOC 0%, 25%, 50%, and 75% are shown in Figure 9. The results obtained from the
test are quite similar to the results reported on the static axial compression test on the LCO
battery [19], where the first 2 mm of the deformation is dominated by the deformation
of the top section of the shell casing. The difference is the point of the short-circuit or
voltage cutoff is slightly higher in this test than the one reported. The average peak load
and average voltage cutoff are tabulated in Table 3.

Table 3. Experiment results for static battery compression on 0%, 25%, 50%, and 75% SOC with
variation of loading condition (static, drop weight 0.5 m and 1 m).

State-of-
Charge (%)

Loading
Condition Specimen Peak Load (kN) Voltage

Cutoff (mm)
Average Peak

Load (kN)
Average Cutoff

(mm)

0

Static
Specimen-1 11 5

10.36 6.45Specimen-2 10.8 7.2
Specimen-3 9.28 7.15

Drop weight 0.5 m
Specimen-1 12.18 9.63

12.96 7.48Specimen-2 13.72 8.16
Specimen-3 12.97 4.66

Drop weight 1 m
Specimen-1 16.67 5.83

15.62 6.21Specimen-2 14.71 8.28
Specimen-3 15.48 4.52

25

Static
Specimen-1 8.84 4.6

9.76 5.26Specimen-2 11.4 5.48
Specimen-3 9.04 5.7

Drop weight 0.5 m
Specimen-1 12.18 2.58

13.73 4.83Specimen-2 13.55 6.88
Specimen-3 15.45 5.04
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Table 3. Cont.

State-of-
Charge (%)

Loading
Condition Specimen Peak Load (kN) Voltage

Cutoff (mm)
Average Peak

Load (kN)
Average Cutoff

(mm)

50

Static
Specimen-1 11.34 5.4

8.45 4.3Specimen-2 9 4
Specimen-3 5 3.5

Drop weight 0.5 m
Specimen-1 15.03 5.28

14.41 5.41Specimen-2 15.56 -
Specimen-3 12.65 5.54

75 Static
Specimen-1 9.31 4.2

9.84 4.25Specimen-2 9.32 3.16
Specimen-3 10.9 5.4
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Figure 9. Force, displacement, and voltage curves from the static compression test at (a) 0% SOC,
(b) 25% SOC, (c) 50% SOC, and (d) 75% SOC. (e) Comparison of the force–displacement responses at
different SOC values.

The average voltage cutoff data shows that higher SOC correlates with lower voltage
cutoff, which indicates the sensitivity of the battery to the SOC. The voltage cutoff occurs
when the internal layers of the battery jellyroll have been compromised, causing an internal
short circuit. One of the possible reasons is that the separator was damaged during the test.
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It has been reported that an increase in SOC could reduce the integrity of the separator
due to thermal runaway melting the separator and short-circuits tend to happen faster at
higher SOC [29]. The reduction in the failure strain of the separator due to the increase
in battery SOC could explain the decrease in the voltage cutoff deformation in the static
test. It is not feasible to judge how the battery SOC affects the peak load as the short-
circuit process also affects the internal structure of the battery and in the high SOC cases
(SOC > 50%), the battery tends to be combusted or exploded, which in turn compromises
the structural integrity of the battery. However, it is possible to evaluate the general force–
displacement of the battery as shown in Figure 9e where SOC does not seem to affect the
overall force–displacement response of the battery in static axial compression.

The failure mode of the specimen at its respective SOC is shown in Figure 10. Com-
pression of the battery at 0% SOC would only cause the battery to deform with a noticeable
increase in the temperature of the battery, while increasing the SOC would cause a more
violent effect. Explosion starts to occur at 25% SOC where the metal casing is violently
ruptured due to the increase in the internal pressure inside the battery, but no fire is pro-
duced at this SOC. Fire starts to occur at 50% SOC, where the plastic covering is shown
to be melted. The fire occurs after the explosion occurs, exposing the inside of the battery
to atmospheric conditions, which leads to the combustion of the internal components of
the battery due to the chemical interaction between the air and the inside of the battery.
Increasing the SOC further would make the reaction more violent, as shown by the battery
state at 75% SOC, where the opening of the metal casing is much wider and the flame
produced is more sustained than the one produced by the 50% SOC battery.
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3.1.4. Dynamic Battery Compression

The dynamic compression test using a drop-weight testing apparatus is performed
on 12 specimens at the specified drop heights and SOC. Similar to the static test, the
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failure point of the specimen is determined at its voltage cutoff or the onset of the short
circuit. Figure 11 shows the force–displacement–voltage curves obtained from each of the
specimens and the corresponding average. In the case of dynamic tests, evaluation of the
peak load is feasible since fire or explosion does not occur instantaneously but rather a
couple of seconds after the impactor is already in a resting position. Hence, the battery
component is not compromised even though the short-circuit occurred during the impact
based on the data captured by the voltage recorder. The comparison of varying SOC at
similar drop heights shows the increase in the measured peak force with the increase in
the battery SOC as the same result is also shown in Table 3. A possible explanation for this
phenomenon is that a charged battery would have an increase in the volume of the anode
layer due to the insertion of the Li+ ion in the anode layer and this process also increases the
stiffness of the anode layer [30]. The volumetric expansion of the electrode could increase
the force response as the expansion of the electrode is restricted in a cylindrical casing.
The same phenomenon is observed in the pouch casing as the nominal stress on the wet
battery pouch increases with velocity due to the increase in the pore pressure [31] and
combined with the stiffness of the steel casing that prevents expansion of the electrolyte.
Comparison of the force–displacement curve at various loading speeds shows that the
general trend of the peak load increases with the increase in the loading speed. The increase
in the momentum and the strain rate effect of the steel casing and the jellyroll could explain
the increase in the peak load due to the compression.
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Figure 11. Force, displacement, and voltage curves from dynamic compression test on (a) 0% SOC,
0.5 m, (b) 0% SOC, 1 m, (c) 25% SOC, 0.5 m, (d) 50% SOC, 0.5. (e) Comparison of average force–
displacement responses with variations in SOC. (f) Comparison of average force–displacement
response with variations in loading speed at 0% SOC.
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The average voltage cutoff displacement tends to decrease with the increase in the SOC
as shown in Table 3. What caused the increase in the average cutoff voltage displacement
at 50% SOC is still inconclusive. The current possible explanation for this phenomenon is
that the unevenness of the testing apparatus might cause the battery to be slightly tilted,
causing the load to be off-center. The battery in Figure 10d is shown to be slightly curved
on the bottom, which is indicative of off-center compression.

3.2. Numerical Results
3.2.1. Static Experiment

The static compression simulation of the jellyroll is conducted using a homogenized
foam model implementing the MAT-83 Fu-Chang foam material model in LS-DYNA. The
comparisons of the simulation and experimental results are shown in Figure 12. It is shown
that the numerical model could adequately follow the experimental results on the initial
elastic compression and the plateau stress region. However, the model could not model the
behavior of the densification region adequately, especially for the dry experiment results.
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Figure 12. Simulation results of the Fu-Chang foam compared with dry and wetted specimen static
test results.

Further iteration and tuning of the model are still necessary to perfectly capture the
response in the transition from plateau stress to densification area, as this area might require
modeling the fluid flow inside the jellyroll.

3.2.2. Dynamic Experiment

For the dynamic simulation, the cases that will be simulated are the impact speeds
of 20 m/s and 30 m/s, which correspond to the strain rates of around 400/s and 700/s
from the experiment results. The selection of these strain rate values for the simulation
is because the experiment results at loading speeds of 10 m/s and 15 m/s are below the
stress–strain results from the static compression test.

The Fu-Chang model is also used to model the stress–strain response of the jellyroll
in wet and dry conditions at the strain rates of 400/s and 700/s. Figure 13 shows the
comparison between the simulation and the experiment results. The simulation results are
well correlated with the average of the experiment results in both wet and dry conditions
at two strain rate values using the material input given in Table 2.

The rebounding effect of the specimen after the dynamic compression using the SHPB
would lengthen the strain response after peak compression. The added strain due to the
unloading of the jellyroll can be modeled using the Fu-Chang foam by simply adjusting
the shape and the hysteretic unloading factor (HU) of the material model. The effect on the
specimen’s final deformation by varying the shape and the hysteretic unloading was also
recorded. The specimen’s unloading behavior during the experiment could be simulated,
as shown in Figure 14, in correlation with the results in Figure 15. The results of the base
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model show that the specimen retains its deformation since the front and rear surfaces
have different displacements. For models with HU of 0 and 1, the displacement of the
front side of the specimen gets closer to the displacement of the rear side, which indicates a
rebounding phenomenon of the specimen after compression.
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4. Conclusions

This research investigates the stress–strain behavior of jellyrolls and complete NCA
batteries under static and dynamic axial compression, with variations in electrolyte applica-
tion and aluminum foil coverings. A homogenized numerical model was developed using
the experimental data.

In the static tests, jellyrolls exhibited foam-like behavior with lower plateau stress in
the midsection. The aluminum foil covering did not affect the stress–strain results, but the
addition of electrolytes increased stress due to hydrostatic pressure. In dynamic tests, the
length-to-diameter ratio influenced strain but not stress, and the manufacturing process
was consistent across batches. Jellyrolls were sensitive to strain rate, but lower loading
speeds (10–15 m/s) produced less compression than static conditions. Electrolytes again
increased stress and strain responses.

For the complete battery tests, both static and dynamic compression showed decreas-
ing voltage cutoff displacement. Higher SOC levels increased peak load and caused more
violent failure modes, ranging from temperature rise at 0% SOC to explosions at 75% SOC.

Numerical simulations using the Fu-Chang foam model successfully captured both
static and dynamic behaviors, including rebounding effects. Further research is needed
to refine the model, study lateral responses, and explore voltage cutoff displacement at
50% SOC.

Future study and research might include further investigation of the mechanical
characteristics of the jellyroll at higher speeds, variation of loading position of the jellyroll,
and investigation of other types of batteries, such as NCM, Li-ion batteries such as Mn-
Fe [32], or Li-sulfur [33].
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