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Abstract

An equivalent mechanical model with the equivalent physical meaning of mass-spring-damping is proposed for
cylindrical lithium-ion batteries through experiments and theory. The equivalent mechanical model of a cylindrical
lithium-ion battery consists of a spring-damping parallel unit. Therefore, a spring-damping parallel unit connecting a
damping unit in series is selected to construct the constitutive characteristics of the battery under mechanical abuse.
Comparison results show that the equivalent mechanical model can more effectively describe the mechanical prop-
erties of the batteries than most cubic fitting models, of which the average relative error of the equivalent mechani-
cal model under different states-of-charge is less than 6.75%. Combined with the proposed equivalent mechanical
model, the failure process of the batteries was simulated and analyzed using LS-Dyna and HyperWorks. Under rigid
rod tests, failure occurred at the core and bottom of the batteries; under hemispherical punch tests, failure occurred
at the core and top, consistent with the experimental results. The average prediction error for the failure displacement
under different abuse conditions is less than 4% in the simulations. The equivalent mechanical model requires only a

on mechanical penetration.

abuse condition, Failure analysis

few parameters and can be recognized easily. In the future, the model can be used in safety warning devices based
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1 Introduction

With the development of electric vehicles, the safety of
lithium-ion batteries has become a societal concern [1,
2]. In the last two years, several safety accidents involv-
ing lithium-ion battery systems that resulted in severe
casualties in electric vehicles have occurred. Based on
safety reasons, China has launched a new car assessment
program (C-NCAP) in 2018, in which requirements for
the crash performance of pure electric vehicles have been
added. Therefore, the mechanical properties of lithium-
ion batteries under mechanical abuse conditions must
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be understood comprehensively to as a foundation for
future battery safety studies.

A lithium-ion power battery comprises a positive
electrode made of a positive active material and a posi-
tive current collector; and a negative electrode made of
a negative active material, as well as a negative current
collector and separator. Lithium-ion battery failure often
occurs when a separator is damaged and the anode is in
contact with the cathode, which causes a short circuit.
Hence, most studies focus on the mechanical properties
of the separator [3-5].

Some researchers have studied the mechanical proper-
ties of cylindrical lithium-ion cells subjected to mechani-
cal abuse conditions and corresponding stress-strain
constitutive models have been proposed. In the mechani-
cal modeling of lithium-ion batteries, the force-displace-
ment response is generally summarized as a cubic fitting
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equation. Wierzbicki and Avdeev et al. [6, 7] established
a cubic fitting equation for cylindrical lithium-ion bat-
teries under various load conditions and proposed a set
of methods to calculate the average stress-strain. Based
on the cubic fitting model, in-depth studies regarding
the constitutive mechanical properties of the battery
have been conducted; for example, the clay-like the-
ory by Wang et al. [8] and the principle of virtual work
by Sahraei et al. [9]. The cubic fitting model can predict
the force-displacement response of lithium-ion batter-
ies. Zhang et al. [10] proposed a constitute behavior at
the electrode level to describe the mechanical failure of
lithium-ion batteries; the model provided insights for
improving the structure strength of lithium-ion batteries.
Chung et al. [11] conducted various abuse tests to discuss
the critical fracture, and the Mohr—Coulomb criterion
was used to predict the failure of the batteries. Xu et al.
[12] obtained the plastic stress-strain of the lithium-ion
batteries using the Johnson—Cook material model.

Although the cubic fitting equation has a simple
expression form and is convenient for mechanical mod-
eling, it does not offer a high precision, which will result
in large errors.

The stress field and structural damage of batteries
under mechanical abuse through finite element simula-
tion analysis can be obtained. Combined with simulation
analysis, constitutive mechanical models can well pre-
dict the deformation behavior of cells under mechani-
cal loads. The crushable-foam material model is a useful
homogenized modeling method in which the battery is
considered in entirety and evaluated from a macroscopic
perspective [6-9, 13—15]. Homogenized modeling is sim-
ple, but it cannot reflect the actual mechanical changes
inside the cells. Therefore, another method has been
established to model the cathode, anode, and separator
of the battery, separately [16—18]. Additionally, the rep-
resentative volume element (RVE) method can be used
to model lithium-ion batteries. Zhang et al. [10, 19] and
other researchers have used the RVE model to calculate
the mechanical properties of batteries, and their results
were agreed well with experimental results. Liu et al. [20]
developed a multiphysics computational model based on
the RVE method, and a full spectrum safety mechanism
map was proposed.

Homogenized models are the most computation-
ally efficient, and the detailed models include the most
information but are computationally intensive; the per-
formance of the RVE method is in between those of the
abovementioned methods [21].

The State-of-Charge (SOC) can change the mechani-
cal properties and the volume of active particles owing
to the expansion and contraction of the anode and cath-
ode; therefore, the mechanical properties of the cells will
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change. Hence, we may conclude that the SOC can sig-
nificantly change the properties of hard-shell batteries
[22-25, 30].

By studying the magnitude-phase-angle characteris-
tics of batteries, an equivalent mechanical model with
equivalent physical significance is proposed based on
the mass-spring-damping theory. The configuration of a
spring-damping parallel unit connecting a damping unit
in series was selected and modified. Combined with the
crushable-foam material model and HyperWorks/LS-
Dyna, we simulated and verified the proposed model.
The simulation results can explain the failure behavior of
the battery well, i.e., under rigid rod tests, the failure of
the batteries occurs at the core and bottom, while under
hemispherical punch tests, failure occurs at the core and
top. The average prediction error of the modified equiva-
lent mechanical model to the failure displacement under
different load conditions is less than 4%. In the future, the
equivalent mechanical model can be conveniently used in
battery safety warning equipment under the condition of
mechanical abuse.

2 Materials and Methods

2.1 Experimental Equipment and Process

The experimental settings are shown in Figure 1. Sony
VTC4 18650 cylindrical lithium-ion batteries with nomi-
nal capacity 2100 mAh were used in the experiments,
as shown in Figure 1c. Constant current-constant volt-
age was applied to discharge and charge the batteries to
SOC=0, 0.2, 0.4, 0.5, 0.6, and 0.8. An INSTRON uni-
versal tensile testing machine with the maximum load of

Fire Protection Box

Figure 1 Experimental settings under mechanical abuse tests:
a Universal tensile testing machine and safety equipment, b
Voltage data recorder, ¢ Charge-discharge tester and batteries, d
Hemispherical punch, d=14 mm, e Rigid rod punch, d=24 mm
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250 kN was used to compress the batteries, as shown in
Figure 1a. A fire protection box was used to protect the
test equipment and limit smoke and fire from battery
explosions into a confined environment, and a vent pipe
was used to process the smoke and channel it outside. A
four-channel HOKI MR8880 data recorder was used, as
shown in Figure 1b, as well as a FLUKE Ti400 infrared
thermal camera.

The mechanical abuse tests performed in this study
included flat plate, rigid rod, and hemispherical punch
tests. The diameters of the hemispherical and rigid rod
punches were 14 and 24 mm, respectively, as shown
in Figure 1d and e. A lower penetration speed can pro-
duce more adverse results [26]; therefore, the mechani-
cal abuse experiments in this study were performed
under the quasi-static conditions at the loading speed of
0.5 mm/min. During the mechanical abuse experiments,
the force-displacement, voltage, and temperature were
recorded simultaneously.

2.2 Mathematical Model Description:
Mass-Spring-Damping System

In a sense, the essence of mechanical system is the mass-

spring-damping system. Under mechanical abuse condi-

tions, the mechanical response of the cells can be treated

as a mass-spring-damping system.

In the time domain, the expression of force to dis-
placement for the mass-spring-damping system is com-
plicated. However, in the frequency domain, when the
equivalent spring stiffness of mass, spring, and damping
units are known, the relationship between force and dis-
placement can be derived easily.

The equivalent spring stiffness of mass quality A,
spring elastic stiffness k, damping coefficient D, and

Table 1 Equivalent spring stiffness of the components
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corresponding structures are shown in Table 1. f(¢)
and F(s) are forces in the time and frequency domains,
respectively. x(¢) and X (s) are displacements in the time
and frequency domains, respectively. s is the symbol rep-
resenting the inverse of time, i.e., s = wj, where w is the
angular frequency, and j is the imaginary part.

The mass-spring-damping system can be composed of
a single or two or more components connected in series
or parallel to form an integrated mass-spring-damping
system:

fGe) _ Z@ —

xjo) 2= x° W)
H(jo)y = an + byj, 2)
(Al = \Ja2 + B2, 3)
w, = arctan b—”. (4)

an

A Fourier transform on the experimental data of the
flat plate, rigid rod, and hemispherical punch tests was
performed. As shown in Egs. (1)—(4), # is the series of the
discrete time signal, H(jw), is the transfer function, a,
and by, are the coefficients, | A, |, is the magnitude, and w;,
is the phase angle.

As shown on the right side of Figure 2, from the quali-
tative analysis of the experiment, the mechanical charac-
teristics of the batteries under different mechanical abuse
conditions in the limited frequency range contained the
spring-damping parallel unit, as shown on the left of Fig-
ure 1. This suggests that the mechanical properties of the

Component Structure model Time-domain equation Frequency-domain equation Equivalent
(L) spring
stiffness
Mass f(t) = MX(t) F(s) = Ms?X(s) Ms?
Ms?
Spring f(t) = kx(t) F(s) = kX(5) k
Damping f(t) = Dx(t) F(s) = DsX(s) Ds

(o722,

Damping
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Figure 2 Magnitude-Phase-angle characteristics of the battery
under mechanical abuse conditions in frequency domain

batteries can be simplified by an equivalent mechanical
model that contains a spring-damping parallel unit. In
other words, the cylindrical lithium-ion batteries exhibit
the equivalent physical effect of the spring-damping par-
allel unit under mechanical abuse conditions.

Based on the findings above, three different forms
of equivalent mechanical models were analyzed and
validated.

In all of the equivalent mechanical models, the
action end of the force is free, and the component is
unconstrained.

2.2.1 Configuration 1: Spring-Damping Parallel Structure
The Configuration 1 structure shown in Figure 3 is the
basic spring-damping parallel unit. In the frequency
domain, the response of the spring-damping parallel sys-
tem, which is the displacement to the force, is given by
Eq. (5):

f(s) = (k+Ds)X(s). (5)

Subsequently, Eq. (5) can be converted to a transfer
function that is related to the force and displacement:
(s
H(s) = —— =k + Ds.
(©) =% ® + (6)
To obtain the equivalent equation in the time domain,
an inverse Laplace transform is performed to Eq. (7):

_k,
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Figure 3 Configuration 1: equivalent mechanical model and
verification results: a results of experiments and Eq. (9), b verification
of the extended displacement of Eq. (9)

f) = —x(0). 8)

e bt

In Eq. (7), H(s) is the force-displacement transfer
function in the frequency domain, L' the symbol of
the inverse Laplace transform, and v the simulation
loading speed.

In the experiment, we did not consider the effect of
time; therefore, the time ¢ was replaced by the com-
pression displacement x and compression speed v,
x=vt - t=7. The force-displacement equation of

the spring-damping parallel system is shown in Eq. (9):

f) = ©
e Dv

To verify the effectiveness of Eq. (9), the result for
flat plate compression under SOC =0 was selected, and
the equation for the extended displacement was tested.
The corresponding parameters are shown in Table 2,
where v was set to 100 mm/s, which is the simulation
speed rather than the actual loading speed of 0.5 mm/
min that would cause the equation to be distorted
in advance. The validity and applicability results are

shown in Figure 3a and b, respectively.
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Table 2 Equation parameter of Eq. (9)

Fitting parameter D k v (mm/s)

Value 184.5 8866 100

As shown in Figure 3a, the curve obtained using Eq. (9)
at the region after 4 mm can reflect the experimental data
well; the red curve is coincident with the experimental
data, the average relative error between the Configuration
1 model and the experiment is less than 8.2%, and corre-
lation coefficient R? is 0.9938. However, in the first half
of the curve, the equation cannot reflect the experiment
because the compression primarily compresses the space
in the battery, e.g., the electrolyte, gap between parts,
etc. At this stage, the mechanical properties of the bat-
tery are similar to those of the spring unit; therefore, the
force exhibits an approximately linear growth. However,
Figure 3b shows that when the displacement is larger
than the experimental area, in which the displacement
increases by only 3 mm, the force increases significantly.
The force value increased by one order of magnitude.
This type of growth can be considered as inconsist-
ent with the actual load condition. Therefore, the basic
spring-damping parallel unit cannot fully describe the
properties of cylindrical lithium-ion batteries.

2.2.2 Configuration 2: Mass-Spring-Damping Structure

The structure of Configuration 2 is that a mass unit is
connected in series before the spring-damping parallel
part, as shown in Figure 4. In the frequency domain, the
displacement to force mass-spring-damping system is
given by Eq. (10):

£ 1 X) mDs® + mks? © (10)
S) = S) = ) 10
ﬁ k—O—le 2 +Ds +k
k

x(t) [ b 1 _ me~ D! + Dt
f@e LTHEeI =1 [ms2 + /(—i—Ds} N mD

(11)

mD

f&) = ——7——x (12)

me Dv —I—Df

Similar to Method 1, the comparison and applicability
of Configuration 2 and Eq. (12) are shown in Figure 4a
and b, of which the parameters are shown in Table 3.

By comparison, the results show that although Configu-
ration 2 can reflect the basic mechanical properties of the
battery, the average relative error between the experimental
results and Configuration 2 model after 4 mm is less than
7% and the correlation coefficient R? is 0.9947. However,
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the problem where the force increases excessively after an
extended displacement still exists. Hence, we did not use
this method for our application.

2.2.3 Configuration 3: Spring-Damping Parallel Unit
Connects a Damping Unit in Series

Configuration 3 is the damping unit connected in series

after the spring-damping parallel unit, as shown in Fig-

ure 5. In the frequency domain, the force to displacement

relationship in frequency domain is given by Eq. (13):

1 D1D252 + kDys
fs) = ﬁX(S) = (D—i—D——i—kX(S)’
Dizs k+Dss 1 2)8
(13)
_k

f@® f(s) DD,
Table 3 Equation parameter of Eq. (12)
Fitting parameter D k m v (mm/s)
Value 157.5 7958 3.729%10° 100




Wang et al. Chin. J. Mech. Eng. (2020) 33:23

a o 10 .
==Experimental Curve
= Configuration 3 Fitting Curve
=® Error 0.8
} X0
K Dis
g 0.6 N
g 2 E
5 =
-]
= Das / 0.4
fit /
W) /
1 t/
Y/ 0.2
-
-
0 —_——— I I 11
0 1 2 3 4 5 6 1T
4 Dispalcement (mm)
b 15X10
== Experimental curve 4
==Configuration 3 extended displacement|
7
4
x(t) /
K
10 Dys 'I
- /
< /
3
2 Dos II
S 4
= 1(t) 4
5 ¥4
0
0 2 4 6 8 10 12

Displacement(mm)
Figure 5 Configuration 3 equivalent mechanical model and
verification results: a Results between experimental data and Eq. (15),
b Verification of extended displacement of Eq. (15)

Table 4 Equation parameter setting of Eq. (15)

Fitting parameters D, D, k v (mm/s)

Value 1082 1.29%10* 6772 100

After an inverse Laplace transform, one obtains Eq.
(15):

DD
fa)=—— =

s (15)
Dye P1v 4+ Dy

The corresponding parameters and comparison of
Eq. (15) are shown in Table 4, and Figure 5a and b,
respectively.

As shown, this structure exhibits good characteristics
in the second half; the average relative error between
the experimental results and Configuration 3 model is
less than 10% and the correlation coefficient R? is 0.9910.
Similar to the two schemes mentioned above, this solu-
tion contains errors in the first stage of the curve. To
solve this problem, the piecewise function will be used,
which will be discussed in Section 2.3. The verification of
suitability for the extended displacement shows that the
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increase in force is less than those of the first two struc-
tures mentioned previously, and that the model is more
consistent with the actual situation; therefore, it has a
higher application value. Hence, we will use the Configu-
ration 3 model for our subsequent study.

The parameter analysis suggests that cylindrical lith-
ium-ion batteries are composed of a spring-damping par-
allel unit and a damping unit connected in series in terms
of the equivalent physics. This can simplify the mechani-
cal model of the battery based on considering the struc-
ture and render the relevant parameters easy to identify.
It would be beneficial to construct the corresponding
finite element simulation.

2.3 Optimization of the Equivalent Mechanical Model
under Multi-SOC

To verify the adaptation of the proposed Configuration 3
structure under various SOC states, several SOC states
with SOC=0, 0.2, 0.4, 0.5, 0.6, and 0.8 were selected and
tested under the condition of flat plate compression and
then compared with the most frequently used cubic fit-
ting Egs. (6)-(9). The proposed equivalent model was
modified accordingly to improve the performance of the
entire compression process.

To ensure the repeatability of the experiment, the tests
were repeated several times to obtain similar results with
the best correlation of the experimental data. The force-
displacement equation derived from Configuration 3 was
calculated and compared with the cubic fitting equation
of Eq. (16):

fx) =c x5 (16)

As mentioned previously, the result of Configuration
3 before 4 mm was not ideal. The deviation was primar-
ily due to the gap between battery parts. Therefore, the
equation of Configuration 3 should be modified. From
the experiment, it was discovered that the growth of the
force was almost linear in the first half (before 4 mm) of
the curve. We have discussed this in Section 2.2.1 where,
in the first half of the compression process, the main rea-
son for the linear growth is the force squeezing the gap
between the battery components. Hence, the equivalent
mechanical model can be modified by a piecewise func-
tion that, in the first half of the model, modified the func-
tion by a linear equation, and expressed the progress by
the Configuration 3 equation in the second half of the
model. Discrete force-displacement and stress-strain
relationships are required in the model validation and
simulations; therefore, the linear interpolation algorithm
was used near the critical turning displacement x; to
ensure the continuity of the modified equivalent mechan-
ical equation.
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The basic form of the modified equivalent mechanical
equation is shown in Eq. (17):

0=<x=<ux,
X > Xy,

(17)

where k; represents the slope of the linear increasing sec-
tion, and «; is the critical turning displacement of the lin-
ear section and the Configuration 3 equation.

The experimental and equivalent model results are
optimized based on Eq. (17). The parameters are shown
in Table 5, and the comparison results are shown in
Figure 6a-f.

In Figure 6a—f, the black needle line is the error
between the cubic fitting equation and the experiment,
and the red needle line is the error between the modi-
fied equivalent model and the experiment. The results
show that the prediction error of the modified equiva-
lent model is much smaller than that of the cubic fit-
ting equation in the nonlinear part. Under the flat plate
tests, the relative errors among the equivalent model,
cubic fitting equation, and experiment are shown in
Table 6.

The average prediction error of the equivalent model
to the experiment is less than 6.75%, and the correla-
tion coefficient of the data is greater than 0.9976.

As shown, the piecewise equivalent mechanical
model of Configuration 3 can effectively predict the
experimental data under various SOCs.

Under the same compression direction, the mechani-
cal properties of the battery will not change; the sim-
ulations of the flat plate, rigid rod, and hemispherical
punch tests will be discussed in the following sections.
Additionally, the experimental phenomena will be
explained along with the simulation results to reveal
the failure characteristics of the battery.

Table 5 Corresponding parameters of the modified
equivalent mechanical model and cubic fitting equation
under SOC=0, 0.2, 0.4, 0.5, 0.6, and 0.8

socC k, D, D, k c

0 13457 108.2 1.290%10% 6772 106.2
0.2 13914 2138 7.322%107 10020 105.5
04 14619 2699 8.732x107 12000 114.7
05 13580 31.72 9.205x% 10 2967 1258
06 1451.1 67.52 1.018x10% 5724 146.0
08 1586.0 3282 1.032x10° 3288 1539
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3 Results and Discussion

3.1 Simulation and Verification

According to Refs. [6, 8], the stress-strain constitutive
properties of cylindrical lithium-ion batteries can be cal-
culated by the average stress-strain method under flat
plate compression. An example of a flat plate compres-
sion, the corresponding dimensions, and its meaning are
shown in Figure 7a. During the calculation, we applied
the following assumptions [8]:

+ During the compression process, the cylindrical lith-
ium-ion batteries and its contact surfaces remained
flat.

+ The total length of the cells remained unchanged
during compression.

Furthermore, Ref. [6] summarized that the average
stress-strain of the batteries can be expressed by Egs.
(18)—(20):

b=2m (18)

av = %r (19)
X

Eav ﬁr (20)

where o, is the average stress, €4, the average strain, bthe
width of the compression plane, and L the effective com-
pression length of the battery, where L=58 mm when
the positive electrode of the battery was removed. We
can use part of the battery length rather than the entire
length. Wierzbicki et al. concluded that the contributions
from the shell casing and end-caps to resist deformation
could be neglected, compared with the jellyroll [6, 9]. R is
the radius before the battery was compressed, the meas-
ured value of which was R=28.8 mm.

In the simulation experiments, the thermal softening
effect on the battery was not considered in the mechani-
cal model because the compression duration was short
(14, 27, 28].

The crushable-foam material model is the most fre-
quently used model in battery modeling [6, 9, 14, 19]. We
adopted the typical self-similar yield surface model pre-
sented by Deshpande et al. [29] to predict the stress—strain
relationship. The yield function is given in Eq. (21), where
A is the equivalent stress, a the shape of the yield surface,
o, the von Mises effective stress calculated by Eq. (23), g,
the mean stress following Eq. (24), and Y the uniaxial yield
strength in compression, also known as the tensile cutoff
value in simulations. In the simulation, using Eqs. (21)-(24),
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Figure 6 Comparison of equivalent mechanical model with cubic fitting equation under multi-SOC states. Comparison results of flat plate test

Table 6 Relative error and correlation coefficient R? among equivalent model, cubic fitting equation and experiment

SoC 0 0.2 0.4 0.5 0.6 0.8
Relative error between equivalent model and experiment (%) 6.89 10.10 7.69 3.63 6.49

Correlation coefficient between equivalent model and experiment 0.9985 0.9976 0.9981 0.9993 0.9977

Relative error between cubic fitting equation and experiment (%) 2443 23.56 18.15 24.23 27.74 27.78
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Figure 7 Experimental and simulation settings: a Compression of battery under flat plates, b Flat plate test, ¢ Rigid rod test, d Hemispherical punch

the failure elements were shown to be under mechanical
abuse; therefore, we can acquire the damaged structure.

A=A-Y <0, (21)
12 1 2 2 2
=+ 3 % T 22
3
e =13 i1 (23)
O
Om = ? (24)

The material model requires two key inputs: stress-
body strain datasets and tensile stress cutoff value
(TSC). The real stress-strain value shown in Figure 7e
can be used as the stress-body strain, and the TSC is
10 MPa. The simulation elements are shown in Fig-
ure 7b—d. In LS-Dyna, the properties are solid and
the material model is crushable-foam for jellyroll. The
properties and material for the flat plate are solid and
rigid, while those for the rigid rod and hemispheri-
cal punch are shell and rigid. The jellyroll was divided
with a mesh size of 1 mm and 46200 elements. If the
simulation velocity is 0.5 mm/min, then the com-
pression speed will yield an unacceptable calculation
time. Meanwhile, the high compression speed can be




Wang et al. Chin. J. Mech. Eng. (2020) 33:23

regarded as a quasi-static state, in which the kinetic
energy of the punch in the simulation can be ignored
[17]. Hence, to reduce the calculation time, 100 mm/s
was set as the compression speed. After the simulation,
it was discovered that the actual kinetic energy of the
punch affected the total energy insignificantly, i.e., less
than 1%; therefore, the high compression speed could
be used to simulate the quasi-static process.

Combined with Egs. (18)—(20), the stress-strain for
cylindrical lithium-ion batteries is shown in Eq. (26):

@ T oL T wRL- &4
Kav€ay 0 < ez < Elimit»
Dy Dy-2R o
Oav(Eav) = ~ Kk 2Reqy » o Elimit < €avs
Dye PtV 4Dy |-wRL

(26)
where k,, is the stress-strain slope in the linear section,
and ey, ;¢ the critical strain at the turning point between
the linear section and the Configuration 3 equivalent
model.

Using the obtained stress-strain data shown in Fig-
ure 7e, simulation experiments were performed com-
bined with Hyperworks and LS-Dyna. The material
parameters of the jellyroll are shown in Table 7, and the
simulation results are shown in Figure 8.

As shown in Figure 8a—d, the constitutive parame-
ters of the jellyroll obtained by the modified equivalent
mechanical model can predict the battery properties
well, the simulation effect is better than that of the cubic
fitting equation, and the simulation effect of the correla-
tion coefficient R? is larger than 0.9940.

In addition to the flat plate tests, the rigid rod and
hemispherical punch tests are shown in Figure 8e and f.
The equivalent mechanical model can reflect the actual
situation under different loading conditions, the cor-
relation coefficient R? is larger than 0.9980, and for the
mechanical failure of the battery, the simulation failure
displacement can predict the actual failure displacement
well. Failure analysis will be introduced in the following
section.

In Figure 8b—d, the simulation results of medium and
high SOCs indicate certain errors in the linear part com-
pared with the experiment. This is primarily because the

Table 7 Material parameter of jellyroll

Component Young’s Poisson’s Density (g/  TSC (MPa)
modulus ratio cm?)
(GPa)

Jellyroll 1.5 0.15 322 10
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Young’s modulus of the battery is no longer maintained
as a constant value, while the value of 1.5 GPa under
SOC=0 is directly used to simplify the simulation pro-
cess. Hence, the effect of SOC on material constants
should be considered in the future to obtain more accu-
rate mechanical properties of the battery.

The simulation results show that the equivalent
mechanical model can obtain accurate constitutive
parameters, which is beneficial to the development of the
simulation and the analysis of battery failure.

3.2 Failure Analysis under Mechanical Abuse Condition
During the experiment, the voltage and temperature
were measured synchronously and the failure process
was recorded. The failure results of the experiment and
simulation are shown in Figure 9.

As shown in Figure 9a and b, as the load increased,
breaks occurred inside the battery. Under the rigid rod
test, the break occurred at the core and bottom of the
battery. Under the hemispherical punch test, the break
occurred at the core and top of the battery. Figure 9al
to b2 verify the rationality of the simulation. As shown
in Figure 9al, when the thermal runaway was triggered,
the high-temperature point PO was located at the bottom
of the battery. However, the high-temperature point was
not observed in the middle of the battery, which exhib-
ited low thermal conductivity in the radial direction. At
this time, we removed the punch and the thermal runa-
way was spread out; after 159.5 s, the highest tempera-
ture of 34.94 °C was reached. Under the hemispherical
punch test, similar conclusions were obtained; the high-
temperature point PO was located at the top of the bat-
tery, consistent with the simulations. After 143.2 s, the
battery reached the highest temperature of 147.7 °C.

As shown in Figure 9e and f, under the rigid rod test
at SOC=0.6, when the displacement was approximately
4 mm, the main role of the external load was to squeeze
the gap between the battery components such the growth
of force was almost linear. During this period, the com-
ponent structures of the jellyroll-like separator, anode,
and cathode have not been destroyed; therefore, the volt-
age maintained at 3.8 V. Subsequently, the shape of the
mechanical experiment curve changed significantly. The
curve no longer grew linearly but increased nonlinearly.

When reaching 7.3 mm, the voltage dropped slighted
to 3.6 V at point A, which we call a soft short-circuit.
Meanwhile, as shown in the black curve, during the
mechanical experiment, mechanical failure point B
occurred at the same displacement as point A. The exter-
nal force resulted in the damage of the battery structure
and changed the electrical characteristics of the battery.
This proved the possibility of predicting the failure of the
battery by mechanical characteristics.
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The soft short-circuit required 19.6 s to reach 3.6 V; As shown in Figure 9f, the failure displacement of the
however, the voltage decreased to 0 V only in 1.65 s  battery characterized by electrical results is 7.5 mm,
with further compression. By now, the battery has been  while the simulation failure displacement is 7.65 mm, and
destroyed completely, and a hard-short circuit occurred. the error is only 0.15 mm. This shows that the equivalent
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mechanical model can predict the failure displacement
of the battery well at the simulation level and proves the
practicability of the equivalent mechanical model.

In Table 8, the failure displacement by simulation and
experiment under different operating conditions are

summarized, from which we discovered that the equiva-
lent mechanical model combined with the crushable-
foam material model can effectively predict the failure of
the battery under mechanical abuse conditions, and the
prediction error is less than 11%.
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Table 8 Failure displacement by experiment and simulation and corresponding relative error

SOC 0 0.2 0.4 0.6
Rigid rod test Experimental failure displacement (mm) 8.368 8.732 8.238 7.3
Simulation failure displacement (mm) 8.7 8.8 8.4 7.65
Relative error (%) 397 0.78 197 4.79
Standard error 033 0.06 036 0.35
Hemispherical punch test Experimental failure displacement (mm) 8.9 8.35 8.15 845
Simulation failure displacement (mm) 835 83 8 76
Relative error (%) 6.18 0.60 1.84 10.06
Standard error 0.55 0.05 0.15 0.80

From the experiment, we discovered that the displace-
ment of the change point of the mechanical properties
is almost always preceded by the displacement of the
change point of the electrical and thermal properties.
This suggests that the failure warning by voltage and
temperature may lag because the battery energy can-
not change immediately when the high capacity battery
is subjected to mechanical abuse. Therefore, the detec-
tion of battery penetration displacement can be a failure
warning mechanism.

4 Conclusion

Data analysis indicated that the magnitude-phase-angle
characteristics of a battery under mechanical abuse in
the frequency domain were similar to those of a spring-
damping parallel unit. Hence, we proposed an equivalent
mechanical model where a spring-damping parallel unit
was connected to a damping unit in series with equiva-
lent physical meaning. The modified equivalent mechani-
cal model could reflect the mechanism of the battery
under mechanical abuse, the failure occurring at the core
and bottom of the battery under a rigid rod test, and the
failure occurring at the core and top of the battery under
a hemispherical punch test, which were consistent with
the experiment.

Through experiments and simulations, we discovered
that a certain lag may have occurred in judging the fail-
ure of the batteries from in terms of voltage and temper-
ature, i.e., the structure was not heavily damaged, while
the internal electrochemical reaction accelerated, and
a soft short-circuit occurred. This study suggested that
for high-capacity batteries, a lag might have occurred in
predicting battery failure merely from electric and tem-
perature. Therefore, future research on failure prediction
should focus on the mechanical characteristics.

In summary, the modified equivalent mechanical
model provided more accurate constitutive parameters
in a simple manner, recognized parameters easily, and

presented a reference method for battery modeling
and failure analysis. In the future, the model can be
used in safety warning devices based on mechanical
penetration.
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