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• Dynamic experiments were designed
and conducted for battery shell

• Mechanical behaviorswere studied con-
sidering direction, strain rate and stress
triaxiality index

• A strain rate dependent constitutive
model with fracture criterion was
established

• Finite element models were established
to verify the constitutive model

• Strain rate and strength effect on short-
circuit property were discussed
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The cylindrical lithium-ion battery has been widely used in 3C, xEVs, and energy storage applications and its
safety sits as one of the primary barriers in the further development of its application. Among all cell components,
the battery shell plays a key role to provide themechanical integrity of the lithium-ion battery upon externalme-
chanical loading. In the present study, target battery shells are extracted from commercially available 18,650NCA
(Nickel Cobalt AluminumOxide)/graphite cells. The detailedmaterial analysis is conducted to reveal a full under-
standing of the material. Then, the dynamic behavior of the battery shell material is experimentally investigated.
Both theoretical constitutive and numericalmodels have been developed, capable to describemechanical behav-
iors of the battery shellmaterial upon impact loading. It is thefirst time to discover that the strain rate effect of the
shell material shall be considered for themechanical integrity of the battery and high strength of the shell mate-
rial may contribute to an early short-circuit triggering. The quantitative relationship is also established between
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Fig. 1.Material analysis of the 18,650 battery
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short-circuit and material strength. Results lay a solid foundation towards providing a theoretical safety design
guidance for the shell material choice of cylindrical lithium-ion batteries.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The cylindrical lithium-ion battery has beenwidely used in 3C, xEVs,
and energy storage applications, as the first-generation commercial
lithium-ion cells. Among three types of lithium-ion cell format, the cy-
lindrical continue to offer many advantages compared to the prismatic
and pouch cells, such as quality consistency and cost. As such, the
most commercially successful EVs—Tesla is using thousands of cylindri-
cal lithium-ion cells to power the car, from traditional 18,650 to current
21,700 size.

Safety is the key and fundamental performance of the battery. Due to
inevitable abusive scenarios such as overcharging [1,2], penetration
[3,4], overheating [5–7] and high-speed collision [7,8], various types of
failure behaviors of battery component materials, thermal runaway or
shell: (a) SEM image of the shell sur
even fire/explosion may occur to power lithium-ion batteries (LIBs),
posing great threatens to the society [9–12]. Calorimeter technology is
usually used to investigate the thermal and burning behaviors of
lithium-ion battery; the burning LIB could ignite adjacent batteries in
the battery pack and cause the entire pack into fire or explosion conse-
quences [13]. Doughty et al. shared their views on the safety of lithium-
ion battery and discussed the typical failure modes [14]. Mechanical in-
tegrity of LIBs now becomes a determinant factor for electric vehicle
safety, and it attracts global attentions from both industry and academy,
however, limited progress has been achieved due to its complexity na-
ture. Generally, battery shells serve as the protective layer for LIBs to
withstand external mechanical loading and sustain the integrity of elec-
trochemical functioning environment. Understanding the mechanical
behaviors of LIB shell material especially dynamic behaviors shall play
face; (b), (c), (d) element mapping of the shell; (e) XRD pattern of the shell.
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a paramount role in unraveling the mechanical integrity of the LIB cell
and pack.

Historically, mechanical studies of lithium-ion battery compo-
nents were more focused on inner components [15–19] and the re-
lated interfaces behaviors [20,21]. Zhang et al. [22] presented
experimental and numerical studies on the constitutive behavior
and evolution of failure in LIB electrodes. Xu et al. [23] studied the
coupled effects of strain rate and solvent on separators' dynamic me-
chanical behaviors. As for battery shell material, some researchers
committed to improve the strength and corrosion resistance of the
battery shell through the addition of Ce [24] and CeLa [25]. So far,
the only publication reporting on the mechanical properties of
Lithium-ion battery shell available was authored by Zhang et al.
[26] on cylindrical battery shell. They conducted part of the tests to
determine plastic and fracture properties from sub-sized specimens
cut from lateral part of the cans and built the Modified Mohr-
Coulomb (MMC) fracture model to predict crack initiation and prop-
agation of shell casing. Their results showed that the model can pre-
dict the failure characteristics under quasi-static loading. Obviously,
their model does not include the dynamic behavior of the material
which is a governing loading factor in real-world impact loading sce-
narios. More recently, Kisters et al. [8] conducted the impact tests on
lithium-ion cells and detected that the critical force changed signifi-
cantly over different loading speeds. Further, a computational model
of 18,650 lithium-ion battery developed by considering the strain
rate (dynamic effect) of jellyroll itself was established, and the re-
sults were validated by the experiments [27].

To illuminate the dominate influence of dynamic behavior of the
shell material over the safety of battery cell, this paper aims to provide
a comprehensive understanding of the dynamic mechanical behaviors
of LIB shell. Target shell material samples were manufactured from bat-
tery cells. Material analysis, i.e., SEM (scanning electron microscope),
XRD (X-ray diffraction), and dynamic mechanical behavior characteri-
zation were conducted. A constitutive model with strain rate effect
and failure model were proposed. Then, finite element models were
established and further validated by experiments. The strain rate and
material strength effects on short-circuit triggering time were
discussed.
Fig. 2. Stress-strain curves of different strain rates along material directions of 0 or 90°:
(a) 0.001 s−1 and 0.004 s−1 along 0°, (b) 0.001 s−1 along 0 and 90°, and (c) different
strain rates along 0°.
2. Method

2.1. Experiment setup

2.1.1. Material analysis
Cold-rolled steel are commonly used as battery shell in cylindri-

cal lithium-ion battery and can be classified into six categories
based on mechanical properties shown in Fig. S1. Target LIB shells
were extracted from commercially available 18,650 NCA (Nickel Co-
balt Aluminum Oxide)/graphite cylindrical lithium-ion battery with
CT images shown in Fig. S2a with charge/discharge characteristic
curves shown in Fig. S2b. Note that the shells are SOC (State of
Charge) independent indicated by our previous study [23].
Thus, for safety reasons, the shells were obtained from batteries
with SOC = 0. Here, cycling effect is not considered, for the maxi-
mum strain of the battery shell during cycling is 0.35% [28] which
is in elastic stage and is recoverable, i.e., cycling of the battery does
not affect mechanical performance of battery shell. All the tests
were conducted at the room temperature since batteries usually
work at 30–40 °C during electric vehicle operations.

SEM images of battery shell on the surface and cross-section were
observed by ZEISS sigma500 to analyze its microstructure. Ion thin-
ning technology is used to prepare the samples from cross-
sectional view through Gatan Precision Ion Polishing System II 695.
Material characterization was analyzed by XRD with Bruker D8
ADVANCE.
2.1.2. Mechanical behavior characterization
The dog-bone shaped specimens were fabricated with 0/90° in

material direction (Fig. S2c) for tensile tests. Different notched
samples as O-notched, R-notched, and V-notched (Fig. S2d) were de-
signed and manufactured for establishing failure model. Quasi-static



Fig. 3. Stress-strain curves of different notched samples: (a) O-notched, (b) R-notched and (c) V-notched; (d) the stress strain curves with different samples.
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tensile tests were carried out by IPBF-2000 in-situ biaxial fatigue test
system with XTDIC device used for non-contact 3D measurement of
surface morphology, displacement, and strain (Fig. S3a). Split Hop-
kinson tensile bar (SHTB) technology (Fig. S3b) was adopted to in-
vestigate the dynamic behavior of battery shells. The specific
description of SHTB is shown in Supplementary Note 1.

Thin-walled cylindrical structures of battery shell were designed as
samples in radial indentation and axial compression experiments. For
quasi-static loading, the experiments were conducted at loading
speed of 5 mm/min on Instron 8801 (Fig. S4a). For dynamic loading,
the samples under axial compression were conducted on servo-
hydraulic testing machine HTM 5020 (Fig. S4b). Each testing scenario
was repeated at least twice to ensure the repeatability of the testing
data.

2.2. Theoretical models

Johnson-Cook (JC) model is generally used to describe the
stress-strain behavior of the metallic materials [29,30], and results
are usually satisfactory. Considering the fact that most of the mate-
rial contents of LIB shell are Fe and Ni, in this case, JC model was
chosen as the baseline stress-strain equation to build a constitutive
relation expression for LIB shell. In JC model, the yield stress is
expressed as a function of equivalent plastic strain εp and the nat-
ural logarithmic of the dimensionless equivalent plastic strain

rate _ε
�
[31,32].

_ε
� ¼ _ε

_ε0
ð1Þ

where _ε is the current equivalent plastic strain rate and _ε0 is a
fixed reference value of it. According to the above illustration, the
JC model can express the von Mises stress as a function of εp and
_ε
�
, i.e.,

σ ¼ Aþ Bεpn 1þ Cln
_
�ε̇
�! 

ð2Þ

where A, B, n, Cneed to be calibrated through experiments: σ is
the stress; A is the yield stress; B and n represent the effect of
strain hardening; C is a material constant determined by the
specific material, representing the strain rate dependence of the
material.

The failuremodel indicates that the failure strain is sensitive to stress
triaxiality index, temperature, strain rate and strain path, it can be
expressed as [33].

ε f ¼ D1 þ D2εD3η ð3Þ

where εf is the plastic failure strain, and D1, D2, D3 are material parame-
ters determined by experimental data. Stress triaxiality index η is the
ratio of the von Mises stress σm over the corresponding hydrostatic
pressure σe.

3. Results

3.1. Experimental results

3.1.1. Material observation and analysis
Surface morphology (Fig. 1a) and element mapping (Fig. 1b–d)

show that shell is composed of Fe, C, and Ni. XRD pattern illustrates
that the material phase of the battery shell is mainly Fe, Ni and Fe-Ni
alloy (Fig. 1e). The surface of the steel shell has been coated with a
thin layer of nickel (Ni) to improve the corrosion resistance, which is



Table 1
The plastic failure strain with the stress traxiality η.

η 0.33 0.38 0.46 0.51

εf 0.0153 0.0043 0.0015 0.0011

Fig. 4. Model prediction results of (a) Johnson-Cook model under quasi-static loading,
(d) Johnson-Cook model under different strain rates, and (c) Johnson-Cook failure model.
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also demonstrated by cross-sectional image observation (Fig. S5a).
Nickel plating can be achieved through barrel plating, pre-plating and
pre-plating plus barrel plating (Fig. S5b–d). The barrel plating has the
advantages of high flexibility and low cost. However, due to the uneven
distribution of the current density, the control of coating thickness is not
as even as in theory. Instead, pre-plating method can easily control the
thickness of the coating layer, and is able to achieve good uniformity,
but may cause the damage or peeling off of the coating layer in the sub-
sequent stamping and stretching process, weakening the corrosion re-
sistance. Most of battery providers employ pre-nickel-plated steel
with high mechanical strength as the shell material for cylindrical
batteries.

3.1.2. Mechanical characterization
Typical stress-strain curves of battery shell along 0° under quasi-

static loading show an excellent repeatability (Fig. 2a). When the strain
is small, the stress increases linearlywith the strain, thus the slope of the
curve is defined as the Young's modulus E and calculated as E =
211 GPa. With the increase of the strain, the curves exhibit plasticity
and the yield stress σy is defined as the intersection point of the two
straight lines, i.e., the linearfitting of the elastic and the plastic segments
shown in Fig. 2a.

Samples along 0° and 90° under quasi-static loading were stud-
ied, results show the nickel-plated cold-rolled steel is isotropic
(Fig. 2b). Strain rate effect is underpinned by the comparison be-
tween quasi-static and dynamic test results (Fig. 2c). For dynamic
test, the balance of the forces applied on the two sides of the sample
on SHTB equipment was verified (Supplementary Note 2). As strain
rate increases, the stress-strain curves exhibit “strain hardening”
phenomenon, leading to greater strength until failure. Both the dy-
namic and quasi-static loading share the same diagonal shear failure
morphology.

Specimens with different shapes of notches may experience differ-
ent stress statuses which have great influence on their failure strain εf.
Stress triaxiality index η is used to describe the stress status, and by
means of the simulation, the η value of samples with no notch, O-
notched, R-notched, and V-notched could be straightforwardly calcu-
lated in Fig. S6a–d, respectively. Then, notched samples were tested
under the strain rate of 0.001 s−1 in Fig. 3a–c. Here, εf is defined as the
strain which corresponds to the point at which the stress decreases by
10% (Fig. 3a). εf decreases with the stress triaxiality index (Fig. 3d),
while the exact values are summarized in Table 1. Note that samples
with different shapes all exhibit a liner elastic region and share the
same modulus while σy is increasing with the η value. The failure
mode of O-notched is shear failure while those of R-notched and V-
notched are tensile failures.

3.2. Modeling results

With experimental data obtained from quasi-static tests, the consti-
tutive relation is expressed as

σ ¼ 740þ 249εp0:46
� � ð4Þ

This equation canwell predict the relations in both elastic and plastic
regions except the yield stress (Fig. 4a). this constitutive is no longer
suitable, so the deviation increases in this region. By considering the
strain rate effect with data obtained from SHTB tests, the equation can
be further extended as

σ ¼ 740þ 249ε0:46
� �

1þ 0:02 ln
_ε
ε0

� �� �
ð5Þ

Strain rate effect can also bewell captured by themodel (Fig. 4b). As
for the failure equation, the plastic failure strain agrees well with test



Fig. 5. (a) Illustration of FEmodel and the failuremorphology. Comparison of simulation results and experimental results with different experimental conditions: (b) square sampleswith
0.001 s−1, (c) square samples with 590 s−1, (d) square samples with 1621 s−1.
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data (Fig. 4c), by the following expression:

ε f ¼ 0:001281þ 658:6e−32:59η ð6Þ

3.3. Model validation

3.3.1. Validation from material perspective
The finite element models are built based on ABAQUS platform to

verify the above-established constitutivemodel and facilitate further
numerical simulation. For tensile test, the sample meshed into shell
elements with 0.4 mmmesh size and 0.11 mm thickness is simplified
to be in square shape with the same boundary condition setups in
tests. One may clearly observe a very similar diagonal shear failure
in the simulation results as that in tests (Fig. 5a). The computed
stress-strain behaviors for quasi-static loading agree well with the
experiment results (Fig. 5b) and it is safely to conclude that the sim-
ulation results for dynamic loading can well capture the critical
properties such as the strength as well as the trend of the curves in
Fig. 5c–d, the strength error is 1.7% and 2.2% at the strain rate of
590 and 1621 s−1, respectively. Likewise, the established failure
model is also validated through numerical simulation (Fig. 6a–c)
for O-notched, R-notched and V-notched, respectively. The stress-
strain curves as well as the fracture morphologies both exhibit
great agreements with the experiments.

3.3.2. Validation from structure perspective
Two typical loading scenarios, i.e., indentation and compression

are used to give a comprehensive validation. The corresponding fi-
nite element model setups under indentation are depicted in
Fig. 7a where the indenter and the support plate are both set as the
rigid bodies with general contact condition applied. Comparison be-
tween experiment and simulation results shows a good agreement
(Fig. 7b). The deformation profile and ridging morphology of the
samples after loading were similar in experiment and simulation
along all directions (Fig. 7c). For compression tests, the FE model de-
scribing loading setups are also exact the same as in tests (Fig. 8a),
and satisfactory buckling configuration results (Fig. 8b). Note that
the buckling configuration here can be regarded as a typical non-
symmetric collapse mode since the diameter-thick ratio D1/t0 =
164 N 100 [34]. Accordingly, the average plateau force Pm can be
predicted by following equation [35]:

Pm

M0
¼ 22:27

2R1

t0

� �0:5

þ 5:632 ð7Þ

whileM0 ¼ ð2σy=
ffiffiffi
3

p
Þðt02=4Þ, σy is the yield stress. Thus, the theoret-

ical value of Pm can be calculated as 760 N, only 1.4% deviance of the
experimental value.

4. Discussion

4.1. Strain rate effect

Strain rate sensitivity parameter C (in Johnson-cookmodel) value
of two widely used engineering materials, i.e., mild steel and alumi-
num alloy are 0.0156 [36] and 0.0012 [37], respectively. On the other
hand, C = 0.02 in nickel-plated cold-rolled steel, indicating a more
severe strain rate effect. Therefore, it is imperative to focus on the
strain rate effect on its shell structure as well as its role in the
whole battery cell.

4.1.1. Strain rate effect on shell material
By embedding Eqs. (5) and (6) into the computational model, the

strain rate effect brought by nickel-plated cold-rolled steel on the



Fig. 6. The comparison of simulation results and experimental results with different
experimental conditions: (a) O-notched samples with 0.001 s−1, (b) R-notched samples
with 0.001 s−1, and (c) V-notched samples with 0.001 s−1.
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mechanical behavior of battery shell can be discussed. Simulation under
5 m/s loading speed show that strain rate effect can be well captured
and difference between simulations using constitutive model with/
without strain rate can be great, especially in terms of P1 (peak force)
and Pm (Fig. 9a). When the compression displacement becomes larger
than 30 mm, the curves without strain rate exhibit significantly lower
to the experimental curve. Further, illustrated by a case with 50 m/s
loading speed, curveswith strain rate present higher Pm (Fig. 9b). Inertia
effect of the shell structure, namely, the plateau force increases with
loading speed can be witness (Fig. 9c). Also, strain rate effect of shell
material, i.e. the plateau force increment is more obvious with higher
loading speed.

4.1.2. Strain rate effect on whole battery cell
To further underpin the importance of strain rate effect on the short-

circuit behavior of batteries, here, the whole battery cell, i.e. battery
shell with jellyroll is considered. The properties of jellyroll is obtained
from Ref. [27] while the short-circuit criterion is adopted from Ref.
[38]. The strain rate effect of nickel-plated cold-rolled steel has little in-
fluences on battery mechanical property under indentation (Fig. 10a).
Interestingly, if the dynamic effect of nickel-plated cold-rolled steel is
not considered in the model, a late short-circuit triggering time will be
expected thus leading to the underestimation of the battery safety
upon mechanical abusive loading (Table 2). Therefore, the strain rate
of the nickel-plated cold-rolled steel serves as a significate factor on
the battery safety.

4.2. Material strength effect

To elucidate the strength effect on battery safety, shells with
different strength values (keeping all the rest of mechanical prop-
erties same) are simulated. According to the characteristics of the
JC model, yield stress σy is changed to represent different strength
values of shell materials. Result directly shows that higher strength
will cause earlier short-circuit (Fig. 10b). Then, a quantitative
relationship between strength and short-circuit is established as
follow:

εs ¼ ds
D

¼ −547
σy

E

� �2
−0:74

σy

E

� �
þ 0:138 ð8Þ

Here, εs is the relative short-circuit strain, D is the diameter of the
battery shell, i.e., 18 mm in our case. σy/E= εy is defined as yield strain.
The prediction results shown in Fig. 10c can capture the trend of curve,
and the correlation coefficient R2 is calculated as 0.92 also indicates the
satisfactory results. Cases without strain rate also share the same trend,
but ds value will be larger that further verifies the importance of strain
rate effect. Traditionally, high strength is the priority concern to select
battery shell material; however, it is discovered that short-circuit is eas-
ier to trigger covered by shell with higher strength. Thus, for battery
safety reason, it is not always wise to choose high strength material as
shell.

Nowadays, commercially available material for 18,650 battery
shell usually made of low-carbon cold-rolled steel and stainless
steel with various strength values (Table 3). Considering the fact
that LIB is prone to be short-circuited, shell material with lower
strength is recommend to select such as material #1 and #2. It is in-
dicated that the high strength materials are not suitable for all batte-
ries, and the selection of the shell material should be matched with
the safety of the battery.

5. Conclusions

LIB shell serves as the protective layer to sustain the external me-
chanical loading and provide an intact electrochemical reaction envi-
ronment for battery charging/discharging. Our rationale was to
identify the significant role of the dynamic mechanical property of bat-
tery shell material for the battery safety.



Fig. 7. The illustrations of (a) the FEmodel of indentation, (b) the force-displacement curves obtained from experiment and simulation, (c) the deformed configuration of samples in both
experiment and simulation.
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• It was observed and analyzed that current shell material is nickel-
plated cold-rolled steel and itsmechanical behaviorswith the full con-
sideration of material direction, strain rate effect and stress triaxiality
index were experimentally investigated.

• Further, a strain rate dependent constitutive model with fracture cri-
terion was established, and FE models were developed to validate
the constitutive and failure models. Theoretical models were vali-
dated through both material and structure (as a cylindrical cell) ex-
periments.

• The strain rate effect based on the axial compression of the shell
and the entire battery was discussed, the necessity of incorporat-
ing strain rate effect into the material model was demonstrated,
providing an accurate description of the battery behavior upon dy-
namic loading.

• High strength is one of the main targets of battery shell material,
however, short-circuit is easier to be triggered when shell with
Fig. 8. Illustrations of (a) the FE model of axial compression test, (b) the
higher strength upon mechanical loading. The choice of nickel
plated steel on its strength is critical.

This study provides a solid dynamic constitutive modeling method-
ology for the LIB shell and the strain rate sensitive whichmay stimulate
further study towards the safety design and evaluation of battery cells
and packs.
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Fig. 9. Comparison between experiments and simulations: (a) the force-displacement
curves under 5 m/s loading speed, (b) the force-displacement curves under 50 m/s
loading speed, (c) the plateau force (increment) vs. loading speed curves under various
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(a) mechanical properties at the speed of 5 m/s; (b) short-circuit triggering
displacement with different strength values of material; (c) Prediction results between
yield strain and short-circuit.

609L. Wang et al. / Materials and Design 160 (2018) 601–610
Conflicts of interest

There are no conflicts to declare.
Author contribution

JX and YL conceived the idea and established the major research
framework. LW, YW, and ZY conducted the experiment. LW, SY, and
JX carried out the theoretical analysis. All authors have participated to
discuss the data and the manuscript. LW, TY, JX, and YL wrote and
reviewed the manuscript.



Table 2
Short-circuit displacement of radial indentation under different loading speeds.

Loading speed v 3 m/s 5 m/s 10 m/s

Short-circuit triggering displacement ds Cases with strain rate 2.85 mm 1.82 mm 1.09 mm
Cases without strain rate 2.91 mm 1.85 mm 1.11 mm

Table 3
Materials and its properties of battery shell.

Material Lithium-ion battery Elastic modulus (GPa) Yield stress (MPa) Strength (MPa)

1 HP 602030 NCA [35] 207 350 600–700
2 Panasonic 18,650

LCO [26]
160 450 500–550

3 Panasonic 18,650 LCO [36] 200 450–500 500–550
4 Panasonic 18,650 NCA 211 740 750–800
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
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