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Abstract: Current studies on the mechanical abuse of lithium-ion batteries usually focus on the
mechanical damage process of batteries inside a jelly roll. In contrast, this paper investigates the
internal short circuits inside batteries. Experimental results of voltage and temperature responses
of lithium-ion batteries showed that battery internal short circuits evolve from a soft internal short
circuit to a hard internal short circuit, as battery deformation continues. We utilized an improved
coupled electrochemical-electric-thermal model to further analyze the battery thermal responses
under different conditions of internal short circuit. Experimental and simulation results indicated
that the state of charge of Li-ion batteries is a critical factor in determining the intensities of the
soft short-circuit response and hard short-circuit response, especially when the resistance of the
internal short circuit decreases to a substantially low level. Simulation results further revealed that
the material properties of the short circuit object have a significant impact on the thermal responses
and that an appropriate increase in the adhesion strength between the aluminum current collector
and the positive electrode can improve battery safety under mechanical abusive conditions.

Keywords: lithium-ion battery; internal short-circuit stage; electrochemical-electric-thermal coupled
model; thermal response; mechanical abusive conditions

1. Introduction

Governments of the world actively promote new energy vehicles, especially electric vehicles (EVs),
to address the energy crisis and environmental problems. Lithium-ion (Li-ion) batteries are considered
as dominant energy sources for EVs because of their high power density, high energy density, long
cycle life, and environmentally friendly properties [1-6]. However, Li-ion batteries have intrinsic safety
issues as they contain a combination of highly energetic materials and flammable electrolyte solutions,
which hinder their wide applications. Furthermore, the trend to increase the capacity and physical size
of Li-ion batteries and thus reduce the complexity of a battery pack [7-9] make high-energy Li-ion
batteries even more vulnerable to accidents under mechanical abusive conditions. This safety concern
is evidenced by the fires associated with Li-ion battery packs in a Tesla Model X EVs.

Several researchers studied the internal short circuit (ISC) mechanism of a Li-ion battery
under thermal, electrical, and mechanical abusive conditions. Thermal abusive conditions refer
to high-temperature ramps [10-12]. Ouyang et al. used the extended volume-accelerating rate
calorimetry to research the thermal runaway of large-format Li-ion batteries [13]. They found that the
internal resistance of a battery increased slowly before the thermal runaway. Overcharge and external
short circuit conditions are categorized as electrical abusive conditions. Kriston et al. studied external
short circuit performances of Li-ion batteries at different external resistances [14]. They proposed
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that the complex short circuit behavior can be described by three regions, which are governed by
batteries” double- and diffusion-layer discharge, mass transport. and decaying electromotive force.
Feng et al. established a coupled electrochemical-thermal overcharge-to-thermal-runaway model to
predict electrochemical and thermal behaviors of Li-ion batteries during the overcharge process [15,16].
The most common mechanical abusive conditions include nail penetration, crush, and vibration.
Yang et al. performed several quasi-static mechanical tests on 18,650 batteries at various state of charge
(SOC) [17,18]. The experimental results indicated that the ability of Li-ion batteries to resist deformation
was improved as a result of increased SOC. Sahraei et al. utilized the simulation model to predict the
location of cracks in Li-ion batteries and revealed the microscale failure mechanisms triggering ISC in
Li-ion batteries under mechanical loading [19,20]. Zhu et al. researched the mechanical properties
of Li-ion batteries under axial compression [21]. Kisters et al. performed dynamic impact tests on a
Li-ion battery and found that the peak force increased as the test speed increased [22]. Kermani et al.
established the constitutive model and failure model of Li-ion batteries subjected to dynamic impact
tests [23]. The researches on mechanical models of Li-ion batteries in recent years are summarized
in [24].

The ISC is regarded as one of the major safety risks for Li-ion batteries. Physical contact between
two electrodes, an electrode and a current collector, or two current collectors can cause an ISC.
Zhang et al. utilized a shape-memory alloy to trigger different types of ISCs while keeping the battery
integrity [25]. Experimental observations have provided little insight into the complicated mechanisms
of ISCs. Numerical models were developed to explore the fundamental mechanisms [26-30], and
their findings are summarized in [31]. In these studies, the coupling of a battery cell electrochemical
performance and its thermal behavior during the ISC process was ignored. Recently, Wang et al.
established a coupled electrochemical-thermal model to research the ISC process when a nail penetrated
a large-format Li-ion battery [31,32]. They failed to establish the relationship between the damaged
area caused by the ISC and the ISC resistance. Ouyang et al. established an axisymmetric local ISC
model for an aluminum (the current collector on the positive electrode)—copper (the current collector
on the negative electrode) ISC [33], where the aluminum was the only material considered for the ISC
object, and the copper was ignored.

This study focuses on the ISC evolution and the subsequent thermal response of a Li-ion battery
under mechanical abusive conditions. In this study, quasi-static mechanical tests were performed on
Li-ion batteries. The experimental results indicated that a soft internal circuit occurs before peak force.
We also utilized an improved coupled electrochemical-electric-thermal model, which considers the
material property and the damaged area of the short-circuit object to investigate the thermal responses
of Li-ion batteries after ISC. The purpose of this paper was to better understand ISC evolution and
the subsequent thermal response of a Li-ion battery under mechanical abusive conditions through a
hybrid experimental-numerical approach.

The remaining of the paper is organized as follows. Section 2 analyzes the ISC evolution of
Li-ion batteries under mechanical abusive conditions through the measured voltage and temperature
response. Section 3 utilizes an improved coupled electrochemical-electric-thermal model, which
considers the material’s properties and the damaged area of the short-circuit object to further reveal
the thermal response of Li-ion batteries under different ISC conditions. In Section 4, the temperature
profiles of Li-ion batteries at various SOCs are measured to validate the proposed model. Finally, the
conclusions are summarized in Section 5.

2. Evolution of ISC under Mechanical Abusive Conditions

A WDW-100 10 T Universal Test Machine was used to perform indentation tests on the fully
charged Li-ion batteries at a quasi-static rate of 0.5 mm /min. The specifications of 18650 Li-ion batteries
used in the tests are listed in Table 1. Battery voltages and temperatures were monitored and sampled
in situ by HIOKI MR8880 and FLUKE TI 400. FLUKE TI 400 is an infrared camera with accuracy of
+2 °C, which was located in front of the mechanical test platform to take thermal images. It should be
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noted that some necessary measures were carried out to ensure the safety of the tests. Figure 1 shows
the testing results of mechanical, electrical, and thermal responses for the fully charged Li-ion battery
during indentation tests. The derivative of the force in Figure 1a with respect to displacement is defined
as the stiffness of Li-ion batteries, as shown in Figure 1b. It can be seen from Figure 1a,b that three
distinct stages were identified. In stage I, the stiffness of the battery structure kept increasing as the
intrusion continued until it reached the maximum value, and this stage was regarded as a densification
process (see Figure 1b). In stage II, as the deformation continued, microscopic damage appeared inside
the battery after the maximum stiffness was reached, such as microscopic cracks or microscopic holes
visible in the scanning electron microscope (SEM) images of the micro-structure of the electrodes
during deformation [34]. In stage III, as the deformation continued further, macroscopic fracture
appeared inside the battery after the peak force was reached (see Figure 1a), such as macroscopic cracks
or macroscopic holes, which finally initiated the macroscopic failure process. As depicted in Figure 1a,
the peak force took place at 1068 s, which represented the end of Stage II and the initiation of Stage IIL
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Figure 1. Testing results for fully charged Li-ion batteries during indentation tests. (a) Force-time
curve, (b) stiffness derivative of force versus time, and (c) voltage and temperature responses.
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Table 1. Specifications of 18650 batteries.

Items Specifications
Normal Capacity 2100 mAh
Rated capacity 2000 mAh
Normal voltage 3.6V
Charge voltage 42+0.05V
Cut-off voltage 25V
Continuous maximum charge current 40A
Continuous maximum discharge current 30.0 A
Size 65mm X 18 mm X 18 mm
Weight 450+15¢g
Anode material Li,Cg
Cathode material LiNiMnCoO,
Positive current collector Aluminum
Negative current collector Copper

In this study, a soft ISC is defined as microscopic damage indicated by no change or a slow decline
of the battery terminal voltage. A hard ISC is defined as a macroscopic fracture indicated by a rapid
decline of the battery terminal voltage. In Figure 1c, the battery voltage started to decline, and the
battery temperature started to rise at 972 s, which indicated that the ISC had already occurred under
the microscopic damage stage. Initially, the battery voltage decreased slowly from 4.11 V at 972 s to
4.03 V at 1072 s, and the battery temperature increased slowly from 29.2 °C at 972 s to 35.18 °C at
1072 s. These slow responses in voltage and temperature under the microscopic damage stage can be
considered as a soft ISC. After this initial period, the battery voltage decreased rapidly from 4.03 V at
1072 s to 1V at 1102 s, and the battery temperature increased rapidly from 48.1 °C at 1124 s to 745.52 °C
at 1128 s. This indicated that the soft ISC occurring in Stage Il had evolved to a hard ISC occurring
in Stage III. It should be noted that the battery voltage and temperature showed no change at the
initiation of Stage II, which can be explained as follows. Firstly, the damage was minor at first, and a
small microscopic damaged area corresponded to a high ISC resistance. Secondly, the ISC took some
time to develop during the incubation period [35,36].

3. Thermal Responses of Various ISC Conditions

3.1. Coupled Electrochemical-Electric-Thermal Model

An axisymmetric coupled electrochemical-electric-thermal model was established in COMSOL
Multiphysics (version 5.2a) to further analyze the thermal response of Li-ion batteries under various
ISC conditions. The positive electrode material was Li,Coy/3Nii3Mnq /30, the negative electrode
material was LiyCg, and electrolyte was 3 : 7 EC : EMC LiPFg. The governing equations and parameters
of the model are presented in Tables 2 and 3 [31-33]. In the governing equations, g, represents the
reaction heat due to the reaction overpotential; g; is ohmic heat produced by charge transport in the
electrodes and electrolyte; g, is reversible heat (entropy heat). All the parameters in the governing
equations were adopted from [31-33] or estimated by a trial-and-error approach through simulation.
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Table 2. Governing equations of the axisymmetric model.

Physical and Chemical Mechanisms Equations
Solid phase: Charge conservation V- (0 Veps) = jH (1)
Electrolyte phase: Charge conservation V- (kffVpe) + V- (kg fYn co) = —jli @)
Electrolyte phase: Conservation of Li* species @ = V-(DffVe,) + 17;3 i 3)
Solid phase: Conservation of Li* species % = % 3% (rz%) 4)
Energy conservation 9<P§;’T) = V-(kKVT) + qe + qr + 4 (5)
Electrochemical kinetics M= usio{exp[%‘—;n] - exp[—%}fr}]} (6)
Overpotential n=¢s—¢—U (7)
Exchange current density i = k(ce)™ (cs,max = Cs,e) * (Cs,e) ™ 8)
Ohmic heat q; = oM IVPVs + KPP, + KV Ine Ve )
Reaction heat gr = ju((ps —¢e—Uj) (10)
Entropy heat Ge = jLi(T%) (11)

The current passing through the ISC object was very large due to the small ISC resistance when
the hard ISC took place inside the Li-ion battery. Therefore, the heat generation due to a large current
was added into the model, and its heat generation rate was calculated by

I2Rg
5
=5 (12)
s Visc

A¢SS
[¢ = —= 13
s R (13)

where Ag; s is the solid potential drop along the axial direction of the ISC object, Rg is the ISC resistance,
and Vsc is the volume of the ISC object inside the battery. This heat generation was added as a single
heat source to the ISC object when the governing equations listed in Table 2 were solved.

Table 3. Physiochemical parameters used in the axisymmetric model.

Negative Positive

Parameter Unit Cu Foil Electrode Separator Electrode Al Foil
Density kg/cm? 8.9x1073 12x1073 53x107* 29%107 2.7%107
Specific heat ]/ (Kg-K) 385 1150 2050 1150 900
Thermal conductivity W/ (cm-K) 4.0 0.004 0.005 0.004 2.38
Electron conductivity S/cm 5.8x10° 1.0 0.1 3.54x 10°
Thickness cm 10x 1074 98 x 1074 17x 1074 92 x 1074 15x 1074
Particle radius cm 10x 1074 8§x107%
Initial electrqute mol/em? 0.001
concentration
Porosity 0.4

As mentioned earlier, the damaged area and material properties of the short-circuit object are
critical to determine the evolution from soft ISC to hard ISC under mechanical abusive conditions.
Hence, the above coupled electrochemical-electric-thermal model considered the damaged area
and the material properties of the short-circuit object under four different ISC types, namely
negative—positive ISC, aluminum-negative ISC, copper-positive ISC, and aluminum—copper ISC.
The following Equations (14)—(19) were used to calculate some parameters under the negative-positive
ISC:

S = nr? (14)

in
1 Lpos I 1 Lneg

15
Opos S Oneg S (15)

Rg =
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. PpostosS + pnegLnegS
O T (Lpos + Lug)$

Cs = Cposmpos + Cnegmneg (17)
Mpos + Myeg

Lyos + L
k= 2= % (18)

Lpus Lneg

(16)

kpos kneg

Lposkpos + Lnegkneg
kr - L
pos T Lneg

(19)

where L is the thickness, m is the mass of the ISC object, p is the density, C is the specific heat, k
is the thermal conductivity, k, is the thermal conductivity in the axial direction, k; is the thermal
conductivity in the radial direction, S is the area of the ISC object, and r;, is the radius of the area of
the ISC object. These parameters under the other three ISC types were also calculated on the basis of
Equations (14)—(19). Table 4 shows those parameters used in the simulation model.

Table 4. Parameters of different internal short circuit (ISC) types.

Parameter Unit Negative-Positive Al-Negative Cu-Positive Cu-Al
Rg Q 054 9,8><510‘3 9.2><510-2 5.96>§10‘9
Ps kg/cm® 2003.8 x 107° 1399 x 1076 3458 x 1076 -
Cs J/(Kg-K) 1150 1086 955.7 -
ka W/(ecm-K) 0.004 0.0046 0.0044 -
ky W/(ecm-K) 0.004 0.32 0.396 -
A¢S,S V A(PS,pOS - A(Ps,neg A¢S,ﬂ] - A¢s,neg A¢S,p05 - A¢S,CM -

Wang et al. compared the current flow path caused by nail penetration with that caused by an
ISC [32]. They proposed that the un-shorted electrode layers supplied energy to the shorted electrode
layers which formed a closed loop current path. The temperature rise in the shorted electrode layers was
more serious than that in the un-shorted electrode layers, thus only the shorted electrode layers were
considered in our axisymmetric coupled electrochemical-electric-thermal model. It should be noted
that the ISC occurring in different layers of a Li-ion battery will change its surface temperature [37].
However, the main purpose of the simulation study was to investigate different thermal responses of
shorted layers under different ISC conditions. Moreover, the model of only one shorted electrode layer
was established at its radius of 3 cm to save computational time. The reasons for this simplification
are as follows. Firstly, the numerical simulation of a detailed electrochemical-electric-thermal model
represents a considerable challenge with high computation burden even for a single layer. Secondly, all
electrode layers were fairly equivalent electrically and thermally. This simplification may underestimate
electron transport to a certain extent, but the effect of this simplification should not be exaggerated, since
the battery cell was found to work under secondary or tertiary current distribution [38]. As mentioned
earlier, the effect of the material properties on the thermal response was also under our investigation.
Hence, the surface heat transfer coefficient was set to 5 W/ (m? - K). This boundary condition may
have been slightly different from the real one because of the effects of these neglected layers on heat
dissipation, but the effect of this setting was still within a reasonable range.

Spotnitz et al. summarized that the solid electrolyte interface (SEI) layer is decomposed at
90 — 120 °C, and the other exothermic reactions occur at elevated temperatures (>120 °C) [28]. The heat
produced by the SEI decomposition reaction is smaller than that produced by other exothermic reactions.
Therefore, a Li-ion battery is considered a thermal runaway when the temperature reaches 120 °C.
The temperature for electrolyte decomposition is above 200 °C [28], and only a part of the electrolyte
decomposes during the short thermal runaway process. Moreover, the majority of heat is from a
chain of side reactions during the thermal runaway process. It should be noted that some gaseous
species will be produced during the thermal runaway process, such as gases from the evaporation
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of the electrolyte, oxygen produced by the decomposition of positive active material, etc. However,
the simulation model only considered the heat produced by various chemical reactions including
those reactions that produced gaseous species. The simulation was stopped when the aluminum’s
temperature reached its melting point [33].

3.2. Effect of Various ISC Types on Thermal Responses

Under mechanical abusive conditions, different ISC types may occur inside the Li-ion batteries.
The proposed model was used to investigate the thermal response of a Li-ion battery under various
ISC types in the same damaged area (or intrinsic resistance) of the ISC object. As shown in Table 4,
it can be seen that the resistance of the copper—aluminum ISC was much smaller than that of the
aluminum-negative ISC. As a result, a fusing phenomenon could occur for the copper-aluminum
ISC [33], which was not considered in the simulation investigated in this paper.

Figure 2 shows the thermal responses under different ISC types for the Li-ion battery at
SOC = 0.2 and ;= 0.5 mm. Figure 2a shows the thermal response under the positive-negative
ISC. The temperature rise in the positive and negative electrodes was almost the same, while that
in the separator was much lower. For the case of the copper-positive ISC, the temperature rise in
all three components was almost the same as depicted in Figure 2b. Although the ISC resistance of
the copper-positive ISC was slightly lower than that of the positive-negative ISC (see Table 4), the
temperature rise in the positive and negative electrodes under the copper—positive ISC was slightly
lower than that under the positive—negative ISC because of the higher thermal conductivity of copper,
as shown in Figure 2a,b, respectively. Therefore, the effect of the material properties of the ISC object
on the thermal response could not be ignored. Figure 2c shows the thermal response under the
aluminum-negative ISC. The temperature rise in the positive electrode and separator was almost the
same, while that in the negative electrode was higher than that in the positive electrode and separator.

Comparing Figure 2a—c, it is obvious that the major effect on the thermal response was the ISC
resistance at the same SOC and damaged area. We also found that the temperature rise under the
aluminum-negative ISC was higher and faster than that under the positive-negative ISC and the
copper-positive ISC, and the temperature rise in the negative electrode was higher than that in the
positive electrode under the aluminum-negative ISC. Since a chain of side reactions occur inside the
negative electrode at a lower temperature than inside the positive electrode, the aluminum-negative
ISC is more dangerous than the other two ISC conditions. Active materials are attached on the current
collector through glue. To improve the safety performance of a Li-ion battery, the adhesion strength
can be increased to avoid the positive active materials at the electrode peeling from the aluminum
current collector under mechanical abusive conditions, which could cause a direct contact between
the aluminum current collector and the negative electrode. However, it is worth mentioning that an
increase in the adhesion strength beyond a critical limit will impede electron transfer and consequently
lower the electrochemical performance of a battery.
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Figure 2. Thermal responses of various ISC conditions for a Li-ion battery at SOC = 0.2 and #;,, = 0.5 mm.
(a) Positive—negative, (b) copper-positive, and (c) aluminum-negative.

3.3. Effect of the Area of the ISC Object on Thermal Responses

Under different loading conditions, different deformation processes may damage different
areas inside Li-ion batteries. The proposed model was also used to explore the effects of different
damaged areas of ISC object on the thermal responses occurring inside Li-ion batteries. Usually, the
positive-negative ISC is the most common ISC under mechanical abusive conditions. Furthermore, the
simulation results in the previous section also indicated that the copper-positive ISC is less dangerous
than the positive-negative ISC and aluminum-negative ISC. Thus, only the thermal responses under
the positive-negative and aluminum-negative ISC conditions for the Li-ion battery with different
damaged areas were studied in this section.

Figure 3 shows the thermal response of a Li-ion battery (SOC = 0.4) under the positive-negative
ISC at different radii of the ISC object. The temperature in the negative and positive electrode with
iy = 0.5 mm increased from the initial temperature of 20 °C to almost 75 °C in 0.96 s, while that
in the negative and positive electrodes with r;, = 1.5 mm increased from the initial temperature of
20 °C to almost 93 °C in 0.17 s. Figure 4 shows the thermal response of a Li-ion battery under the
aluminum-negative ISC. The temperatures in the negative and positive electrodes with r;, = 0.5 mm
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increased from the initial temperature of 20 °C to almost 153 °C and 138 °C in 0.47 s, respectively,
while the temperatures in the negative and positive electrodes with r;, = 1.5 mm increased from the
initial temperature of 20 °C to almost 196 °C in 0.1 s and 140 °C in 0.13 s, respectively.
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Figure 3. Thermal response of various ISC areas, SOC = 0.4, positive-negative (a) r;, = 0.5 mm, and
(b) riy, = 1.5 mm.
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Figure 4. Thermal response of various ISC areas, SOC = 0.4, aluminum-negative (a) r;,,= 0.5 mm, and
(b) rjy= 1.5 mm.
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The simulation results indicated that the temperature of a Li-ion battery with a large damaged
area will increase to a high value in a short time for the same radius of the ISC object, regardless of the
ISC conditions. They also indicated that a Li-ion battery with a large damaged area (r;;, = 1.5 mm)
may not go into thermal runaway under the positive-negative ISC (see Figure 3b), and that with a
small damaged area (r;, = 0.5 mm) may go into thermal runaway under the aluminum-negative ISC
(see Figure 4a). This explains the experimental results under mechanical abusive conditions that a
Li-ion battery may sometimes go into thermal runaway at a small compression displacement, while
sometimes it may not go into thermal runaway at a large compression displacement [18].

3.4. Effect of a Li-ion Battery SOC on Thermal Responses

Inreal EV applications, Li-ion batteries may involve crash accidents at various SOCs. The proposed
model was used to explore the thermal response of a Li-ion battery at different SOCs under the
positive-negative and the aluminum-negative ISC conditions in the same large damaged area, namely,
with 7;, = 1.5 mm.

Figure 5a shows the thermal response under positive-negative ISC at SOC = 0.2. The temperature
in the negative and positive electrodes increased from the initial value of 20 °C to almost 71 °C in 0.12 s.
Figure 5b shows the thermal response under the positive—negative ISC at SOC = 0.6. The temperature

in the negative and positive electrodes increases from the initial value of 20 °C to almost 181 °C in
0.63s.
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Figure 5. Thermal response of various capacities, r;,= 1.5 mm, positive-negative (a) SOC = 0.2, and
(b) SOC = 0.6.

Comparing Figure 5a,b and Figure 2a, we could observe a more significant effect of the Li-ion
battery SOC on its thermal response compared to the ISC resistance when the ISC resistance decreased



Energies 2019, 12, 1885 11 of 16

to a substantially low level. This was supported by the experimental results in [18], namely, the ISC
resistance value is very low in the indentation tests when a macroscopic fracture occurs inside the
Li-ion battery. Despite serious damage caused by the macroscopic failure, the Li-ion battery did not
experience thermal runaway because of its low SOCs.

Figure 6a shows the thermal response under the aluminum-negative ISC at SOC = 0.2.
The temperature in the aluminum current collector and negative electrode increased from the initial
temperature of 20 °C to almost 153 °C and 144 °C in 0.07 s, respectively. Figure 6b shows the thermal
response under the aluminum-negative ISC at SOC = 0.6. The temperature in the aluminum collector
and negative electrode increased from the initial value of 20 °C to almost 408 °C and 424 °C in
0.36 s, respectively, and the temperature of the aluminum collector did not reach its melting point
corresponding to 660 °C.
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Figure 6. Thermal response of various capacities, r;,= 1.5 mm, aluminum-negative (a) SOC = 0.2, and
(b) SOC = 0.6.

The above simulation results indicated that the Li-ion battery exhibited a temperature profile at
low SOCs significantly different from that at high SOCs. This can be explained as follows. Firstly, a
Li-ion battery at high SOCs has more stored energy and high voltage which can produce a high heat
generation rate (see Equations (12) and (13)). Secondly, more stored energy means the ISC process will
last longer and, correspondingly, more heat will be generated at the same large ISC current.

4. Validation

As mentioned earlier, the proposed coupled electrochemical-electric-thermal model was simplified
to only take one electrode layer into account. A comparison of the temperature values between the
experimental data obtained from a whole battery cell and those obtained from the simplified model is
impossible. However, the thermal runaway of Li-ion batteries under mechanical abusive conditions is
the focus in EV industries. Various mechanical loading conditions were performed on 18650 Li-ion
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batteries at the distinctive low SOC (e.g., SOC = 0.2) and high SOC (e.g., SOC = 0.6). The surface
temperature of 18650 Li-ion batteries was measured to validate the simulation model by determining if
the thermal runaway was triggered.

For the experiments of Li-ion batteries at the low SOC, the tests with three different loadings were
performed, which corresponded to the compression test between two rigid plates, the indentation test
with a rigid rod of 12 mm in radius, and the compression test with a hemispherical punch of 7 mm in
radius. Their thermal responses were recorded as shown in Figure 7, where the images on the left side
provides the maximum, minimum, and average battery temperatures at the onset of a macroscopic
failure corresponding to the start, and the images on the right side provide the maximum, minimum,
and average battery temperatures at the moment of its maximum value. For the case of a Li-ion battery
compressed by two rigid plates, its temperature increased to 58.6 °C(maximum temperature) after
300 s, as shown in Figure 7a on the right side. For the case of a Li-ion battery compressed by a rigid rod,
its temperature increased to the maximum value 92.5 °C after 100 s, as shown in Figure 7b on the right
side. For the case of a Li-ion battery compressed by a hemispherical punch, it took about 200 s to reach
the maximum temperature of 81.5 °C, as shown in Figure 7c on the right side. These results indicate
that the Li-ion batteries at low SOCs did not go into thermal runaway under the three loadings, which
agrees with the simulation results of the Li-ion batteries at low SOCs under various ISC conditions,
even with a large damaged area under the most dangerous case of the aluminum-negative ISC, as
shown in Figures 2, 5a and 6a, respectively.

585

L0 -52

Max =58 6
=

—83.3

(c)

Figure 7. Thermal responses under various loadings (unit: degC) at SOC = 0.2: (a) two rigid plates,
(b) a rigid rod, and (c) a hemispherical punch.

For the experiments of Li-ion batteries, the test of the rigid rod loading was only performed
as with a rigid rod at SOC = 0.6. The reasons are twofold. Firstly, the Li-ion batteries exhibited
similar temperature responses under the three load conditions. Secondly, the Li-ion batteries at
high SOCs could go into thermal runaway. Figure 8 shows the temperature profile of the Li-ion
batteries at SOC = 0.6 compressed by a rigid rod; the left image provides the maximum, minimum,
and average battery temperatures at the onset of a macroscopic failure corresponding to the start,
and the right images provides the battery temperature after thermal runaway. The Li-ion battery at
SOC = 0.6 compressed by a rigid rod went into thermal runaway only after 10 s, and a lot of smoke
was generated (see Figure 8 on the right side). It should be noted that the generation of a lot of smoke
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indicates the thermal runaway was triggered. Hence, the battery surface temperature was far higher
than 90 °C. The temperature measurement was obviously affected by the produced smoke, and the
measured value (90 °C) in Figure 8 is the smoke temperature instead of the battery surface temperature.
This experimental result also agrees with the simulation results indicating that the Li-ion batteries at
SOC = 0.6 under various ISC conditions went into thermal runway, as depicted in Figures 5b and 6b.

Figure 8. Thermal response of the battery compressed by a rigid rod (unit: degC) at SOC = 0.6.
5. Conclusions

In this study, we took a hybrid experimental-numerical approach to investigate various ISC
conditions for Li-ion batteries under mechanical abusive conditions. The experimental results
indicate that the deformation process of a Li-ion battery can be described by a densification
process, a soft ISC process, and a hard ISC process. Mathematically, an axisymmetric coupled
electrochemical-electric-thermal model was established in COMSOL Multiphysics (version 5.2a) to
further reveal the thermal responses of Li-ion batteries under various ISC conditions by considering the
material properties and the damaged area of the ISC object. The following conclusions were obtained
based on the experimental and simulation results.

1.  Under mechanical abusive conditions, a soft ISC occurs before the peak force and will evolve into
a hard ISC as deformation continues.

2. The material property of the ISC object has a strong impact on the thermal response of a Li-ion
battery, which cannot be ignored.

3. A Li-ion battery at high SOCs can easily trigger thermal runaway under various ISC conditions,
and more serious accidents will be caused compared with those caused by a Li-ion battery at
low SOCs.

4. The effect of a Li-ion battery SOC on its thermal response is more significant than the effect caused
by the ISC resistance, especially when the ISC resistance decreases to a substantially low level.

5. A Li-ion battery with a small damaged area may go into thermal runaway under the
aluminum-negative ISC, while that with a large damaged area at low SOCs may not go into thermal
runaway under the positive-negative ISC. Hence, an appropriate increase in adhesion strength
between the aluminum current collector and the positive electrode can improve battery safety
under mechanical abusive conditions, while still maintaining good electrochemical performance.
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Nomenclature

Symbols

as Specific active surface area for an electrode

c Li concentration in phase

C Specific heat capacity

D Diffusion coefficient of Li species

F Faraday’s constant

fa Mean molar activity coefficient of the electrolyte
h Heat transfer coefficient

iy Exchange current density

j Volumetric reaction current

k Rate constant for an electrode reaction

q Volumetric heat generation

R Universal gas constant

T Temperature

t Time

tg Transference number of Li-ion

U Equilibrium potential of an electrode reaction
a Transfer coefficient

n Surface overpotential of an electrode reaction
K Ionic conductivity of electrolyte

KD Diffusional conductivity

o} Electrical potential in a phase

o Plastic stress

e Plastic strain

Csmax ~ Maximum concentration of Li in solid phase
Superscripts

eff Effective

Li Li species

Subscripts

0 Initial value

a/neg  Negative electrode

¢/pos Positive electrode

e Electrolyte phase

s Solid phase

S Shorted area
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