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Abstract: Thermal runaway propagation (TRP) is a primary safety issue in lithium-ion battery (LIB)
applications, and the use of a thermal barrier is considered to be a promising solution for TRP
prevention. However, the operating conditions of the battery are extremely complicated, such as fast
charging, low-temperature heating and thermal runaway. To date, there is no consistent answer as
to how to choose the appropriate thermal barrier for such a complicated working environment. In
this study, the characteristics of hydrogel based on sodium polyacrylate are explored, and the impact
of thermal barrier area on TRP is investigated through experiments. Due to the prismatic battery
structure, thermal barriers placed between cells are designed with different areas (148 x 98 mm,
128 x 88 mm, and 108 x 78 mm). The results indicate that test 1 without a placed thermal barrier
quickly completes the TRP process, and the thermal runaway (TR) behavior is more violent. With
a thermal barrier that does not have full area coverage placed between cells (test 2 and test 3), the
propagation time is prolonged, but TRP still occurs. Compared with test 1, the triggered temperature
of T2 F (the front surface of cell 2) is reduced by 207.6 °C and 295.2 °C, respectively. The complete
area coverage thermal barrier successfully prevents TRP, and the T2 F of cell 2 only reaches 145.4 °C
under the phase change by the hydrogel. This study may suggest a safety design for battery modules
and prevent propagation among batteries.

Keywords: thermal runway; lithium-ion battery; phase change material; thermal barrier

1. Introduction

The demand for energy storage systems has enhanced the application of lithium-ion
batteries (LIBs) [1,2], as a result of their outstanding stability, high energy density, low
self-discharge rate, and long-life cycle [3-5]. With the innovation of various technologies,
battery capacity and energy density have been greatly improved [6]. The increase in energy
density is accompanied by a higher possibility of thermal runaway (TR). In recent years,
there have been many reports about the TR of LIBs. On Day Month Year, the battery
energy storage of a family in southern Germany exploded. At the end of February, a fire
broke out in Nigeria’s Ministry of Finance [7]. Therefore, it is significant to restrain the TR
of LIBs [8,9].

The trigger of battery TR is always caused by various abuse conditions, including
mechanical abuse, electrical abuse, and thermal abuse [10-15]. In addition, there is a partic-
ular situation named sudden death, which is mainly caused by the internal manufacturing
defects of the battery [16]. TR will engender enormous heat, high-temperature gas, and
flame, which will cause TR for adjacent batteries and will further cause system-level dam-
age. The extent of harm is on the small side, but the hazard extent will be inestimable when
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it expands to system-level propagation [2,3,17-19]. The TR of a cell is inevitable because of
various uncontrollable factors. However, a thermal barrier can prevent the propagation
between cell to cell. Therefore, setting phase-change material (PCM) with a low thermal
conductivity between batteries is an economical and effective solution to prevent thermal
runaway propagation (TRP) under extreme conditions.

There are many kinds of battery safety protection schemes, and some commonly used
protection schemes are introduced in Table 1. PCM, as a cutting-edge material, is widely
used in various fields [20]. Especially in battery thermal management systems (BTMSs),
research has provided abundant results [21-25]. At the same time, some research on PCM
as the thermal barrier between cells was carried out continuously. Lee et al. [26] designed
an integrated PCM and micro-channel plate cooling system and verified that the system
could prevent TRP under a water flow of 3.9 L/min. Gao et al. [27] discussed the effect of
using silica aerogel and paraffin as a thermal barrier on preventing TRP. Wang et al. [28]
collaboratively used paraffin and flame retardant to prevent TRP, and the influence of
the mass fraction of AI(OH) on the composite material was also discussed. Xu et al. [29]
invented a composite ceramic fiber with low thermal conductivity to prevent TRP. The
experimental results show that the material has excellent temperature resistance, extrusion
resistance, heat absorption and heat insulation properties. Extinguishing can weaken the
flame to a certain extent, but it is difficult to take away the amount of heat generated by
a high temperature, and TRP will still occur [30]. The liquid-cooling plate can only work
under normal working conditions, but it cannot prevent the occurrence of TRP, so it needs
to be used with other heat insulation materials [31]. In recent years, hydrogels have also
been used to prevent the TRP [32].

Table 1. Commonly used protection schemes.

. Maximum
Protection Scheme Battery Temperature Drop Rate
Aerogel [27] Prism cell 691 °C 04°C/s
Extinguishant [30] 18650 840 °C 0.4°Cs
Liquid-cooling plate [31] Prism cell 563.3 °C 0.3°C/s

In this paper, the common properties of hydrogels based on sodium polyacrylate were
explored. A series of TRP tests were carried out on 153 Ah capacity prismatic LIBs with
three types of area thermal barrier and a blank control group. The variations in temperature,
voltage, propagation time, TR behavior, and heat transfer path were comprehensively
analyzed and compared. It was found that a thermal barrier placed between the batteries
has an intuitive effect on TRP. A smaller area of the thermal barrier increases the triggered
temperature of the front surface, and the TR behavior is more violent. Furthermore, the
heat transfer paths of each group of experiments were analyzed, and reasons for the
influence of different areas of thermal barriers on TRP were revealed, which can enhance
the understanding of the safety design of a battery module.

2. Experiment
2.1. Material of Heat Insulation Barrier

The thermal barrier consists of hydrogel, aramid fiber and aluminum-—plastic film. The
hydrogel can absorb much heat by its latent heat of phase change. From the perspective of
bionics, porous aramid fiber can provide enough support strength for the heat insulation
barrier, which can resist the extrusion caused by the pre-tightening force of the battery and
respiratory effects. The aluminum-plastic film is used for encapsulation to prevent hydrogel
leakage from causing a short circuit between batteries. Taking sodium polyacrylate (SP) as
the primary material, through the hydrogen bond formed with water, reduces the fluidity
of water molecules and results in a hydrogel. SP is a macromolecule polymer material;
each gram of SP can absorb about 100-300 times more water than itself. The preparation
process of SP is by adding acrylic acid (AA) and Na (OH) to the cross-linking agent N, N'-
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methylenebisacrylamide (N, N’-M), and initiator potassium persulfate (PP). The synthesis
of sodium polyacrylate and the formation principle of hydrogel is shown in Figure 1.
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Figure 1. Spatial structure of materials. (a) Synthesis of sodium polyacrylate. (b) Formation principle
of hydrogel [33].

2.2. Preparation Process

To start with, the SP was dried in a drying oven at 100 °C for 6 h to remove water.
Then, 1 g SP was added to a beaker and distilled water was slowly added to a water bath
heater at 50 °C. After 100 g of water was mixed, it was found that there were no noticeable
white SP particles in the beaker, which was still for 3 h. The hydrogel was filled into the
pores of aramid fibers symmetrically, and the aluminum-—plastic film was tightly packaged
under the action of a heat-sealing machine.
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2.3. Experimental Installation

A commercial Li(Nip5Co2Mng3)O, (NCM523) 153 Ah battery was selected for this
study. Before conducting the test, it was necessary to release the energy initially stored in
the battery through 1/3C (51A) current until the voltage decreased to 2.7 V. Each battery
was placed still for 3 h, then charged to 4.2 V with the same current and circulated three
times in the same step to ensure each battery had the same capacity.

Figure 2 depicts the experimental platform and experimental device. All the TR exper-
iments were carried out in an anti-explosion box, as shown in Figure 2a. The equipment
used in the experiment includes an elaborate bespoke steel plate fixture, mica plate, ceramic
heater, battery, and insulation barrier. Mica plate is an elevated temperature-resistant and
heat-insulating material. Its function is to separate the battery from the steel plate fixture to
prevent the additional heat loss of the battery, affecting the experimental results. Four fixing
bolts are required to fix the whole device and a constant pre-tightening force is loaded
on the steel plate. It is necessary to ensure that the same pre-tightening force is loaded in
each experiment to decrease the influence on the experiment. In this paper, we select the
maximum torque that can be provided by using the torque wrench to apply it to the bolt.
The heater is linked to the regulated power supply. After the power supply is turned on,
the heater continuously inputs energy into the first battery, causing the battery temperature
to rise rapidly, which leads to a short circuit and a series of exothermic reactions, and
eventually triggers TR. The heating method is more straightforward than needling and
overcharge, and TR can be stably triggered. Furthermore, with more energy input, the TR
process is more violent, which can better test the performance of the heat insulation barrier.
The trigger is a ceramic heater with 600 W and is turned off after hearing a loud sound.
The selection of heater power is shown in Table 2 [11]. A differential scanning calorimeter
(DSC) is used to test the latent heat. A butane flame gun is used to test the performance at
elevated temperatures. The test method is shown in Figure 2b.

Table 2. The heating power selection for the heater in GB 38031.

Title 1 Title 2
Energy of the triggered battery: E (W-h) Heating power: P (W)
E <100 30~300
100 < E <400 300~1000
400 < E <800 300~2000

In order to comprehensively explore the influence of thermal barriers in a different
area on the TRP process, four groups of comparative tests were set up. The sizes of thermal
barrier used are 148 x 98, 128 x 88, and 108 x 78, as shown in Figure 2c. Moreover, the
testing configuration and conditions are listed in Table 3.

Table 3. Different areas of thermal barrier.

Experiment Size of Thermal Area of Thermal Percentage of
p Barrier (mm) Barrier (mm?) Covered Surface
NO.1 0 0 0%
NO.2 108 x 78 8424 58.1%
NO.3 128 x 88 11,204 77.2%

NO.4 148 x 98 14,504 100%
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Figure 2. Schematic of the experimental setup: (a) thermal runaway platform and thermocouple;
(b) testing equipment for PCM; and (c) different areas of thermal barrier.

3. Result

Before analyzing the results, it is necessary to conduct an uncertainty analysis for
the experiments. The experimental error is mainly caused by the precision error of the
measuring instruments. Table 4 shows the model and accuracy of the equipment used in
the experiments. For the instrument error, the thermocouple type we used was OMEGA
GG-K-30, with an accuracy of about £0.5 °C, so there were some errors in temperature
measurement. In addition, the heating power may change with the increase in temperature,
which is unavoidable.
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Table 4. Equipment models used in the experiment.

Device Product Model Measuring Range Accuracy
Thermocouples ETA GG-K-30 0~1250 °C +0.5°C
Data acquisition HIOKI_LR 8410 —200~2000 °C +15°C

Battery test cycler NEWARE CT-4016-5 V 100 A 0.025~5V Battery test cycler

Heater Ceramic heater 220 V 600 W +£5%

3.1. Phase Change Properties

The phase change behaviors of hydrogel with different water absorption ratios are
shown in Figure 3. Meanwhile, paraffin is compared with hydrogel in Figure 3a. Compared
with paraffin (50-70 °C), the hydrogel has a higher phase change temperature (80-120 °C)
and latent heat, which means it could absorb more heat in the process of phase change.
Compared with the mixing ratio of 1:75, an increase in the water content could also increase
the latent heat. Finally, we chose the water absorption ratio of 1:100 and carried out a
repeatability check, as shown in Figure 3b.

Heat flow (W/g)

‘Water absorption 1:100 — 1
04 Water absorption 1:100 —2

Heat flow (W/g)
é

-6
. - -84
Water absorption 1:75
104 \]\) ater absorption 1:100 104
arafin
-12 T T T T T -12 T T T T T
40 60 80 100 120 140 40 60 80 100 120 140

Temperature (°C)

Temperature (°C)

Figure 3. DSC test of hydrogel: (a) hydrogel compared with paraffin; (b) repeatability check.

3.2. Flame Gun Test

The bottom of the flame gun was 25 mm away from the copper plate, and the gunpoint
was tilted to align with the center of the copper plate; the back of the copper plate was
an appressed thermal barrier. As shown in Figure 4a, the copper plate was heated for
about 5 min, and the front surface of the thermal barrier reached 550 °C, but the rear
surface temperature was maintained at 100 °C. Figure 4b shows the experiment process; the
aluminum-plastic film was slightly melted, but on the whole, it was still in good condition.
In order to observe the appearance of the hydrogel in aramid board after short heating, the
aluminum-—plastic film on the outer layer was removed. There was no apparent change in
aramid fiber and hydrogel. The core material was heated directly with a flame gun and
was burned through after about 2 min 2 s.

3.3. Temperature and Voltage of Thermal Barriers with Different Areas

The battery temperature and voltage for various areas of thermal barrier are sum-
marized in Figure 5. Figure 5a shows test 1, without a thermal barrier between the cells.
Before TR was triggered, the front surface temperature (T1 F) of cell 1 increased rapidly,
and the back surface temperature (T1 B) increased slowly. At 335 s, when the T1 F was
347.5 °C, the safety valve opened, accompanied by a loud sound. Meanwhile, a fierce
short circuit occurred, which caused the temperature to increase quickly, and the voltage
dropped to 0 in seconds, indicating that TR was triggered. Generally, the onset temperature
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Temperature (°C)

of TR is identified as the temperature with an increase rate higher than 1 °C/s. At 394 s,
T1 F reached a peak of 780.8 °C and began to drop due to the residual reactions inside the
battery being lower than the heat dissipation rate of the environment. As cell 1 was in
direct contact with cell 2, the T2 F increased when TR was triggered for cell 1. At 484 s,
when T2 F went to 528.7 °C, the voltage dropped, and TR happened. The temperature
increased to 812.3 °C after 149 s and began to decline.

(b)

== Front
= Back

100

200

300 400 500 600
Time (s)

Figure 4. Flame gun test of thermal barrier: (a) variations in temperature; (b) process of the experiment.

According to the results in Figure 5c,d, the thermal barrier has different temperature
characteristics in different coverage areas. In test 2, the area of the thermal barrier is
108 x 88 mm; compared with the time taken to reach thermal runaway propagation without
a thermal barrier, the triggering to TR of the second battery in test 2 is delayed by 453 s,
and the maximum temperature is reduced by 207.6 °C. After TR was triggered for the first
battery, by observing the experiment video corresponding to test 2 and test 3, it was found
that there was always a jet fire, so the data monitored by the T1 F thermocouple fluctuated.
T2 F had a decrease in the rate of temperature increase for about 140 s during the process of
rapid temperature increase before thermal runaway occurred, and this decrease in the rate
of temperature increase was caused by the phase change material. In test 3, the second cell
was triggered at 1071 s and propagation occurred at 571 s, which is basically the same as test
2. However, it is worth noting that in test 2, when the thermal runaway of cell 2 occurred,
the temperature of T2 F was only 223.5 °C. Comparing the temperature of the front surface
of the second battery in test 1 and test 2, it was lowered by 295.2 °C and 87.6 °C, respectively.
The reason for this extended phase change process is due to the increase in hydrogel content
in the thermal barrier. When the insulation material completely covered the surface of
the battery, the process of thermal runaway spread was successfully stopped, as shown
in the results of test 4, when the amount of hydrogel added was 53.4 g, the whole phase
change process lasted 408 s, and the maximum temperature of T2 F was only 154.4 °C.
Figure 5e shows the summary of the characteristic temperature comparison of the four
groups of tests.
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Figure 5. The variation in the temperature and voltage of the TR process: (a) test 1; (b) test 2; (c) test
3; (d); test 4; and (e) characteristic temperature of each test.

3.4. TR Behavior of Thermal Barriers with Different Areas

Generally speaking, the TR behavior in a single cell is similar. The TR process can be
divided into the following stages: (1) heating, (2) jetting, (3) deflagrating, and (4) stable burn-
ing. With the continuous input of heater energy, the battery temperature rapidly increased,
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accompanied by an exothermic chemical reaction. Many electrolytes and high-temperature
flammable gases were produced and accumulated continuously inside the shell.

As a consequence, the internal pressure increased until venting occurred. After the
safety valve was opened, the flammable gases and electrolytes formed a jet, which reacted
with the air and deflagrated after reaching the explosion limit. White smoke was emitted
continuously and was ignited after a while, and stable burning occurred. Figure 6 shows
the TR behavior for each test. In test 1, the TR process was much more violent than others
without a heat barrier between the battery, and the deflagration phenomenon was more
serious with increasing duration. TR was quickly triggered for the adjacent cell, and the
flammable gas was directly ignited by the flame of cell 1 when venting occurred. The TR
processes of batteries with a thermal barrier are similar to those of test 1. The thermal
barrier with a 100% insulation area successfully prevented the TRP process. As the mass
of hydrogel absorbed heat, the TR process of cell 1 in test 4 was more moderate than the
previous tests.

Figure 6. TR behavior of thermal barriers with different areas: (a) test 1; (b) test 2; (c) test 3; and (d) test 4.
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3.5. Wreckage of Thermal Barriers with Different Areas

Observing the wreckage of the thermal barrier after TRP in Figure 7 could provide
insights into understanding the thermal barrier. Figure 7a,b depict that the thermal barriers
placed in tests 2 and 3 were seriously damaged, and all the hydrogels completed the phase
change. Due to the occurrence of TRP, the porous aramid fiber inside the thermal barrier
was completely burned at high temperatures. In contrast, in test 4, shown in Figure 7c,
the aramid fiber is well preserved, although the hydrogel completes the phase change.
After TR, many particles were scattered, including aluminum shells, positive and negative
electrodes, and some products after combustion.

Figure 7. Wreckage after thermal runaway. (a) Thermal barrier of test 2; (b) thermal barrier of test 3;
(c) thermal barrier of test 4; and (d) battery before and after TRP.

3.6. Heat Transfer Path

As described above, direct contact between batteries will cause rapid TR in adjacent
batteries and a more violent TRP process. However, even if the thermal barrier was added
in the middle of the cells, the TRP could not be prevented if it is not complete on the surface.
Observing the wreckage after TR, the contact surface of cell 1 was compressed, but cell
2 expanded. When cell 1 reached TR, the internal temperature could reach thousands of
degrees. The aluminum shell was quickly melted and softened at such a high temperature.
At the same time, cell 2 was heated; the increase in internal pressure caused the aluminum
shell to expand and squeeze cell 1. As shown in Figure 8, there is no thermal barrier between
cells, with the TR cell directly heating the adjacent cell. The wide heating area accelerates
the TR of cell 2, and all temperatures on the front surface of the battery were the same.
As shown in Figure 8b,c, although a thermal barrier was placed in the middle of the two
cells, due to the compression and expansion of the aluminum shell, there was still a slight
contact between the upper and down gaps of the aluminum shell, forming a local hot spot.
Most T2 F came from the upper and lower contact surfaces. However, when the upper and
down contact surfaces reached the TR temperature, a micro-TR was formed locally, thus
triggering TR for the whole battery. Therefore, the T2 F of test 2 is slightly lower than that
of test 1 with an increase in thermal barrier area, as shown in Figure 8d. The smaller the
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direct contact area, the less heat is transferred to T2 F from the contact surface, so the lower
the T2 F when the micro-TR occurs in cell 2. For test 4, the thermal barrier was placed
on the whole battery surface, which prevented local direct contact, completely cut off the
heat transfer, and successfully prevented TRP. Figure 9 shows the wreckage of the contact
surface of the second battery after each group of experiments. Test 4 successfully prevented
the occurrence of TRP, so it is not shown. As shown in Figure 9, (a) is test 1 without a
thermal barrier. Due to the concentration of heat in the center of the battery, the central part
was seriously damaged and gradually expanded outward, which means that the thermal
runaway of the battery starts from the center and gradually extends to the outer ring.
However, (b) and (c) with a thermal barrier show contrary results, with the outer part being
more damaged than the central part. This means that the thermal runaway of the battery
starts from the outside and gradually expands to the center.

(b)

Test 1

Test 2

Test 3 Test 4

B Hecater === Heat transfer % Micro TR TRcell wwm Heated cell == Thermal barrier

Figure 8. Heat transfer path: (a) test 1; (b) test 2; (c) test 3; and (d) test 4.

3.7. Temperature Test of Charge—Discharge Cycle

In addition to facing extreme thermal runaway conditions, the thermal barrier also
needs to solve the problem of excessive temperature under fast charging conditions. There-
fore, a new experiment was designed to verify the cooling effect of the thermal barrier.
The thermal barrier was placed between two batteries, the batteries were charged and
discharged with a circulating current of 100 A, and the batteries were cooled by standing
for 30 min at the intervals of each working cycle. The maximum charging current of the
equipment we used was 100 A. At the same time, for the sake of safety, excessive current
can lead to a high temperature, which will cause safety accidents. Therefore, we fixed the
battery with the same fixture as before, and placed the fixture in the thermostat. We set a
constant temperature of 25 °C, and let the battery stand for 6 h to ensure that the temper-
ature of the battery was consistent with the thermostat. Figure 10 shows the equipment
used in the charge—-discharge cycle.
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(b)

Compressed surface

L Expansion surface

Figure 10. Equipment temperature cycle test.

The temperature of the battery at a charging current of 100 A is shown in Figure 11. In
the process of charging and discharging, the temperature rise can be clearly observed, and
the temperature rise in the charging stage is obviously higher than that in the discharging
stage. During the cycle, the maximum temperature can reach 41.3 °C without a thermal
barrier between the batteries, but it can reduce to 36.1 °C if a thermal barrier is set.
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Figure 11. Temperature of the battery at a 100 A charging current.

4. Conclusions

This paper presents a comprehensive investigation of the thermal abuse characteristics
of LIB thermal barriers with different areas. All of the critical parameters, including the
temperature, voltage, TR behavior, and heat transfer path, were measured and analyzed.
This investigation can provide deep insights into the TRP mechanism of thermal barriers
and provide guidance for the safety design of battery modules, preventing propagation
among batteries. The following conclusions can be drawn:

(1) Hydrogel was synthesized with sodium polyacrylate as the base material, and the
thermal barrier was obtained by adding this base material to aramid fiber.

(2) Hydrogels with different water absorption ratios were compared. Hydrogels with
higher water absorption had a higher phase change temperature and longer phase
change interval.

(38) The thermal barrier had a significant impact on the TRP behavior. A thermal barrier
with complete area coverage prevents TRP, whereas a thermal barrier with gaps can
prolong the propagation time, but it cannot wholly prevent TRP. The thermal barrier
with smaller area coverage fails to prevent TRP.

(4) The battery deforms during the TRP process, opposite to the propagation direction.

(5) The thermal barrier can not only solve the problem of the TRP of battery heat, but can
also reduce the temperature of the battery during charging and discharging.

Based on the above conclusions, TRP prevention can be achieved with the complete
coverage of the battery surface area while using a thermal barrier to prevent TRP.
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