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Abstract. Owing to increasing applications of lithium-ion batteries (LIBs), it is worth
investigating the thermal runaway (TR) behaviors of LIBs under extreme conditions such as
flash freezing, which has been proposed as a feasible way for LIB transportation or storage. In
this study, a series of experiments was conducted to explore and compare the TR behaviors of
batteries with and without freezing treatment. According to the results, the batteries after
freezing treatment exhibited a faster temperature rise, and the onset time of TR (t) was
shortened. For example, t was 277.2 s in the blank test, whereas for the battery after 72 h
freezing, t was 250.2 s. Moreover, the microstructure comparison on the internal electrode
materials after TR showed that freezing treatment aggravated the agglomeration and clustering
of them. Additionally, we recommend storing LIBs with a lower state of charge (SOC) even in
freezing or extreme-cold conditions.

1. Introduction
The applications of lithium-ion batteries (LIBs) have increased due to its strengths such as high energy
density and good recyclability [1–3]. Nevertheless, the safety issue concerning the thermal hazards
caused by battery thermal runaway (TR) remains a challenging problem for its booming applications
[4,5]. In this regard, much work has been devoted to the TR characteristics of LIBs [6,7], and various
suppression measures have been sought [8–10]. For example, Tao et al. [11] investigated the influence
of the seawater immersion time on the fire behavior of LIBs and suggested that a corrosion-resistant
coating could improve LIB safety. Lei et al. [12] studied the TR characteristics of LIBs triggered by
local heating under different heat-dissipation conditions, and their results showed that an appropriate
heat-dissipation coefficient could effectively control the occurrence of TR in LIBs.
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Although considerable number of works have focused on the characteristics of battery TR, most of
them were conducted at room temperature, where the surface temperature of the battery is around
25 °C [13,14]. However, with increasing applications, more conditions and treatments need to be
simulated in the research. In particular, more attention should be paid to unconventional situations. For
example, in some conditions, the batteries were inevitably stored or used in an extremely cold
environment, e.g., in aviation transportation or in certain cold regions. Thomas et al. [15] proposed a
new method for LIB transportation, namely the flash freezing method, and indicated that it was
feasible and effective. Therefore, it is necessary to study the corresponding characteristics of battery
TR after unconventional treatment like freezing treatment and make some comparisons with that in
regular conditions.
In this work, TR experiments were conducted on batteries with and without freezing treatment to
explore their TR behaviors. Some interesting results were obtained, and some comparisons were
conducted. The outcomes of this work could provide new experimental data on the TR characteristics
of LIBs under extreme conditions and help introduce new guidance on LIB transportation or storage.

2. Experiment

2.1 Sample preparation and experimental apparatus

The battery samples used in this work were commercial SAMSUNG INR18650 batteries, whose
maximum capacity was 1300 mAh. Before the TR test, the original energy stored in the cells was
released and then charged to the fixed SOCs. Afterwards, the batteries were covered with a layer of
plastic wrap to prevent moisture and then placed stationary in a refrigerator for 0, 24, 48, and 72 h.
Figure 1 shows a diagram of the experimental setup and apparatus. During the burning process, the
batteries were placed on a supporting mesh, which was placed on a fireproof board. An electric heater,
which was held by a lifting platform, was used as the external heat source to trigger thermal hazards
[10]. A 25-fps CCD camera (SONY XPS160) was used to record the experimental phenomena. For
the data collection, a thermocouple with a diameter of 1 mm was attached to each cell at its middle
part and the data acquisition equipment (NI cDAQ-9174) was used to collect temperature data.

Figure 1. Diagram of the experimental setup and apparatus.

2.2 Experimental design

In this study, four cases (Blank test, Case A, B, and C) were tested by varying the freezing time, that is,
the batteries were kept in a refrigerator for 0, 24, 48, and 72 h, respectively. In each condition, three
SOCs (50%, 75%, 100%) were considered. Detailed configurations are listed in Table 1.
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Table 1. Detailed configurations of the current work.

Group Test Freezing hour(s) State of charge (SOC)

I

1

0 h (Blank test)

50%

2 75%

3 100%

II

4

24 h (Case A)

50%

5 75%

6 100%

III

7

48 h (Case B)

50%

8 75%

9 100%

IV

10

72 h (Case C)

50%

11 75%

12 100%

3. Results and discussion
Figure 2 shows the TR process of the LIBs with 75% SOC in different configurations with variation in
the freezing time (0, 24, 48, 72 h). The TR process of LIBs can be generally divided into the following
stages. First, in the initial heating stage, the battery heats up without changes in the exterior. Second,
the safety valve breaks with a clear sound and combustible gas ejects. Because of the high temperature,
the combustible gas starts to burn quickly, followed by a second ejection and violent combustion.
Finally, the combustion gradually abates when the combustibles are exhausted.
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Figure 2. Thermal runaway (TR) process of lithium-ion batteries (LIBs) in different configurations: (a)
Blank test; (b) Case A; (c) Case B; (d) Case C.

It can be seen from Figure 2 that the batteries with freezing treatment exhibit similar behaviors to
those without freezing treatment. However, after a more comprehensive analysis on the audio, more
information was exposed. Figure 3 shows the audios of the main TR processes of the LIBs in different
configurations. In comparison with the blank test (without freezing treatment), the batteries with
freezing treatment exhibited more violent behaviors in the second ejection, which can be observed
from the longer and more fluctuating waveform in Figure 3. Besides, the freezing treatment exerted
some influence on the duration between the breaking of the safety valve and the second ejection, that
is, the duration became shorter after freezing treatment. For example, the duration was 42, 42, and 44 s
for Cases A, B, and C, respectively, whereas it was 46 s for the blank test.

Figure 3. Audios of the main TR process of
the LIBs in different configurations.
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To further investigate the characteristics of the TR quantitatively, temperature curves are presented in
Figure 4, which shows the temperature variations of the batteries (SOC=75%) in the aforementioned
configurations, i.e., without freezing treatment (blank test) and with 24, 48, and 72 h freezing
treatment. For the temperature rising rate in the heating stage, the battery in the blank test shows a
more stable increase, while those after freezing treatment exhibit faster temperature rising rate, which
can be observed from the slopes of the temperature curves. Furthermore, with regard to the TR onset
time (t), t is shortened for the battery after freezing treatment. For instance, t is 277.2 s in the blank test,
whereas t is 250.2 s for the battery after 72 h freezing. This means that the freezing treatment will
influence the internal structure inside the battery cells, so that under external heating, the thermal
stability of the electrodes will be worsen [16]. Subsequently, t becomes shorter.

Figure 4. Temperature variations of the batteries in different configurations.

Figure 5 compares the temperature variations of the batteries with various SOCs (50%, 75%, 100%) in
the aforementioned configurations. As shown in Figure 5(a), the batteries with 100% SOC exhibit
earlier TR behaviors and higher maximum temperature (Tmax). It should be noted that in Figure 5(d),
the curve of the battery with 100% SOC is not completed because a strong recoil force makes the
battery rush out during the TR process. This also confirms that a lower SOC results in gentler TR
behaviors; therefore, a lower SOC is recommended even in extreme-cold conditions.

(a) Blank test (b) Case A (c) Case B
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(d) Case C

Figure. 5. Temperature variations of the batteries with various SOCs (50%, 75%, 100%) in different
configurations: (a) Blank test; (b) Case A; (c) Case B; (d) Case C.

Additionally, Figure 6 presents the Tmax(s) of the batteries in Groups I~IV (Blank test and Cases A, B,
C). It can be seen that the scatters representing Tmax(s) of Cases A, B, and C are mostly below those
scatters in the Blank test, and this phenomenon is more apparent for the batteries with higher SOC.
This indicates that freezing treatment can slightly reduce the maximum temperature in the TR process.

Figure 6.Maximum temperature (Tmax) of the batteries with various SOCs (50%, 75%, 100%) in
different groups (Blank test and Cases A, B, and C).

Additionally, the microstructure of the electrode samples were examined using a scanning electron
microscope (SEM). Figure 7 shows the morphological changes of the electrode samples before and
after the TR tests in different configurations. Figures 7(a-c) show the SEM results of the samples at a
magnification of 100× and Figures 7(d-f) show the SEM results of the sample at a magnification of
500×. It can be observed in Figures 7(a) and 7(d) that the particles are arranged homogeneously and
compactly, and it looks smooth. On the other hand, after TR (Blank tests), the particles united together
forming bulks as shown in Figures 7(b) and 7(e). This is due to the damaged lattice structure after
burning, and the particles redistributed and became disordered [17]. Furthermore, in Figures 7(c) and
7(f), the phenomenon of clustering is more apparent, and hence the bulks became larger and their
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quantity also increased. This shows that freezing treatment may reduce the thoroughness of the TR
reaction and thus aggravate the agglomeration and clustering of the internal electrode samples.

Figure 7. Physical characterization of the electrode material with different configurations: (a) and (d)
before TR test; (b) and (d) after TR test (Blank test); (c) and (f) after TR test (Case A).

4. Conclusions

In this paper, an experimental study on the TR behaviors of batteries with and without freezing
treatment was presented. The results were analyzed with experimental photos, audios, and specific
data. According to the results, once TR occurred, the batteries that underwent freezing treatment
exhibited a faster temperature rise, and hence the onset time of TR was shortened. Therefore, more
attention should be paid to the thermal insulation and explosion protection of those batteries under
extreme-cold conditions. Also, the Tmax was slightly reduced after freezing. Additionally, the
microstructure comparison on the internal electrode materials showed that freezing treatment
aggravated the agglomeration and clustering of them after TR test. Finally, we recommend storing
LIBs at a lower SOC even under freezing treatment or extreme-cold conditions.
It is noteworthy that to evaluate the fire risk of LIBs after freezing treatment more comprehensively
and accurately, more experiments are needed. For example, it is encouraged to extend the time of
sample treatment before the experiments. In general, we anticipate that our work can provide some
references and inspire more related research.
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