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A B S T R A C T

Lithium-ion cells can unintentionally be exposed to temperatures outside manufacturers recommended
limits without triggering a full thermal runaway event. The question addressed in this paper is: Are these
cells still safe to use? In this study, externally applied compression has been employed to prevent lithium
ion battery failure during such events. Commercially available cells with Nickel Cobalt Manganese (NCM)
cathodes were exposed to temperatures at 80 �C, 90 �C and 100 �C for 10 h, and electrochemically
characterised before and after heating. The electrode stack structures were also examined using x-ray
computed tomography (CT), and post-mortems were conducted to examine the electrode stack structure
and surface changes. The results show that compression reduces capacity loss by �0.07%, 4.95% and
13.10% respectively, measured immediately after the thermal testing. The uncompressed cells at 80 �C
showed no swelling, whilst 90 �C and 100 �C showed significant swelling. The X-ray CT showed that the
uncompressed cell at 100 �C suffered de-lamination at multiple locations after test, and precipitations
were found on the electrode surface. The post-mortem results indicates the compressed cell at 100 �C was
kept tightly packed, and the electrode surface was uniform. The conclusion is that externally applied
compression reduces delamination due to gas generation during high temperature excursions.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium ion (Li-ion) batteries are increasingly favoured as the
battery of choice for many sectors such as automotive, aerospace,
consumer electronics and stationary storage. LiMnxNiyO2 (NCM)
cathodes are becoming increasing popular due to their high energy
density. However, Li-ion batteries suffer from accelerated degra-
dation at elevated temperatures [1–4] and thermal runaway in
extreme cases [5,6].

The thermal runaway processes of the NCM chemistry are well
described in the existing literature. From approximately 90 �C, the
solid electrolyte interphase (SEI) starts to decompose exothermally
[6–8]. This decomposition exposes the lithiated anode to the
electrolyte which reacts with the lithiated anode to form a new SEI
layer containing many impurities [9,10], and this is regarded as the

initially dominant mechanism [5,11]. The SEI decomposition and
reformation contribute to a reduction in electrolyte conductivity,
the loss of lithium from the anode [12] and gas evolution.
Prolonged exposure will also lead to electrolyte thermal decom-
position. The decomposition of the LiPF6 and carbonate electro-
lytes produces various impurities which lead to further capacity
loss [13,14]. In addition some of the organic solvents in the
electrolyte, such as EMC (ethyl methyl carbonate), have boiling
points as low as 90 �C [15]. Thus, the evaporation could also cause
significant gas generation. From 120 �C, the polymer separator
starts to melt and localised short circuits can happen [16]. Internal
short circuits will then generate heat internally and eventually lead
to catastrophic cell failure as cathode decomposition occurs.

In recent years, most studies have focused on understanding the
temperature driven degradation up to the manufacturer specified
limit [3,17–20] or the onset/consequence of thermal runaway well
above such limits [21–26]. Most cell manufacturers recommend
cell operating and storage limits of around 50–60 �C [15]. However,
in application, cells may be subjected to temperatures above the
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specified limits but below those necessary to trigger a full thermal
runaway event. Feng et al. characterised a set of large format NCM
lithium ion cell at temperatures between 80 �C and 160 �C [16]. The
study concluded that the separator melting temperature was the
limit for cell reusability. It was also found that cell capacity could
be recovered by continuous cycling of the cell after the exposure.
While the fading mechanisms were analysed using a mechanistic
model, Feng et al. did not provide an explanation for the cause of
the capacity recovery behaviour.

Studies by Cannarella et al. and Bonnick et al. showed that a
certain level of compressive stress could reduce capacity fade [27].
Cannarella et al. theorised that the externally applied compression
could prevent electrode stack de-lamination, thereby preventing
the electrode surface became disconnected and reducing useable
capacity. Compression is often applied to lithium ion pouch cells
during battery pack assembly to improve battery performance and
mechanical stability. Based upon the literature summarised above,
degradation can be categorised into chemical or physical
degradation. The chemical degradation is mostly a function of
temperature and is caused by mechanisms including SEI layer
decomposition and re-formation at the anode, electrolyte thermal
decomposition, and loss of active material at the cathode. On the
other hand, physical degradation is caused by delamination caused
by gases produced by those chemical reactions and the evaporation
of electrolyte species with a low boiling point, and is therefore both
a function of temperature and the pressure, i.e. the mechanical
boundary conditions of the cell layers such as degree of
compression.

It is therefore expected that an externally applied compressive
force could reduce the physical degradation by suppressing or
preventing the delamination of layers. By applying compression to
a pouch cell, the available volume for expansion could be
restricted, which would increase the pressure and prevent the
evaporation of electrolyte species with a low boiling point, and
could perhaps even reduce the rate of reaction for those reactions
which produce gases.

In order to test this hypothesis, we investigated the effect of
external compression on cells exposed to high temperatures. A
compressed and an uncompressed cell was used in the each of the
high temperature tests. The cell was periodically characterised for
a week after the high temperature test. X-ray Computed
Tomography (CT) was employed to identify the cell internal
structure. The cells were also disassembled to examine the

physical changes. We showed that degradation could be limited
by externally applied compression.

2. Experimental

The 5 Ah high power pouch cell used for this work is
manufactured by Kokam (Model: SLPB11543140H5). The cell
contains a graphite anode, LiMnNiO2 (NCM) cathode. According
to the specification sheet the electrolyte consists of a solution of
LiPF6 in a mixture of organic solvent Ethylene Carbonate (EC) and
Ethymethyl Carbonate (EMC). The cell has a dimension of L 140 x W
42 x T 11.4 mm.

The environment temperature was controlled using a Binder
KB53 incubator. Cell temperature was measured using K type
thermocouples and recorded by using the TC-08 data logger from
Pico technology.

For the compressed cells, a compressive force was applied on
the L x W surface of the cell as shown in Fig. 1. The cell was loaded
using the constant displacement method. To ensure a uniform load
was applied, the compressive displacement was set to 0.6 mm at all
four corners of the cell. To ensure the loading is fully equalised, the
cell was allowed to relax for 5 h.

The fixed displacement was correlated to the load by perform-
ing a compressive loading and hold test. A fresh cell was tested on
Instron (Model 3366). The fresh cell was compressed by 0.6 mm at
a loading rate of 0.1 mm/min and was held there for 5 h. The load
recorded at end of 5 h period was taken as the load applied during
the test.

Cells were characterised using a BioLogic BCS-815 battery
cycler. The characterisation steps are shown in Table 1. The
capacity was measured at discharge rates of 1C (5 A) and 3C (15A).
The AC impedance was also measured at between 90% �10% state
of charge (SoC) in steps of 10% where SoC was defined using the
initial rated capacity of 5 Ah. The characterisation cycle was

Fig. 1. Cell connection setup: (a) uncompressed cell; (b) compressed cell.

Table 2
Test sequence description.

Sequence number Description

D0 Initial characterisation
D1 Characterisation immediately after external load applied
D2 Characterisation after high temperature excursion
D3 Periodic characterisation 1
D4 Periodic characterisation 2
D5 Periodic characterisation 3
D6 Periodic characterisation 4

Table 3
The capacity of the cells measured at 1C before (D0) and after the compression was
applied (D1): cell 1 for 80 �C test, cell 2 for 90 �C test and cell 3 for 100 �C test.

Capacity change before and after compression [mAh]

Cell 1 Cell 2 Cell 3

Before (D0) 4915 4980 4935
After (D1) 4892 4958 4917
Loss �0.47% �0.44% �0.36%

Table 1
Characterisation cycle at 20 �C.

Step Description

1 Full depth 1C charge/discharge with constant voltage at 4.2 V and 2.7 V
2 Full depth 3C charge/discharge with constant voltage at 4.2 V and 2.7V
3 Galvanostatic Electrochemical Impedance Spectroscopy (GEIS) from SOC 90% to 10% at 10% intervals, 10 mins rest period after each 1C pulse discharge.
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