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Holistic methodology for characterisation of the
thermally induced failure of commercially available

18650 lithium ion cells
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An innovative approach to holistic analysis of thermally induced battery failure has been developed. A
purpose-built test rig with high reproducibility within the specific setup produces reliable experimental
data. Thermal ramp experiments at a defined state of charge are conducted on three types of

commercial lithium ion batteries of the 18650 format. Thermally induced cell break-down is detected by

temperature measurement on the cell surface. These failure scenarios comprise the venting of gas and

particles and the exothermic process of thermal runaway. The tests showed heat emissions of up to 31
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kJ during the final phase, with the battery surface reaching up to 877 °C. The release of gas is

continuously logged and analysed by micro-GC. The main components are flammable and, due to the
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1 Introduction

Lithium ion batteries are employed in a wide field of applica-
tions. From portable electronic devices and e-mobility up to
stationary storage systems, this technology is used due to its
reliability and high power density for energy storage by
numerous charge/discharge cycles. However, high power
density also imposes increased danger in case of failure. Public
opinion on and general acceptance of this energy storage
technology is directly related to safety and risks during opera-
tion. Catastrophic battery malfunction also heavily affects the
attitude towards the final products powered by these cells,
turning battery monitoring in combination with risk assess-
ment to a key competence area for safe operation.

As batteries contain fuel and oxidiser within one sealed
compartment, understanding fire hazards is of great impor-
tance."” Organic electrolytes and temperature sensitive electrode
materials require elaborated heat management systems in
battery packs.>* Under operating conditions Joule heat is
generated within the cell.>® This heat has to be dispersed by the
cell in order to maintain its temperature. Excess heat from
internal short circuits or external influence eventually leads to
critical conditions.”™® Evaporation of electrolyte and gas forma-
tion from thermally induced decomposition pressurise the
battery. Though pressure relief from integrated safety vents may
prevent cell rupture, the emission of flammable vapour and gas
still poses a safety risk.>'* Full scale exothermic degradation of
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high concentration of CO of up to 61.4%, highly toxic. The maximum total gas emission during the
deflagration of the cell was 5495 cm?®.

the battery components releases reactive substances like oxygen,
carbon monoxide and previously intercalated lithium.**** The
emission of heat poses an obvious threat to cells nearby, thus
endangering the whole battery pack and system.

Calorimetric assessment of battery components and
complete cells has been performed recently by several
groups.***?° This method is widely used for characterisation of
thermally induced reactions of unstable substances, making it
useful for this kind of investigation of batteries. Using adiabatic
calorimetry allows the prediction of thermal hazards in large
scale applications.* As lithium ion cells are complex systems,
calorimetric analysis on them is a challenging task. Specialised
or custom made equipment is used for characterisation of the
thermal response.'”'” Cone calorimeters are employed for
characterising the burning characteristics, ie. the thermal
degradation and heat release under air atmosphere.”?® These
tests are commonly performed on the basis of single cells or
small battery packs, but also fire tests on vehicle scale are
performed.****

Previously conducted studies on thermal ramp tests
provided the framework for the new and improved test setup
presented within this paper. Measuring the pressure increase in
the test container has been used for determination of the
amount of vent gas. Withdrawing gas samples after the thermal
ramp test gave a cumulative overview of the released gases.'>*>*

This work focuses on determination of thermal degradation
of small cylindrical cells (18650 format) using a custom made
test rig for holistic experiments. Heat is provided by an electric
resistance furnace. The response to the external heat influx is
determined by evaluation of the heat consumed and released
during critical events like venting and exothermic failure. The
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quasi-adiabatic nature of these events allows the calorimetric
quantification of the heat of reaction.* The identification of
critical self-heating rates indicates the transition into degrada-
tive processes and thermal runaway. A system for reproducible
and accurate gas sampling at ambient pressure allows for
analysis and quantification of the vent gas at certain points of
interest. Using this improved technique, the gas emission is
investigated in a temporally resolved way. Valuable insights into
the degradation of battery components and safety issues such
as toxicity and pressure evolution are gained by this test
method.

2 Experimental
2.1 Anatomy of the thermal ramp test

Three types of commercial, state of the art 18650 Li-ion cells are
charged to 100% state of charge according to the manufac-
turer's data sheet using a CC/CV charging routine. After
removing the plastic sheet the cell's mass is determined. Three
thermocouples are secured on the cell surface by a sheet of glass
fibre cloth. The gas sampling device is prepared by flushing the
sample vials and syringe pump with argon. The tubular reactor
itself is also flushed with inert gas to prevent reactions with
ambient gases. Additional thermocouples are located on the
sample holder and reactor wall. A schematic overview of the test
rig is depicted in Fig. 1.

The furnace is preheated to 80 °C, then slow and continuous
heating (thermal ramp 0.5 °C min~ ') is performed for the
duration of the experiment i.e. until the deflagration of the cell.

a)
000000000

O000O0000 O

Fig. 1 Schematic of the test rig consisting of electric resistance
furnace containing the cell under test (a), thermocouples (b), inert gas
inlet (c), off gas releases (d), purge gas inlet (e), syringe pump (f),
automated multi-port valve (g), sample vials for GC-analysis (h), purge
port (i) and fluid displacement tubes including scales (j).

Table 1 Basic characteristics of the cells used within this work
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Elevated temperature initiates degradation reactions and phase
transitions, leading to the pressure build-up within the battery
can. Upon reaching a certain temperature, the first venting
incident occurs. During this event, the built-in safety rupture
disk releases excess pressure from the cell. Gas samples are
withdrawn at this point automatically by a syringe pump. These
samples are consecutively fed into argon filled GC-vials for the
ex situ analysis via GC (Agilent micro-GC 3000A). Further heat-
ing leads to the decomposition of the electrode material and
eventually to thermal runaway. This exothermic event is char-
acterised by large emission of gas and particles and a sharp
increase of the cell temperature to over 870 °C. The character-
istic events are detected by changes of the cell's temperature
heating rate. The amount of vent-gas is quantified by displace-
ment of water from corresponding vessels. The displaced liquid
is continuously quantified by weighing and the amount of
gaseous emission is calculated.

2.2 Test procedure

The cells used in this work are of comparable nominal capacity
and cell chemistry (Table 1). The cells are suitable for high
power and high energy applications, making them favourable
for e-mobility applications. All experiments were conducted
with fully charged cells (State of Charge, SOC = 100%). The cells
were conditioned on a BaSyTec Battery Test System (BaSyTec
GmbH). The electrode material (lithium nickel cobalt
aluminium oxide - NCA) is not thermally stable and releases
oxygen at elevated temperatures, thus promoting degenerative
reactions.'®*® There are no manufacturer data available on
anode composition, electrolyte and additives. According to an
investigation by Spotnitz and Franklin," the main contribution
towards thermal runaway is made by the positive electrode and
electrolyte decomposition. The carbonic anodes mainly release
intercalated lithium during thermal degradation. The lithium
consequently reacts with the organic solvent or fluorinated
binder forming hydrocarbons and Li,CO; or LiF respectively.
The thermal impact of these negative electrode degradation
reactions is largely negligible.

2.3 Evaluation of the thermal events

All cells show approximately similar characteristics during the
thermal ramp test (Fig. 2). At temperatures above 120 °C, the
degradation of electrolyte and separator produces gaseous
products and the critical cell pressure is reached. The safety
rupture disk implemented within the positive terminal releases
the pressurised gas. The resulting Joule-Thomson cooling
initiates a drop in cell temperature. The external heating

Maximum discharge

Device Cathode material Nominal capacity/mA h Cell mass/g current/mA
ICR18650-32A LiNig gC00.15Al0.050» 3200 48.62 + 0.03 6400
INR18650-35E LiNig §C00.15Al0.0505 3500 47.68 £ 0.03 8000
INR18650M]1 LiNiy 4C00.15Al5.0502 3500 46.35 =+ 0.09 10 000
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Fig. 2 Schematic of the temperature development and the charac-
teristic points and sections. The respective heat is calculated from the
temperature difference between cell (measurement) and heating
curve (parabolic fit).

initiates the following processes and consequently the thermal
runaway. The event of thermal runaway is defined at a heating
rate of 2 °C min~ ' or more. As the can is open at this point, gas
is released continuously. The final phase of the thermal
runaway (TR) - the deflagration of the cell - is observable as the
temperature increases sharply to over 800 °C.

The characteristic events occur at quasi-adiabatic condi-
tions,** thus allowing the calculation of the respective amount
of produced heat. The relative temperatures during cooling and
self-heating were determined by relating the cell temperatures
to the heating ramp (Fig. 2). A negative relative temperature i.e.
a cooling process corresponded to energy taken up by the event.
The occurrence of positive relative temperature ie. a self-
heating process was related to the emission of heat from the
battery. Cell deflagration is associated with intense heat release.
Beyond this event, the cell is cooling down due to the temper-
ature gradient.

By analysing the rate plot (d7/d¢ vs. T) the characteristic
points are identified (Fig. 3). Initiation of the exothermic phase
(exothermic onset - Tonser) is determined as the point of
inflexion in the rate curve at around 135 °C. This is associated to
the increasing self-heating rate opposed to the decreasing
heating of the external heat source. The self-heating rate is
considered safety relevant™*” and is averaged over the progress
of the total exothermic phase.

2.4 Determination of the vent gas composition and amount

The released gas (vent gas) displaces water from a system of
communicating vessels. Continuous weighing of the displaced
fluid was performed to quantify the amount of vent gas. Picking
gas samples at characteristic points (Fig. 2) is performed auto-
matically. Characterisation of the samples is performed by use
of an Agilent micro-GC 3000A. Gas emissions were quantified at
standard ambient temperature and pressure (SATP conditions).
Whereas the first venting mainly releases CO, as non-
condensing emission, later venting at higher temperature
emits a wide variety of gaseous products.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Rate plot (ICR18650-32A) used for the determination of the
characteristic events. The rate increase at around 135 °C signifies the
exothermic onset, the steep drop at 130 °C is related to the first
venting incident, thermal runaway (>2 °C min™) starts at 165 °C. Cell
deflagration is not depicted.

3 Results and discussion

None of the oxygen released from the active material could be
determined directly by GC. Supposedly the oxygen reacts
directly within the battery forming secondary products detect-
able by gas chromatography.

The heat consumed during the first venting offers insight
into battery safety. By releasing gas from the previously sealed
can, the cell temperature drops up to 4 °C (first venting incident
- Fig. 2). This might prevent thermal runaway in case of internal
failure.”® The maximum energy consumption was observed at
INR18650-35E. The gas emission at this event consisted mainly
of CO, from thermal degradation of the SEI layer and consec-
utive conversion of the electrolyte component ethylene
carbonate on contact with the electrode.*** This fact is
associated to the increased oxygen release™**?® from the
cathode material in its partly lithiated state. By the thermally
promoted transitions from a layered system to a particulate

rock-salt system oxygen is made available for further

mH2

uCO2 CH4 Cco C2H2 =mC2H4 ®mC2H6

100%

Fig. 4 Average relative amounts of quantified gaseous species for
each of the tested cells; (a) represents the gas mixture released during
the first venting incident, (b) is related to the thermal runaway and (c)
shows the gaseous deflagration products.
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Table 2 Average gaseous emission at the three characteristic events (first venting, thermal runaway and cell deflagration) for each of the tested
cells. The number of tests conducted varied (n = 2 to n = 4) for each of the cell types

Event Device Emission/mmol  Emission/ecm® H,/% CO,/% CHu/% CO/% C,H,/% C,Hu/% CyH¢/%
15t Venting ICR18650-32A 3.69 90.30 2.43 82.19 0.00 0.00 0.00 9.32 6.06
INR18650-35E 6.20 151.70 0.00 100.00 0.00 0.00 0.00 0.00 0.00
INR18650M]1 1.64 40.10 0.00 100.00 0.00 0.00 0.00 0.00 0.00
Thermal runaway ICR18650-32A 0.22 5.40 3.71 95.56 0.00 0.00 0.00 0.74 0.00
INR18650-35E 0.00 0.00 3.87 87.24 0.00 0.00 0.00 4.20 4.70
INR18650M]1 0.24 5.80 0.87 98.06 0.00 0.00 0.00 1.07 0.00
Deﬂagration ICR18650-32A 125.84 3078.80 15.94 20.40 2.50 58.41 0.22 2.44 0.09
INR18650-35E 224.60 5494.90 35.68 14.50 3.66 44.00 0.14 1.95 0.06
INR18650M]1 215.03 5260.90 43.15 9.76 6.97 37.22 0.16 2.69 0.06

Table 3 Overview of the thermal results of the performed thermal ramp experiments (n = 6). Qent indicates the heat consumed by Joule—
Thomson cooling; Qg corresponds to the heat released over the process of thermal runaway; Tax shows the temperature during cell
deflagration; Tonset is the cell temperature present at the beginning of exothermic reactions; Ttr corresponds to the cell temperature at a self-
heating rate of 2 °C min~%; rate shows the mean self-heating rate over the total duration of the exothermic phase

1

Cell Qvent/] Qrr/] Trnax/°C Tonset!C Trr/°C Rate/°C min~ Duration/min
ICR18650-32A —69.75 £+ 6.56 29 488.70 + 1760.94  744.80 + 57.56 96.79 £+ 2.13 167.13 +2.42 4.96 + 0.44 130.78 + 3.35
INR18650-35E  —135.83 £+ 26.99 23 681.63 £+ 2737.52 631.29 + 85.85 107.22 £ 5.56 158.00 £ 1.26 5.19 £+ 1.20 105.18 + 12.63
INR18650M]1 —68.85 + 9.34 17 319.47 £+ 2256.38  496.05 £ 71.52  107.21 + 2.75 151.32 + 3.04 5.29 + 1.09 74.06 £+ 7.07

degradation reactions.>*** These include the exothermic reac-
tion with carbonaceous species, releasing CO and CO, at high
temperatures.

ICR18650-32A also released C,Hg, C,H, and H, in significant
concentrations. The hydrocarbons may derive from the
decomposition of the SEL.***** Hydrogen is the product of the
reduction of water deriving from combustion reactions by CO or
free lithium. The average vent gas composition is shown in
Fig. 4 and Table 2 respectively. The vent gas composition at this
stage was similar in all the tested batteries. Up to 5495 cm®
(INR18650-35E) of gas were released from the batteries. A
maximum proportion of CO of 48% (ICR18650-32A) and H, of
43% (INR18650M]J1) were measured in the vent gas during
thermal runaway. Main source of CO is the reaction of carbo-
naceous material with oxygen released from the cathode
material.

Table 3 summarises the amounts of heat consumed and
released during the thermal ramp experiments as well as cor-
responding exothermic onset and the temperature of the
beginning of the thermal runaway. Thermal characterisation
was performed during all of the experiments, thus allowing
precise statistical evaluation. The heat release and self-heating
rate for all cells was similar. ICR18650-32A reached the high-
est maximum temperature due to its high exothermic heat
output. INR18650M]J1 showed the lowest maximum tempera-
ture - 59% of exothermic heat compared to ICR18650-32A. The
strongest Joule-Thomson cooling was observed on INR18650-
35E - nearly 150% of endothermic energy compared to the
other cells under test. Compared to INR18650M]J1, ICR18650-
32A takes 43% longer (additional 57 min) to undergo deflagra-
tion after the initiation of exothermic events. The heating rate
over the exothermic phase is comparable; the length of this
phase varies. As indicated by gas analysis, most of the

24428 | RSC Adv., 2017, 7, 24425-24429

degradative processes occur within this phase, emphasising the
safety relevance of this period.

4 Conclusion and outlook

The holistic approach for the thermal ramp experiments proved
to generate reproducible results and to be effective in use.
Continuous measurements of the cell temperature have been
a simple yet effective way of determining and interpreting the
main events of the thermal ramp experiment. Displacement of
liquid water by the vent gas emission during the thermal
runaway offered a reliable way of measuring the gas release
without pressurisation of the reactor. Operating the system at
ambient pressure allows precise gas sampling at certain points
of interest, thus providing temporally resolved emission char-
acterisation. By calculating the rate of temperature change, the
onset of the exothermic reactions and the beginning of the
thermal runaway, defined by a temperature change above 2 °C
min~', had been detected and statistically certified. Character-
isation of the heat dissipated during the first venting incident
and the thermal runaway combined with the analysis of gases
released at these events allowed for further insight and safety
considerations. The intense heat release poses a direct threat to
people and equipment working with the device. The emission of
large quantities of flammable gases, mainly H, and CO, inten-
sifies the hazard of fire under these conditions.

The amount of gas reached a maximum of 5494.90 cm® for
the cell INR18650-35E. Even though the cathode material and
the nominal capacity of the cells are similar, the results vary
drastically. The cell type with the lowest nominal capacity
(ICR18650-32A; 3200 mA h) produces the highest heat emission
of approx. 30 kJ at the lowest onset temperature of approx.
97 °C, signifying a very volatile system reaching a maximum

This journal is © The Royal Society of Chemistry 2017
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temperature of approx. 745 °C. On the other hand it showed
a protracted exothermic phase lasting 130 min, offering time for
intervention in case of malfunction. This signifies the superi-
ority of INR18650-35E, which exhibits a higher onset tempera-
ture at approx. 107 °C and a lower maximum temperature of
631 °C. Furthermore, it dissipated additional 50% of heat
during venting. This total dissipation of approx. —136 ]
increases the possibility of terminating detrimental reactions
resulting from self-heating. INR18650M]1 offered a comparable
exothermic onset and thermal runaway temperature but infe-
rior Joule-Thomson cooling of —69 J. The heat emission during
thermal runaway (approx. 17.5 kJ) and the maximum tempera-
ture were the lowest determined in this study. Lower heat
emission reduces the hazards within a confined battery pack,
exposing neighbouring cells to less heat in case of catastrophic
malfunction. This diminishes the risk of a thermally induced
battery failure propagating through the system.
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