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Abstract: In this work, commercial 18650 lithium-ion cells with LiMn,O4, LiFePO,, and
Li(Nip 33Mnyg 33C00 33)O2 cathodes were exposed to external heating in an accelerating rate calorimeter
(es-ARC, Thermal Hazard Technology (THT), Bletchley, UK), to investigate the thermal behavior
under abuse conditions. New procedures for measuring the external and internal pressure change of
cells were developed. The external pressure was measured utilizing a gas-tight cylinder inside the
calorimeter chamber, in order to detect the venting of the cells. For internal pressure measurements,
a pressure line connected to a pressure transducer was directly inserted into the cell. During
the thermal runaway experiments, three stages (low rate, medium rate, and high rate reactions)
were observed. Both the pressure and temperature change indicated different stages of exothermic
reactions, which produced gases or/and heat. The onset temperature of the thermal runaway was
estimated according to the temperature and pressure changes. Moreover, the different activation
energies for the exothermic reactions could be derived from Arrhenius plots.
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1. Introduction

To eradicate the dependence on petroleum and to reduce CO; emissions, the best near-term
solutions for vehicles are electric (EV) and hybrid electric vehicles (HEVs). However, in order for them
to extensively penetrate the market, one of the most urgent requirements is to develop lithium-ion cells
and batteries, which are safe and reliable, even at higher temperatures. Several exothermic chemical
reactions can occur inside a cell while the temperature rises. This may generate heat that accumulates
inside the cell and accelerates the chemical reaction between the cell components, if the heat transfer to
the surroundings is not sufficient. In this case, thermal runaway can occur, resulting in leaks, smoke,
gas venting, flames, etc., which may lead to a fire or explosion.

To describe the thermal runaway, the main exothermic chemical reactions have to be identified.
According to [1-3], the thermal runaway process can be described by four main steps:

(1) AtT > Ty, the solid-electrolyte interface (SEI) decomposes in an exothermic reaction;

(2) AtT > Ty, an exothermic reaction between the intercalated Li-ions and the electrolyte starts;

(3) AtT> T3, an exothermic reaction between the positive material and the electrolyte takes place
with the evolution of oxygen inside the cell;

(4) AtT > Ty, the electrolyte decomposes.
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A literature overview is given in Table 1. Abraham et al. [3] presented ARC measurements on
18650 lithium-ion cells to decipher the sequence of events leading to thermal runaway. At 84 °C,
self-heating of the cell started. The gases generated in the cell were analyzed by gas chromatography/
mass spectroscopy (GC/MS). Jhu et al. [4,5], Chen et al. [6], and Lu et al. [7] studied thermal
runaway characteristics (initial exothermic temperature, self-heating rate, pressure rise rate, maximum
temperature, and pressure) of Li-ion cells with different state of charge (SOC) with vent sizing
package 2 (VSP2). The cathode materials of their tested commercial batteries were LiCoO5,,
Li(Nij ;3C01,3Mn; /3)O,, and LiFePOy. For all cathode materials, high SOC levels aggravated the
exothermic reactions. They also compared the self-heating behaviors of cells with different voltages
by the heat of reaction (AH), which was the product of mass of a cell, the specific heat capacity of
the cell, and the rise of temperature under adiabatic conditions [4-6,8]. In addition, the activation
energy and the frequency factor were calculated with the Arrhenius equation. Fleischhammer et al. [8]
showed the differences in the safety behavior between un-aged and aged 18650 Li-ion cells by ARC.
The cells that were cycled at a low temperature were proven to be the most hazardous, in comparison
to the un-aged cells and cells cycled at a high current. Hence, lithium plating leads to a significant
increase of heat formation and the ageing history has a strong influence on the safety of the cells.
Mendoza-Hernandez et al. [9] used accelerating rate calorimeter (ARC) to study the thermal runaway
behavior of LiCoO, (LCO) and LiMn,0, cathode materials at different SOCs. The cell with the
LiMn,O4 cathode material was found to be more thermally stable than the cell with LiCoO,. In a
recent report of the Sandia National Laboratories [10], the effects of cell size on the thermal runaway
energetics of the cylindrical cells from 3 to 50 Ah of both LiFePOy4 (LFP) and LiNig gyCog.15Al9.0502
(NCA) chemistries were studied. The results showed that for both LFP and NCA cells, the normalized
heating rate (W/Ah) increases roughly linearly for cells from 3 to 38 Ah, while the normalized total
heat released (kJ/Ah) is relatively constant over that cell size range. Selman et al. [11] also used ARC
to study the thermal runaway behavior of LiCoO, cathode materials at different voltages. The fully
charged Li-ion cell had the lowest onset self-heating temperature.

Golubkov et al. [12] ran thermal runaway tests on batteries of LiFePO, (LFP),
Li(Nig.45Mng 45C00.10)O2 (NMC), and blended LCO/NMC cathode materials by using a pressure-tight
and airtight reactor, which was able to collect gases. CO, CO,, and Hj; represented about 80% of the
produced gases, and the others were CH4 and CyHy. The onset temperatures and amount of released
gas of LFP, NMC, and LCO/NMC were 195 °C and 50 mmol, 170 °C and 150 mmol, 150 °C and
270 mmol, respectively.

In this work, four kinds of experimental methods were applied to measure the surface temperature
of new unaged commercial 18650 cells, the external pressure change due to the released gases, and
the internal pressure change in re-sealed cells. For the internal pressure test, a hole was drilled via
the tab welding and the housing of the cell, a pressure line was then introduced, and finally, the cell
was resealed using epoxy resin. Before each test, the cells were charged to SOC 100. Because this
study was focused on the elaboration of the correlation between temperature and pressure using
different testing methods, only unaged cells and SOC 100 were considered. The correlation between
the pressure and temperature behavior of lithium ion cells can characterize the degree of violence of
thermal runaway [4], and is very helpful in defining the threshold, the stages of thermal runaway, and
the different reactions which occur during thermal runaway.
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Table 1. Literature overview on accelerating rate calorimetry measurements of thermal runaway behavior by cylindrical lithium-ion cells. SOC: state of charge;
NCA: lithium nickel cobalt aluminum oxide; LCO: lithium cobalt oxide; NMC: lithium nickel manganese cobalt oxide; LFP: LiFePO4; LMO: LiMn,Oy4; ARC:
accelerating rate calorimeter; VSP: vent sizing package; and BTPV: battery testing pressure vessel.

Cell Type . o Onset Maximum Heat of . Maximum
Calorimeter SOC in % or . Tvent in
Author Capacity X X X X Materials Tyoe Voltage in V Temperature of Temperature Reaction °oC pressure
Manufacturer/Name in Ah Dimensions ~ Weighting (Cathode/Anode) yP 8 Self-Heating in °C Tumax in °C AHin kJ Prnax in Bar
Abraham oy lion LLC, Sylmar, CA, USA/- 1 Cylindrical - NCA/graphite ARC 100 84 - - 124 -
3] Yy 18650 grap
- 26 Cyi‘g‘%gcal 449 LCO/- Vs 100 1315 708.8 18.9 - 18.6
Jhu [4] g
- 2 Cyi’g‘%gcal 417 NMC/- 100 1754 665.6 149 - 113
Sanyo Electric Co. Ltd., Osaka, 455 4.2 131.3 708.7 19.2 B 135
Japan/UR18650F : 3.7 172.8 402.6 7.7 3.6
Sony Energy Devices Corporation, o 445 42 125.2 654.3 179 _ 24.5
Thu 5] Fukushima, Japan/SE US18650GR 26 CYilé‘éirécal : LCO/- VSP2 37 154.8 517.2 12.3 3.1
Samsung SDI Co Ltd, Yongin, 448 4.2 116.5 683.2 18.6 _ 18.1
Korea/ICR 18650-26D : 37 152.8 454.8 10.2 40
LG Chem Ltd, Seoul, 165 42 1425 691.9 184 ) 15.8
Korea/LGDB218650 - 3.7 168.0 407.1 8.0 33
0 - - - 200 -
) L 30 175 241 25 175 29
Chen [6] Sony E“ergég‘;‘égcoe'c; Jhu [5]/SE 26 Cyi‘g‘%‘gml 46,5 LCO/graphite VSP2 50 174 441 10.2 175 40
80 140 638 19.0 175 5.9
100 122 660 206 160 16
38.15 LFP/ 33 200.5 217.75 0.47 17.2
a7l } Cylindrical 32.84 - - 3.6 199.94 24323 1.02 . 17.89
18650 448 .y 37 160.45 280.10 391 3434
44.89 - 42 130.54 370.03 7.85 116.44
Fleisch- Cylindrical NCM/LMO Un-aged 97.9
hammer . L5 VS0 . ARC High-rate aged 80.5 . : . :
[8] carbon/graphite 8 8 ’

Low temp. aged 421
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30 LFP 250 272 -
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1.65 Cvlindrical 43.4 LMO ARC 91 303 7.8
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22 417 NMC 91 731 249
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2. Experimental

For commercial 18650 lithium-ion cells with LiMn,O, (LMO), LiFePO, (LFP), and
Li(Nig 33Mng 33C00 33)O2 (NMC) cathodes, four different thermal runaway testing methods have been
applied in an accelerating rate calorimeter (es-ARC, Thermal Hazard Technology (THT), Bletchley,
UK). The calorimeter chamber with a diameter of 10 cm and a height of 10 cm has one heater and one
thermocouple located in the lid and in the bottom; and two heaters and thermocouples (all type N)
in the side wall. In order to ensure comparable starting conditions, all tested cells were cycled three
times with the constant current constant voltage (CCCV) method, which means charging at a constant
current with a rate of 1C, followed by charging with the maximal voltage until the current decreases to
C/10. Afterwards, the cells were discharged with a 1C rate until the minimal voltage was reached
(see Table 2). Finally, before the ARC test, the cells were charged to SOC 100. Following this, the tested
cell was fixed on the lid of the calorimeter, as shown in Figure 1. The calorimeter temperature is
controlled by a main or so-called bomb thermocouple attached to the surface of the cell. The heaters
work until reaching the required temperatures regarding the measurement conditions and modes.
An external steel casing serves as protection.

Table 2. Specifications of 18650 Li-ion cells with different cathode materials.

Cathode Material LiMl’l204 LiFePO4 Li(Ni0_33Mn0.33C00_33)02
Umin—Umax in V 2.5-4.2 2.0-3.6 2.75-4.2
Nominal capacity in mAh 1650 1100 2200
Cycle life 1000 >1000 >300
Weightin g 434 39.7 41.7
Operating temperature in °C —20-60 —30-60 —20-60

Top Sensor
Temp. Sensor

Top Sensor

Pressure Sensor Temp. Sensor

Micdle Sensor
Bottom Sensor

Middle Sensor
Botlom Sensor

(a) (b)

Figure 1. Setup of the cell in the ARC: (a) normal and internal pressure measurement; and (b) external
pressure measurement.

2.1. First Method (Only Temperature Measurement OT)

In the first method, only the temperature and temperature rate were recorded (Figure 1a).
The standard heat-wait-seek (HWS) method was applied for all measurements. This method allows
an investigation of the thermal abuse of stored cells by excessive external heating, while they are
neither charged nor discharged. The procedure and the recorded data are shown in Figures 2 and 3,
respectively. The HWS method starts at 25 °C in the heat mode, by heating up the cell in small
temperature steps of 5° C (see Figure 3). At the end of each temperature step, the wait mode is
activated for 15 min, to reach thermal equilibrium. After reaching thermal equilibrium, the system
enters Seek Mode, which monitors the temperature rate and presents two possible modes—exotherm
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mode or heat mode. The decision is related to the selected Temperature Rate Sensitivity. If the measured
temperature rate is larger than this value, the system goes into Exotherm Mode. This mode provides an
adiabatic environment, which means that no heat exchange between the sample and the surrounding
space exists, so that the heat energy of the reactions can be monitored by the measured temperature.
On the other hand, if the temperature rate is smaller than the value, the system goes back into Heat
Mode. If the temperature exceeds the given final temperature T¢ (250 °C), the heaters completely shut
down and cool down the system by introducing pressurized air into the calorimeter chamber.

If T>Tf
‘ Cool I—)l Idle |

End test

dT/dt<onset

dT/dt<onset dT/dt>onset

Exotherm

Figure 2. Process of the heat-wait-seek (HWS) method.
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Figure 3. Example of cell surface temperature curve during HWS experiment in an ARC.

2.2. Second Method(External Pressure Measurement EP)

For the second method, an additional cylinder chamber was used in external pressure
measurements (see Figure 1b). The thermocouple was introduced through a well-sealed hole and a
pressure line connected with a pressure sensor was screwed onto the cylinder chamber. It was critical
to screw every part of the cylinder chamber extremely tightly, to prevent leaks. Similar to the adiabatic

environment, the system is only capable of monitoring the external pressure change if it is under an
air-tight condition.

2.3. Third Method (Internal Pressure Measurement IP)

In contrast to the set-up of the second method, where the capillary leading to the pressure sensor
was connected to the cylinder, in the third method, the capillary was directly introduced into the
functional cell for internal pressure measurements (Figure 4). Therefore, a suitable point, which allows
the capillary to pass through without disturbing the functionality of the cell, had to be found with the
help of X-ray tomography images.
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X-ray tomography was conducted in the X-ray Imaging Laboratory at the Karlsruhe Institute
of Technology (KIT), Institute for Applied Materials-Applied Materials Physics (IAM-AWP). X-ray
micro-tomography scans were performed on the cell using a Phoenix v/tome/x s system (Phoenix
X-ray GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The battery was rotated
360° around its long axis, whilst 1600 projections were captured with the microfocus tube operating
at 200 kV and 370 (230) pA. The sample and detector were positioned in projection magnification,
providing an effective voxel size of 75 (48) um for the high resolution imaging. Tomography scans
of the full cell were obtained, and a subsequent 3D analysis of the reconstructed image data was
performed using VG studio max software 3.0, Volume Graphics Company, Heidelberg, Germany.
For instance, Figure 4 shows a 3D rendering of the tomographic dataset for the 18650 cell with an
LMO cathode. The spiral layer structure of the cell and the hollow central section are clearly revealed,
as well as the safety valve on the top. It was easy to draw the conclusion that the best position for the
pressure line is at the bottom center. The reasons for this are:

(1) The hollow is big enough for inserting a 1/16-inch diameter capillary.
(2) Inside the battery, the hollow section is located exactly in the center; nothing will be damaged
when drilling a hole through the anode tab welding.

Then, the cells were resealed with epoxy resin. The described preparation procedure was
conducted in an Argon-filled glovebox, because the cell components are very sensitive to moisture
and oxygen.

Furthermore, the cells were cycled three times, and discharged completely to introduce the
capillary. After resealing, the cells were cycled three times, and finally charged to SOC 100. This shows
that, even if the anode tab was damaged by the drilling, the cell was still functional after this procedure.

Pressure Sensor

Figure 4. Setup for internal pressure measurement.

2.4. Fourth Method (Ramp Heating Method (Hotbox Test))

For the “ramp heating” method, the cells have been set up in the same way as described before for
the HWS tests. However, instead of a stepwise heating of the cells, they were heated up continuously
from 30 °C to 250 °C in the ARC, at a constant rate of 5 °C/min. This mimics a hot box test. For this
purpose, the measurements were operated in “ramp mode”, with a high sensitivity value of 6 °C/min
to prevent automatic switching into the “exotherm mode”. The system was used under adiabatic
conditions, as in the other tests.

2.5. Cells Preparation

Before the thermal runaway tests, the capacity of the cells was determined by three full cycles,
and finally, they were fully charged to state of charge 100% (SOC 100), because this is the most critical
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condition for thermal runaway according to [7]. The method of charge was CC/CV. This means that
the cell is initially charged at a constant current at a 1C rate (CC) until the maximal voltage, and is
then charged at a constant voltage (CV) with a decreasing current, until the current reaches 10% of its
starting value.

3. Results and Discussion

3.1. Results for 18650 Cells with LiMn,Oy4 Cathode by Using Different Methods

In the following, the first three test methods are exemplarily demonstrated for the cell with the
LMO cathode in the temperature range of 25 °C to 250 °C. Figure 5 compares the time evolution
of the measured surface temperatures for the three different methods with three identical cells at
SOC 100. From this figure, it is easy to distinguish the heat-wait-seek periods from the exotherm
periods. At temperatures below about 80 °C, the temperature curve increased with steps of 5 °C.
Then, a first exothermic reaction can be observed at 91 °C, where the self-heating rate is higher than
0.02 °C/min. Following this, the system switched back to heat mode at 100 °C, and the HWS mode was
active until 110 °C. Finally, the temperature continuously increased in exotherm mode, until thermal
runaway occurred.

Therefore, three stages were observed in the thermal runaway tests, which, according to the
literature [1-3], were assigned according to:

(1) Atabout 90 °C, the SEI decomposed.

(2) Atabout 110 °C, an exothermic reaction between the embedded Lithium ions and electrolyte
started, which resulted in the reduction of the electrolyte at the negative electrode.

(3) Atabout 200 °C, an exothermic reaction between the active material and electrolyte at the positive
electrode took place.

250 7 T
Temperature from OT | i
1 = — - Temperature from EP 1 |
2004 £-—° Temperature fromiP | | L i
© oo
c ! !
5 1 /
& P e
S -—— 7
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g2 1004 AT
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@ — -
= _;.__f,./'
504 - A —————————————_—_L_ it
e
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Figure 5. Comparison of temperature versus time curves measured with different methods.

When comparing the three curves, the time period in the HWS mode before switching into
exotherm mode, increased from the only temperature via the external up to the internal pressure
measurements. The reason for this is that, for the external pressure tests, the system needs to heat up
the cylinder, and that for the internal pressure tests, some heat loss occurs via the metallic pressure
line. Even though the three curves do not perfectly overlap, the tendencies are the same. Figure 6,
which shows the temperature rate vs. the temperature, gives us a more specific view. From this figure,
the three stages can be distinguished more easily. In the temperature region from 90 °C to 130 °C,
the temperature rate is lower than 0.1 °C/min. From 130 °C to 200 °C, the energy was released with a
medium rate which was lower than 25 °C/min. Above 225 °C, the exothermic reactions were violent,
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with a temperature rate over 100 °C/min, and could reach over 1000 °C/min. These results indicated
the degree and the destructive development of the exothermal reactions.

In Figure 7, the HWS method without pressure measurements (see Figure 7a) is compared to the
ramp heating method (Figure 7b). From the latter, less information could be extracted: it can be seen
that the temperature increased linearly at the beginning, as shown in Figure 7b, and that the inflection
point is visible at about 150 °C, which could also be observed in the curve of temperature rate vs.
temperature (see Figure 6). Comparatively, the HWS Mode is relatively sensitive and revels the entire
process of the thermal runaway.

L ——— ﬁﬁgﬁﬂ —————————

= ]
g 1004 oy 4
o E ivduy E
c ] LR ]
= 104 GRS AV 4
Q
§ ] j ]
o v eEmE
2 ] ]
@© 1 8 1
E 0.1 _g 777777777777777777777777 & E
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~ 0-01‘; """"""" AT o Temperature Rate from EP

E A Temperature Rate from IP d
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100 150 200 250 300

Temperature in °C

Figure 6. Comparison of temperature rate versus temperature curves measured with different methods.

600 HWS Method 6004 } Ramp Heating Method |
500 4
oo ] o 500
£ 400- £
o 400 ° 400
3 1 5
C 300 § 3004
3 [}
g 1 [N
200 .
g ] & 200
100 100+
0 T T T T T 0 T T T
0 500 1000 1500 2000 2500 0 50 100 150 200
Time in min Time in min
(@ (b)

Figure 7. Comparison of temperature versus time curves: (a) HWS Method; and (b) ramp
heating method.

In Figure 8, the pressure vs. time curves for the external and internal pressure tests are compared.
In the external pressure curve (blue line) at about 130 °C, a small pressure rise can be observed, which
marks the beginning of air leaking out of the cell. At the end of stage 2, it could be deduced that
the battery had opened and gases were released. The external pressure increased continuously and
dramatically until 21 bar at stage 3, matching the temperature change very well. From the internal
pressure curve (magenta line), we can see that the internal pressure was increasing steadily during
stage 1 and 2. In the transition from stage 2 to 3, the cell vented and gases were released, which was



Batteries 2017, 3, 14 10 of 14

indicated by a rapid internal pressure drop. The external pressure measurements and internal pressure
measurements were different measurements that were operated separately, they do not represent
parallel measurements on the same cell. Therefore, the time when the venting starts is different.

20 External Pressure

5 154
o)
£
g
s 104
[}
3
& Internal Pressure

} w/

0

T T T T
0 500 1000 1500 2000

Time in min

Figure 8. Comparison of pressure curves vs. time with different methods.

Finally, in order to correlate the temperature and pressure measurements, the pressure values
measured from the external and the internal pressure tests are plotted vs. the temperature, as can be
seen in Figure 9. For both the external and internal pressure curves, the inflexion occurred at 130 °C,
where the cells vented produced gases to reduce the internal pressure. At the same time, it caused
an increase of the external pressure. The additional red line represents the expansion of the air in the
additional cylinder chamber with increasing temperature according to the ideal gas law. As long as
the cell is not venting, the ideal gas law should be a good approximation. For the external pressure
measurement, the difference between the measured blue line and the red line can be regarded as the
amount of gas that is released from the leaking cell. As the temperature increased, the difference
became larger, indicating that more gases were produced. There was a gas leak from 130 °C and
produced gases were released into the cylinder, due to exceeding the threshold pressure of the safety
valve. At 200 °C, which was also the start temperature of stage 3, the difference was significant. For the
internal pressure measurement, starting at 80 °C, the difference continuously increased, indicating the
beginning of gas production and SEI layer decomposition. After cooling, which is not shown here, the
pressure fell below 10 bar again, which is the upper limit for the validity of the ideal gas law. Thus,
according to Golubkov et al. [12], the ideal gas law equation can be used in order to calculate the
amount of gas produced:

1o = (po-Vo)/(R-To) 1)
n1 = (p1-Vo)/(R-Ty) )

where ny is the original air amount in the cylinder, py is the pressure of the original air, T represents
the temperature of the original air, V represents the volume of the cylinder, and R is the gas constant,
taken as 8.316 J-K~1-mol~!. Similarly, 1; represents the actual amount of gas measured during the
measurements, p; is the pressure of the actual gases, and T represents the temperature of the actual
gases. From the parameters, depth: 72 mm, outer diameter: 82 mm, and thickness: 5 mm, the volume
is calculated: 2.73 x 10~* m3. At the beginning of the measurement, the temperature and pressure in
the cylinder were 27.83 °C (300.98 K) and 1.11 bar (1.11 x 10° Pa), which gives g = 12.05 mmol. At the
end of the measurement, the thermocouple and pressure sensor detected that the sample temperature
was 35.0 °C (308.15 K) and the pressure in the cylinder was 8.31 bar (8.31 x 10° Pa), producing
n1 = 88.53 mmol. Thus, the amount of gas produced during thermal runaway is (88.53-12.05) mmol,
which is 76.48 mmol.
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Figure 9. Comparison of pressure vs. temperature curves with different methods.

A similar procedure was described by Golubkov et al. [12] and the amount of gas produced was
calculated from the measured external pressure. The cell with the LMO cathode released 76.5 mmol
gas during thermal runaway. Golubkov et al. reported that 18650 cells with LCO/NMC cathode
material released 265 mmol of gas, and those with pure NMC released 149 mmol. This comparison
indicates a better exothermic stability of the LMO cathode.

3.2. Results for 18650 Cells with Different Cathode Materials

In the market, there are many kinds of batteries, varying from geometry to material. The most
common structures of cathode materials are spinels, layered oxides, and olivines. Not only their
electrical performance, but also their thermal properties, are quite different. Thus, every kind of
these three active materials should be investigated and compared in “thermal runaway” studies [13].
The second part of this work focuses on a comparison of their thermal behavior in cylindrical 18650 cells.
Their specifications are listed in Table 2. LMO, LFP, and NMC are chosen as examples for spinel,
olivine, and layered structures, respectively, in this work.

Figure 10 shows the thermal behavior of 18650 cells during “thermal runaway” measurements.
In all tests, the cells were heated between 30 °C and 250 °C with 5 °C increments in the search for
self-heating at the sensitivity threshold of 0.01 °C/min. In the plot temperature vs. time, all of the
onset temperatures of the exothermal reactions were similar, at about 90 °C. A comparison of the
maximum temperatures gives the highest value of 731 °C for the NMC cathode, and a value of only
259 °C for the LFP cathode. One reason for this is the difference between the capacities, i.e., the
nominal capacity of NMC (see Table 2) is twice that of LFP. Because the nominal capacity of LMO lies
in between, its maximum temperature is 581 °C. In terms of the length of heating time which was
required to activate the exothermal reactions, NMC and LFP took significantly longer than LMO.

In the temperature rate vs. temperature plot shown in Figure 11, the three different stages of
thermal runaway mentioned before can be observed and distinguished. The LEP cell never entered
stage 3, with temperature rates staying below 3 °C/min. In contrast, the LMO cell reached a maximum
rate of 1285 °C/min and the NMC cell reached 7580 °C/min. In the temperature region between
80 °C and 130 °C, the SEI decomposed. The temperature rate of LFP was the lowest among these
three materials, while NMC and LMO were in the same range. The much lower maximum temperature
rate of LFP can not only be attributed to the lower capacity, but also to the much higher thermal
stability of this nanoscale material.
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Figure 10. Temperature versus time curves for 18650 cells during HWS tests in an ARC with different
cathode materials.
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Figure 11. Temperature rate versus temperature curves for 18650 cells during HWS tests in an ARC
with different cathode materials.

According to the simplified equation for calculating the thermokinetic parameters proposed by

Jhu et al. [4,5], which is based on the Arrhenius law, the temperature rate or self-heating rate can be
expressed as follows:

In (dT/dt) = In (ATaq-A) — Ea/(kg-T) (©)]

When the ARC is operating under adiabatic conditions in exotherm mode, there is no heat loss to
the surroundings. Thus, we can consider that the temperature rise is only caused by the self-heating
reactions in the cell and the mass specific heat of the reaction (J/g) for each stage can be calculated
with the following equation:

AH/meen = Cp'ATad 4

where A is the pre-exponential factor (min~!); AT,q is the adiabatic temperature rise (K), i.e.,
the difference between the initial exothermic temperature Ty and the maximum temperature Trmax;
E, is the activation energy (eV); kp is Boltzmann's constant (8.62 x 1072 eV-K™1); m is the cell mass
(g); and cp, is the heat capacity (J/g-K). Thus, by plotting the natural logarithm of the self-heating
rate versus the inverse of temperature, as shown in Figure 12, the activation energy and frequency
factor of the different cells can be calculated. The data obtained from this Arrhenius plot are listed in
Table 3. Li-ion cells with an LFP cathode have the lowest Tyax and (dT/dt)max, while cells with the
NMC cathode show the highest Tmax and (dT/dt)max. For calculating the heat of the reaction using
Equation (4), the heat capacity was measured as described in Schuster et al. [14]. The listed heat of
the reaction is the sum of the heats of the reactions of the different stages. The heats of the reactions
are in good agreement with the results from the literature [2,15] as are the activation energies [5].
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The next step could be to use the derived thermokinetic parameters as input parameters for our
coupled electrochemical thermal model [16]. This model is based on the porous electrode theory of
Newman and Tiedemann [17] and has been extended with a simple combustion model emerging from
reaction kinetics, including various types of heat sources based on an Arrhenius law.

| LiFePO,

In(dT/dt) in K - min™

Li(Ni ,,Mn, ..Co

0.33

02

0. 33)

2.10 2.15 2.20 2.25 2.30 2.35 2.40 2.45 250
1000/T in K*

Figure 12. Natural logarithm of the self-heating rate versus inverse of temperature curves for 18650 cells
with different cathode materials. The three lines are linear fits according to the Arrhenius law.

Table 3. Thermal runaway test results of 18650 Li-ion cells with different cathode materials.

Cathode Material LiMn204 L1FePO4 Li(Ni0.33Mn0.33C00_33)02

Onset temperature of self-heating in °C 91 90 91
Tmax in °C 581 259 731

(dT/dt)max in °C/min 1285 3 7577

cp at 60 °CSOC 100 in J/g-K 0.83 1.19 0.95
E;ineV 1.24 0.56 1.37

Reaction heatin]/g 391 184 597

Reaction heatin]/g 350-640 [2,15] 260 [15] 600 [15]

4. Conclusions

Three stages have been observed in thermal runaway tests in 18650 Li-ion cells with an LMO
cathode by correlating temperature and pressure curves. The first stage began with the production
of gas at about 90 °C. The reaction in the first stage was likely to be the SEI layer decomposition.
The onset temperature of thermal runaway, which means the temperature at which the self-heating
reaction starts, thus leading to thermal runaway, was about 110 °C. The amount of gas produced was
76.48 mmol in thermal runaway. In future studies, it could be interesting to confirm these stages and
analyze the gas produced and the material components after thermal runaway, using post-mortem
analysis by opening the cells that were frozen at the different stages. Furthermore, the effects of
different SOCs and of ageing could be studied. In addition, the developed pressure tests could be
applied to cycling in the ARC under adiabatic conditions, in order to study the effect of different
charging and discharging rates.

For 18650 Li-ion cells with different cathode materials, the thermal runaway tests confirmed that
cells with an LFP cathode exhibited a good stability under thermal abuse, while cells with an NMC
cathode presented a poor temperature tolerance at high temperatures.
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