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Abstract:

This research tested the impact of the usage condition of lithium-ion batteries on their thermal runaway
properties during thermal abuse in a modified copper slug calorimeter. Two chemistries of cylindrical
18650 lithium-ion cells were used: LiNiMnCoO; (NMC) and LiNixCoyAli.xyO> (NCA). During each test,
20+0.2 watts were used to heat the cell. During each test, discharge was simulated by a series of resistors
connected to the top and bottom electrical contacts of the battery. It was found that the average time to
thermal runaway for NCA cells decreased as discharge current increased, while the average time to thermal
runaway for NMC cells increased if discharge was present but did not increase continuously with increased
discharge current. It was also found that the average mass loss for NMC cells decreased as discharge
increased, a trend that did not repeat in the NCA cell tests. In addition, it was observed that the NMC cells
lost charge faster than the NCA cells, which resulted in NMC cells undergoing thermal runaway during the
high-discharge tests at a significantly higher temperature than every other test condition. The spark velocity
and duration of thermal runaway trends were similar between both battery types; average and maximum
spark velocities decreased as discharge current increased and duration of thermal runaway increased as
discharge rate increased except for the high-discharge NMC battery tests. Copper slug calorimetry results
also showed the total internal heat generation in NMC battery tests increased as discharge current increased
until the high-discharge tests, at which point the total internal heat generation dropped. NCA battery tests
showed almost the opposite trend, where total internal heat generation values decreased as discharge rate
increased until the high-discharge test condition where they increased. Peak internal heat generation values
showed the same general trend between battery types, where they decreased as discharge rate increased.
These results suggest that while this test methodology can be generalized and applied to different battery
chemistries, the impact of a lithium-ion battery’s usage condition (i.e., discharge current) on its thermal
runaway properties cannot be generalized between different chemistries and each new chemistry should be

tested in the future.
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Introduction

Background and Significance:

Lithium-ion batteries (LIBs) have become increasingly common in modern technology due to
their high energy density. This high energy density, however, poses higher risks if the battery
enters thermal runaway and initiates a fire. While the likelihood of a single lithium-ion battery
entering thermal runaway is relatively small, the ubiquitous presence of these batteries in personal
electronic devices, electric vehicles, and even grid-scale energy storage results in a significant
number of fires. Furthermore these fires have been shown in some cases to happen often in
locations that amplify the danger, such as airplanes®. Over 290 incidents “with smoke, fire,
extreme heat or explosion” involving lithium metal and lithium-ion batteries were reported by the
Federal Aviation Administration (FAA) in August 2020 alone!. The number of incidents on planes
has been increasing over the years as well, due to the increased usage of lithium-ion batteries.
However, this only accounts for lithium-ion battery incidents on planes and not for any other

incidents, which may go un-reported/documented.

Being a relatively new technology, lithium-ion batteries are still being incorporated into
relevant fire codes, regulations and standardized tests. Current regulations for lithium-ion batteries
focus on production, safety checks and transport regulations?, with the first NFPA code dedicated
to the installation of energy storage systems, NFPA 855, released in 2020. Changes are still being
made to existing codes to account for the increasing prevalence of lithium-ion batteries in modern-
day technology (e.g., electronic devices, electric vehicles, etc.), with recommendations being
released as they continue to be developed®. Differences in behavior between different battery
chemistries when used in thermal abuse conditions remain unexplored and can potentially pose

design risks when designing systems involving lithium-ion batteries. The scope of these changes



can range from airplanes to parking garages as LIBs become more integrated into the built

environment.

Lithium lon Battery (L1B) Operation

Unlike typical solid fuels encountered in fire research (e.g., polymers, composites, etc.), LIBs
are composed of several components which operate together as an energy storage device and may
also have various types of safety features, such as safety venting, which may control the thermal
behavior during fire conditions. The key components of Lithium-ion batteries are typically an
anode, separator, cathode, and electrolyte, and are shown in Figure 1. The cathode material
contains the transition metal oxide and takes in electrons from the anode* during discharging.
Anodes are often graphite or LisTisO12 (LTO) and the electrolyte in a lithium-ion battery is an
organic solvent with lithium-based salts dissolved within. The separator prevents anything other
than lithium ions from passing between the cathode side of the battery and the anode side. When
a lithium-ion battery is being charged, lithium ions separate from the cathode and move to the
anode, and the reverse happens when the battery is discharged. LiNixCoyAli.xyO2 (NCA) and
LiNiMnCoO: (NMC) lithium-ion batteries were used for these tests as they are two of the higher
energy density chemistries for lithium-ion cells and thus would have some of the most energetic
reactions. Because of their high energy density, they are also commonly used in devices including

electric vehicles.



+ contact

Negative electrode

Can i’ Separator

Positive electrode

Positive electrode
active material

Aluminum
current collector

Copper current collector 4~

Lithium ion

Negative electrode
active material

Figure 1: The internal schematic of a cylindrical lithium-ion battery®

Lithium-ion batteries come in several different formats, the most common of which are
cylindrical, prismatic and pouch®. Cylindrical cells are the most common of the three, with all of
the battery’s components rolled and fitted inside a rigid cylindrical body (see Figure 1). Prismatic
cells use a rigid rectangular body but are constructed in a similar manner to cylindrical cells, with
the internal components folded to fit as much as possible into the space. Pouch cells are the only
one of the three most common forms that do not have a rigid body, nor are their internal
components rolled or folded; they are instead stacked to fill their pouch. While these batteries
operate using similar components and battery chemistries, the behavior and safety features vary

between different formats and chemistries.

For cylindrical format batteries, safety venting is one of a lithium-ion battery’s most important
safety features during thermal abuse’. As the battery heats up, its internal pressure increases.
Safety venting occurs when this internal pressure exceeds the limit of a “vent disc,” also known as

a current interruption disc (CID)8, which is designed to fail before the separator between the anode



and cathode can start to degrade. The vent disc in cylindrical cells is a component of the battery’s
discharge circuit, so when the vent disc fails it also cuts off the internal connection in the battery,
preventing further discharge. Another important safety component is the positive terminal
coefficient switch (PTC). The PTC is next to the vent disc within a battery and increases the

battery’s internal resistance as its temperature increases®.

Thermal runaway in batteries can be started through a combination of manufacturing defects
and/or external abuse. The variety of LIBs and their applications results in a wide variety of
potential abuse conditions, but many cases can be categorized as mechanical abuse (e.g.,
penetration of battery casing, compression, etc.), thermal abuse (e.g., exposure to fire or heat
source, lack of thermal management), or electrical abuse (e.g., short circuiting or improper
use/installation). To better understand the danger posed by these types of abuse, experiments have
been developed to recreate these types of abuse in a controlled, repeatable manner. Penetration
testing, one of the most common types of mechanical abuse testing®, functions by remotely
pushing a nail into a battery to pierce the separator in the battery. Testing has shown that the
penetration velocity into a lithium-ion battery has a greater impact on thermal runaway
characteristics than the location of penetration!. Thermal abuse triggers thermal runaway by
degrading the separator in the battery. When the separator breaks, whether through degradation
or physical damage, it causes a short circuit within the battery, one of the most common forms of
electrical abuse®. The second law of thermodynamics tells us energy transfer generates heat. This
heat leads to further weakening of the separator, which increases the scale of the short circuit inside

the battery leading to an accelerating runaway reaction.

There have also been studies examining the energetics of thermal runaway and what factors

influence it. Studies have examined how lithium ion batteries behave in different environmental



conditions which impact thermal runaway and battery fires such as low atmospheric pressure'® and
lower oxygen concentration!*. There has also been research examining how the LIB chemistry,
components, and state of charge impact the onset temperature and peak temperature of thermal

runaway™®. Similar studies have also examined the gases produced during thermal runaway®.

Despite this research, very little research has been done on how the state of use impacts thermal
runaway. A recent study examined how thermal abuse during charging impacts battery heating
and thermal runaway?’. 1t was found through this study that charging a lithium-ion battery during
thermal abuse causes thermal runaway to occur prematurely. This result begs the question of “if
charging has an impact on thermal runaway times, what about discharging?” Another study
researched a behavior of failing LIB packs, “Current dumping,” where the current through a
lithium-ion battery cell increases when another cell in the circuit fails!®. The researchers in this
study found that as the current increases, so does the failure propagation rate, which supports the
idea that the time it takes a lithium-ion battery to undergo thermal runaway decreases if its current
usage requires a higher discharge rate. This failure mode highlights the need to understand the
role of electrical use, how it compares to electrical abuse and also how aspects of the LIB, such as

state of charge, may change during the failure event rather than just assuming a constant value.

Determining how the usage of a lithium-ion battery impacts the onset of thermal runaway could
change how future lithium-ion battery testing is performed. If the results show that one state of
use results in a quicker onset of thermal runaway than other states of usage, it may be necessary to
reexamine current methods of determining the safety of lithium-ion batteries. This project aims to
answer the question of how a lithium-ion battery’s state of use impacts its characteristics of thermal

runaway.
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Specific Aims and Objectives

The major aim of this project is to determine the impact usage (i.e. discharging while powering
electronics) has on the tendency for a Lithium-ion battery to initiate thermal runaway and the
subsequent heat release while simultaneously experiencing thermal abuse. During discharging,
the state of charge of the battery will decrease, changing stored chemical energy (i.e. potential to
release energy) into electrical power carried out of the battery while dissipating heat in the battery.
In this study, two Lithium-ion battery chemistries will be used: LiNiMnCoO, (NMC) and
LiNixCoyAl1-xyO2 (NCA) batteries’® as they are two of the most energy-dense lithium-ion battery
chemistries readily available and should have more energetic reactions than other chemistries.
These battery chemistries are often seen in battery packs of common electrical vehicles with the
same LIB format (cylindrical cell). The conditions under which the batteries undergo thermal
runaway will be examined through experiments exposing batteries to a prescribed heating rate

while the LIB undergoes different discharge currents.

The results of this work will give engineers a better understanding of how battery usage during
thermal abuse impacts thermal runaway properties and illustrate the worst-case scenario for each
lithium-ion battery chemistry. This information could lead to better thermal management systems

in batteries and better fire safety regulations and standards.

Experimental Apparatus and Methods

Previous research has used several other forms of calorimetry®, such as accelerating rate
calorimetry (ARC), but copper slug calorimetry* was used in these experiments as it measures the
battery’s heat directly. Additional forms of calorimetry, such as oxygen consumption calorimetry,

were not used, resulting in the heat release of expelled gases not being quantified. The high
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velocity of the ejected gases would have made it difficult to collect all of the gases to get an

accurate result. The copper slug calorimeter is detailed below.

LIB Sample Description and Preparation

untested battery cells are on the left and tested battery cells on the right.

The batteries used in this study were cylindrical 18650 format, which is named for the nominal
dimensions of the batteries, 18 mm diameter and 65 mm height. The battery chemistries were
NCA and NMC (shown in Figure 2) from two different manufacturers (see Table 1). Before each
battery was tested, their plastic wrappings were removed, and they were cycled from full charge
to empty and back again twice before being charged to full capacity with the battery charging
patterns recorded for later analysis. If the batteries were tested on a different day than when they
were charged, the batteries were charged back to full before testing.

Table 1: Battery Chemistry, manufacturer, nominal capacity, nominal voltage and maximum
continuous discharge

Nominal | Nominal | Maximum Safe
Battery Capacity | Voltage | Continuous Discharge
Battery Model | Chemistry | Manufacturer | (mAh) V) Current (A)
LG-MH1- NMC LG Chem 3,200 3.67 10
18650-INR%
NCR 18650A%' | NCA Panasonic 3,070 3.6 6.2
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Copper Slug Calorimeter

At the start of each test, the charged battery was mounted in the thick-walled copper tube of
the copper slug calorimeter (See Figs. 3 & 4). The copper tube is 65 mm long, with an outer
diameter of 25.4 mm and inner diameter of 18 mm. Two small diameter holes were drilled in the
wall of the copper tube to place a sheathed K-type thermocouple (OMEGA TJ36-CAXL-020G-
12) to monitor the temperature of the copper slug which is assumed to be very close to the
temperature of battery. Superwool Insulation Board 85 plus?? was used to minimize heat losses to
the outside. Measurements from the thermocouple were data-logged using LabView at a rate of

5Hz.

Figure 3: The calibration set-up of the experimental test apparatus
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Charging/Discharging circuit

A circuit was formed by connecting the battery terminals to a resistive load or placed in an
“open circuit” configuration. In each test, the LIB was subjected to different discharge currents
below the maximum safe discharge current designated by the manufacturer (listed in Table 1), or
what would normally be considered “safe” operation if the LIB were undamaged and under
appropriate thermal regulation. The different discharge currents of the batteries were obtained by
changing the resistance in the discharge circuit (see Figure 4). In open circuit tests (no discharge),
the copper electrical contacts of the discharge circuit are present even when not discharging or
charging to ensure the batteries are tested under the same conditions. The battery is placed in a
copper cylinder wrapped in electrically insulated nichrome wire connected to a heater, and the
bottom electrical contact wire taped to the bottom of the battery with the same tape used to wrap
the cylinder. The top electrical contact is lowered into place after the cylinder is placed inside the
test assembly and strapped down. Changes to the electrical contacts between different test
conditions are kept minimal; different resistors are attached by cutting the wires connected to the
resistors and soldering a new resistor in place. The increase in resistance from the solder is

insignificant?®. The nichrome heater is powered by an external power source.

Four types of battery use conditions were tested in this project: a control test and high, medium
and low discharge tests. During the control tests, the batteries were neither charging nor
discharging, with the electrical contacts left unconnected or were electrically insulated. During
the discharging tests, the batteries were connected to a resistor, far enough away from the test set-
up that any heat generated by the resistor would not impact the battery. The resistances were
selected to simulate safe discharge rates below the maximum safe discharge rate provided by the

manufacturer to simulate normal operation if the elevated heating were not present. High-
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discharge tests used a resistance of 0.8-ohms, medium-discharge used a resistance of 1.4-ohms
and low-discharge used a resistance of 2.7-ohms. Resistors were constructed of several larger

resistors soldered in parallel on a bread board in order to create the desired resistance (x 0.2 ohms).

Cold tests, where the batteries are discharging at the High rate but are not undergoing external
heating, were performed to determine their discharge heating rates. Tests were performed over a
ten-minute period, with the batteries being charged immediately afterward to determine the amount
of charge lost during those ten minutes. The NCA battery’s temperature raised by 39.9 °C and it
lost 944 milli-Amp-hours (mAh), while the NMC battery’s temperature raised by 44.5 °C and it

lost 2292 mAh.

Experimental Procedure:

When the batteries were tested under the fume hood, the testing apparatus was first prepared
by checking that the copper cylinder was still wrapped in electrically insulated nichrome wire and
the copper pieces used for charging/discharging the battery were free of corrosion. The battery
was then weighed before being put into the copper cylinder. The cylinder was then placed in the
test apparatus and the test apparatus was closed before being placed on the mass balance. The top
electrical contact was then moved into contact the battery. The power supply was then plugged in
and calibrated to ensure the heating element was set to twenty watts before two thermocouples
were placed in the cylinder to monitor the battery’s temperature. A camera (Sony DSC-RX10M4)
was placed at a safe distance to observe and record the tests. All observers then moved to a safe

distance away or behind cover as the power supply and data recording were started.
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a) Modified Copper- Slug Calorimeter b) Entire Experimental Apparatus
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Figure 4: a) Detailed schematic of test rig and b) entire experimental set-up. (not to scale)

Table 2: Number of tests performed per test condition.

Control | Low Medium High Discharge
Discharge | Discharge
NMC Batteries 5 5 5 5
NCA Batteries 5 5 5 5
Resistance (Ohms) 0 2.7 1.4 0.8

For each experiment, the time-dependent data was analyzed. The thermal onset time and
temperature will be determined and other time dependent measurements (state of charge, current)
at the onset of thermal runaway and immediately following. A thermal analysis of the battery and
metal sheath will be performed with the thermocouple and heater power data similar to work by
others?*. This will elucidate the interplay between the heating of the battery and the reduction of

the state of charge during the experiment.

The data collected during these tests can be used in several different ways. Some of these uses

include determining a battery’s susceptibility to thermal runaway, modelling lithium-ion battery
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failure and cascading lithium-ion battery failure, and determining criteria for battery management

systems.

Results & Discussion

Much of the data analysis revolves around the temperature of the cell (assumed to be in thermal
equilibrium with the surrounding copper tube) during the tests. Figure 5 shows the transient
temperature of the cell during an example test (NCA cell without discharge) with important events
labeled (safety venting, thermal runaway, and duration of burning) and Figures 6 & 7 show safety
venting, spark production, and a jet flame). After each test started, the primary sources of heating

were the external heater and discharge heating; there was no internal heating at this time.

When safety venting occurs, the vent disk bursts, releasing a puff of gas. This puff of gas
carries some of the battery’s energy with it, causing a momentary drop in temperature and small
drop in mass. Safety venting also cuts off the connection between the positive and negative

electrodes within the battery, preventing discharge and discharge heating

The external heater remained on after safety venting, causing the temperature of the battery to
continue climbing. Eventually, the battery’s temperature rose enough that the separator between
the anode and cathode started to degrade, causing internal discharge and internal heating. This
internal heating continued to increase until thermal runaway occurred, at which point the external

heater was turned off.
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Figure 6: The puff of gas released during safety venting
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When thermal runaway occurred, a stream of sparks emerged from most of the batteries,
followed by a flame rising from the top of the battery. The positive contact on the battery remained

in most tests but was broken off by the force of thermal runaway during some of the tests.

Figure 7: Thermal runaway spark streams (left) and flames (right).

The timing and intensity of these events depended on the test conditions (discharge current
and battery chemistry). Figure 8 shows representative battery heating curves for NCA and NMC

batteries.
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Figure 8: Representative tests of NMC (Top) and NCA (Bottom) batteries at different discharge
currents below the discharge current listed by the manufacturer. The red box is the temperature
range previous research has determined to be the start of self-heating in NCA batteries.

Previous research® has found that separator degradation begins at temperatures less than

100°C and that separator breakdown in NCA batteries peaks around 140°C, around when safety

venting was observed to occur on average during the tests performed in this paper. Temperatures
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immediately after safety venting were observed to be lower than pre-safety venting, and internal
heat generation (discussed later in the paper) dropped dramatically during safety venting, leading
to the conclusion that separator breakdown is an endothermic process. The red box in the bottom
graph in Figure 8 is the temperature range (51-103°C) in which the self-heating in NCA batteries
begins'®. NMC lithium-ion batteries were not one of the chemistries studied in the referenced

research and so no equivalent box has been included in the NMC representative test graph.
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During testing, thermal runaway was observed to occur at a consistent temperature range,
typically varying between 193°C and 200°C, with the exception of the high discharge current NMC
battery tests. The high discharge NMC tests had an average thermal runaway temperature of

218.8+2.35°C. These values are plotted in Figure 9.

Average Thermal Runaway Temperatures
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Figure 9: Average thermal runaway temperatures for each test condition and battery type. Error
bars show a 95% confidence interval.
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The average safety venting temperatures for each test condition and battery type are plotted in
Figure 10. Both the NCA batteries and NMC batteries show the same trend: the average safety
venting temperature increases slightly with increased discharge currents, with the NCM battery

tests consistently undergoing safety venting 12-15°C higher than the NCA batteries.
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Figure 10: Average safety venting temperatures for each test condition and battery type. Error
bars show a 95% confidence interval.
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The average mass losses for each test condition and battery type are plotted in Figure 11.
Percentages were used rather than grams as the initial mass for each cell was approximately 44
grams, so any mass losses initially appear small. There is no clear mass loss trend in the NCA
battery tests, but there is a clear trend in the NCM average mass loss data. A trendline has been
included to show this clear trend in the average NMC mass loss, where the average mass loss

decreases as discharge rate increases.
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Figure 11: Average mass loss, in percent, for each test condition and battery type. Error bars
show a 95% confidence interval.
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The average time from 55°C to thermal runaway for each test condition and battery type are
plotted in Figure 12. A baseline temperature of 55°C was chosen to have the same starting point
for data analysis, as the actual starting conditions varied day by day due to weather and other
uncontrollable variables. A trendline was included to show the clear trend in the NCA battery
tests, with the time to thermal runaway decreasing as the discharge current increases. Almost the
opposite trend is seen with the NCM battery tests, as the time to thermal runaway increases or

stays the same as discharge rate increases.
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Figure 12: Average time to thermal runaway for each test condition and battery type. Error bars
show a 95% confidence interval.
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The average times to safety venting for each battery chemistry and test condition are plotted in
Figure 13. Both battery chemistries share one pattern: the time to safety venting increases from no
discharge to low discharge, then decreases as discharge increases, This decrease is more severe in
the NMC tests, where the average time to safety venting for high-discharge tests is significantly

lower than any other test condition.
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Figure 13: Average time to safety venting for each battery type and test condition. Error bars
show a 95% confidence interval.
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The average maximum temperature of the copper sheath post thermal runaway for each test
condition and battery type is plotted in Figure 14. This maximum temperature appears to increase
as discharge rate increases for the NMC battery tests and decrease for the NCA battery tests. Itis
difficult to confirm these trends, however, as the 95% confidence intervals for each test condition

overlap.
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Figure 14: Average maximum recorded test temperature post thermal runaway for each test
condition and battery type. Error bars show a 95% confidence interval.
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The average duration of thermal runaway was calculated through

D ="/, (2)
where D is the duration of thermal runaway, n is the number of frames in a test video from the
onset of sparks until spark release stops and r is the frame rate of the video. These duration values
were then averaged by battery type and test condition and plotted in Figure 15. There is a clear
trend in the NCA tests, with the duration of thermal runaway increasing as nominal discharge
current increases, although this increase appears to level out from medium discharge to high
discharge. A different trend is present in the NMC battery tests; the average thermal runaway
duration appears to be level from no discharge to low discharge, increased as nominal discharge
increases to medium, then drops to the lowest average duration of all tests in high discharge tests.
This latter drop is a result of the lower state of charge of the NMC battery during thermal runaway

during this test condition.
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Figure 15: Average duration of thermal runaway for each battery and test condition based on
visual observation. Error bars show a 95% confidence interval.
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Copper slug calorimetry was performed using the temperature data collected throughout the
tests and the mass of each battery collected before and after each test. The results of this is total
internal heat generation () for each battery tested, these values are plotted in Figure 16 and
calculated through

tT:Tpeak (2)

T = f (IHG)dt

tr=ss°c
where IHG is the internal heat generation in watts and the integral period from 55°C to the peak
temperature post-thermal runaway. A complete sample calculation is given in Appendix B. The
calorimetry shows that the internal heat generation of the NMC batteries increased as discharge
rate increased, with the exception of the high-discharge test condition. This is likely due to the
lower state of charge of the battery during thermal runaway in the high-discharge test condition.
The NCA battery internal heat generation had a different trend, where the average energy produced

decreased as discharge rate increased with the exception of the high-discharge test condition.
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Figure 16: The total internal heat generation measured with copper slug calorimetry. Error bars
show a 95% confidence interval.

There was one other unusual aspect about the NMC battery internal heat generation. A side-
by-side comparison of NMC battery internal heat generation in medium and high discharge test
conditions reveals that the battery during the high discharge test condition was producing almost
20 watts additional heating from the start of the test until the battery’s state of charge fell
sufficiently. A similar pattern is observed when comparing internal heat generation in NCA
batteries between medium and high discharge, although the initial heating is less than half that of
the NMC internal heat generation. The blue arrows of Figures 17 and 18 indicate when safety

venting occurs and the large temperature spike at the end of each graph is thermal runaway.
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Figure 17: A comparison of medium (left) and high discharge (right) test condition calorimitries
of NMC batteries. Internal heat generation vs time graphs are plotted on top and internal heat
generation vs temperature are plotted on the bottom.
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Figure 18: A comparison of medium (left) and high discharge (right) test condition calorimitries
of NCA batteries. Internal heat generation vs time graphs are plotted on top and internal heat
generation ve temperature are plotted on the bottom.
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Peak internal heat generation patterns also varied with test conditions. Both NCA and NMC
showed a similar pattern, with peak internal heat generation values decreasing as discharge rate
increased. Some of the discharge tests had significantly higher peak internal heat generation values
though, likley due to variations in battery manufacture. Figure 19 shows these outliers as well as

as a zoomed in graph to observe the general trend without being influenced by outlying values.
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Figure 19: Peak internal heat generation values for all tests performed in this project. All data
points are shown on the left, with a zoomed-in focus on the right to show patterns.

All of these values are tabled in Appendix A; Table Al for NCA battery tests and Table A2

for NMC battery tests.

Spark Velocity Analysis

The average velocity of the sparks from thermal runaway were also measured to determine
how the test condition impacted this aspect of thermal runaway. In video recordings of each test,
the sparks released during thermal runaway showed up as motion-blurred streaks. The length of
these streaks was determined using a custom Python program to first find the length of the streak
image (pixel-length) and then scale that measurment to an actual length scale, using a spatial

calibration created before each test. The velocity of each spark was calculated through
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v=L/ Q)
where V is the velocity of the spark, L is the length of the spark’s streak and t is the exposure of
the frame in the video. These velocities were plotted for each test condition and battery type, with
NCA battery tests plotted in Figure 18 and NMC battery tests plotted in Figure 19. The maximum,
median and minimum spark velocities were also determined and listed in Tables 3 (for NCA

batteries) and 4 (for NMC batteries).

Many sparks could not be used for determining spark velocities due to going off-screen or
being in a cluster of other sparks such that the start or end point of an individual spark-streak in
the cluster could not be determined. Additionally, the camera is only able to record a 2D projection
of the spark’s motion — as a result, sparks were sampled in regions of the image where the sparks

motion would be primarily in the same plane as the image.
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Figure 20: Aggregate spark velocity graphs for all NCA battery tests.

Table 3: Spark velocity values for NCA battery tests

Control Tests Low Discharge | Medium High Discharge

Tests Discharge Tests | Tests

Maximum 17.39 14.68 14.15 12.71

velocity (m/s)

Mean Velocity | 3.11 2.59 2.3 2.59

(m/s)

Median Velocity | 2.57 2.08 1.9 2.21

(m/s)

Minimum 0.37 0.16 0.33 0.04

Velocity (m/s)

The spark velocities had the highest median and greatest variance during the control tests and

were consistently lower during the other discharge tests. The median velocity does not appear to

decrease continuously as discharge rates increase but appears to decrease if discharge is present.
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Figure 21: Aggregate spark velocity graphs for all NMC battery tests.

Table 4: Spark velocity values for NMC battery tests

Control Tests Low Discharge | Medium High Discharge

Tests Discharge Tests | Tests

Maximum 14.0 12.8 12.56 10.13

velocity (m/s)

Mean Velocity 2.77 2.96 2.73 2.23

(m/s)

Median Velocity | 2.33 2.4 2.33 1.89

(m/s)

Minimum 0.43 0.42 0.28 0.48

Velocity (m/s)

Spark velocities during the NMC battery tests were relatively consistent with the exception of

the high discharge tests. Some of the high discharge NMC tests had very few sparks and their
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thermal runaway reactions were much less energetic than any other test condition. This is due to
the significantly lower state of charge of the NMC batteries during thermal runaway in the high-

discharge tests.
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Figure 21: The average spark velocities of each test condition and battery type. Error bars are
the maximum and minimum measured spark velocities for each test condition and battery type.

The average, maximum and minimum measured spark velocities are plotted in Figure 21. The
minimum velocities do not vary significantly between test conditions and battery types, but the
maximum velocities for both battery types decrease as discharge rates increase. The average spark
velocity from the high discharge tests for both battery chemistries also drop from the other test
conditions. Both of these patterns are likely due to the lower state of charge of the battery at

thermal runaway.

Conclusions
As lithium-ion batteries continue to be increasingly incorporated into modern technology, their

safety during use and storage is a growing issue. Testing how the usage condition (discharge
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current) of a lithium-ion battery impacts thermal runaway driven by thermal abuse can help ensure
the worst-case scenario is accounted for when designing safety systems for lithium-ion batteries.
Testing showed different results for each of the two lithium-ion battery chemistries tested. The
time to thermal runaway of NCA batteries was found to decrease on average as the discharge
current increased, while the time to thermal runaway for NMC batteries was found to increase if
discharging was present regardless of discharge rate. Both peak internal heat generation values
and maximum spark velocities decreased for both battery types as the discharge rate increased,
while total internal heat generation values varied by battery type. In NMC batteries, the total
internal heat generation increased as discharge current increased until the high discharge test
condition, where the value dropped dramatically. While in NCA batteries almost the opposite
pattern was observed, with the total internal heat generation values decreasing as discharge rate
increased before rising slightly during high discharge. Testing with both battery types also saw
the duration of thermal runaway increase as the discharge rate increased, though the NMC high
discharge duration of thermal runaway decreased due to the lower state of charge at thermal
runaway. The different responses between the battery types indicate that while the test
methodology can be generalized, the behavior of lithium-ion batteries during use and thermal
abuse cannot be generalized between battery chemistries.

This lack of consistency could prove to be a significant risk in a fire scenario. Those designing
systems around lithium-ion batteries should consider how the specific batteries in the system
would behave in a fire scenario and what safety risks they could pose. Based on this research, we
believe it is important to consider battery usage (charging or discharging) in abuse scenarios and
during failure. We observed that the impact of safe battery use during thermal abuse could result

in different fire safety implications depending on battery chemistry and discharge current. Thus,
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we believe a comprehensive testing standard should consider the impact of battery usage and how
it may change depending on battery chemistry. Such a standard could be used for both existing

lithium-ion battery chemistries as well as those that will be developed in the future.
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Appendix A: Battery Test Data
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Table Al: Average values and 95% confidence intervals for values from NCA battery tests.
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Table A2: Average values and 95% confidence intervals for values from NMC battery tests.
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Appendix B: Copper Slug Calorimetry Equations

Values from the calibration of the copper slug calorimeter: Ao, A1, A4, bo, b1, b2, b3. bsa, Cylinder

mass (in grams)

Values from the test: Temperature (in Kelvin), time (in seconds), battery mass (in grams),

heating power (W)

From previous research: Cegattery

Internal Heat Generation (W) = Qppss + Q’Cy”nder + Q’Battery + Heating Power (W)
Qross = Heat Loss = B * Py,
PLOSS = A0+A1*T+A4_*T4

5 - bo+ by * Ty + by * T,> + by % T,.> + by + T,.*
- dT/
dt

T, — Tx-
dT/dt= x x 1/tx—tx_1

Q’Cylinder = CCylinder * Mcylinder * dT/dt
Coytinger = 0.279 + (T, 72  1.08 % 10%) + (T * 442 + 107*) — (T3 » 4.92 + 1077)

+ (T, x 2.2+ 10710)

! = dr
Q Battery — CBattery * mBattery * /dt
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