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1. Abstract

Thermal runaway of lithium-ion batteries can involve various types of failure mechanisms each with
their own unique characteristics. Using fractional thermal runaway calorimetry "and high=speed
radiography, the response of three different geometries of cylindrical cell (18650, 21700, and D-cell) to
different abuse mechanisms (thermal, internal short circuiting, and nail penetration)‘are quantified and
statistically examined. Correlations between the geometry of cells and their thermal behavior are
identified, such as increasing heat output per amp-hour (kJ Ah?) of cells with increasing cell diameter
during nail penetration. High-speed radiography reveals that the rate of thermal runaway propagation
within cells is generally highest for nail penetration where thereis a relative increase in rate of
propagation with increasing diameter, compared to thermal or internal short-circuiting abuse. For a given
cell model tested under the same conditionsj a distribution.of heat output is observed with a trend of
increasing heat output with increased mass ejection. Finally, internal temperature measurements using
thermocouples embedded in the penetratingnail are'shown to be unreliable thus demonstrating the need
for care when using thermocouples where the temperature is rapidly changing. All data used in this

manuscript are open access through the NREL:and NASA Battery Failure Databank.
N
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2. Introduction

Lithium-ion (Li-ion) batteries are used for a wide range of applications where their safety and
reliability are of utmost importance, such as for human space flight!, electric vehicles?, and portable
electronics. Designing safe battery systems that can prevent catastrophic failure events like thermal
runaway is critical for the success of such applications, where failure can compound to life-threatening
scenarios or have severe socio-economic consequences® *. Electric vehicle researchers from Volkswagen
and Ford emphasized the importance of more detailed and cost-effectiveitesting and modelling methods
for understanding the risks posed by thermal runaway to design saferbattery systems® >, To address this
challenge, manufacturers of battery systems need to haveta comprehensive understanding of the range
of possible thermal runaway behavior of their selected cells. Furthermore, they need to be aware of the
risks posed by such behavior to design a safe battery systemithat can contain the initial event and prevent

propagation of thermal runaway while achieving favorable energy and power densities.

Different types of Li-ion cells (manufacturer,geometry, and model) behave differently during thermal
runaway® and recent work has shown that a single type of cell repeatedly tested under similar abuse
conditions can display a distributicm of heat output and temperatures” 8, demonstrating the need for
conducting statistically significant'quantities of repeat tests and performing statistical analyses of battery
failure parameters. Understanding the distribution of parameters like heat output during thermal
runaway is further complicated by there being numerous abuse testing methods. These testing methods,
including thermal abuse, internal short circuiting, and mechanical abuse, add another layer of complexity
when trying.to characterize thermal runaway in each cell. This, as well as the numerous cell geometries
and designs of battery enclosures, ultimately increases the variability in thermal runaway reactions and
complicatestiinterpretation of results. Consequently, consistency of testing conditions and the
representativeness of test results for simulating field-failures such as internal short circuits remains a topic

of debate for defining test standards®. Furthermore, since traditional calorimetry methods such as
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accelerated rate calorimetry (ARC)** ! take single measurements of heat during a failure event,little is
understood about how the heat is distributed between ejected and non-ejected material. A detailed
description of where the heat and ejected materials are displaced is critical for understanding the risks
posed by a single-cell failure event inside a module. A fractional breakdown of ejected and non-ejected
heat is also needed to validate detailed multi-physics models of thermal runaway!? 3, Additionally, high
sample numbers are needed for statistical significance. While some previous studies'* > documented
trends in thermal runaway behaviors with high sample numbers, néne have established the fraction of

heat ejected, mass ejected, and the internal dynamics of cells during failure.

A Fractional Thermal Runaway Calorimeter (FTRC) wvas previously developed® to quantitatively
evaluate thermal runaway energy release in the form/of total enesgy yield vs. fractions of that released
through the ejected contents and that of the non=ejected contents; data acquired provides greater insight
into how heat distributes throughout a battery system during thermal runaway. This enabled a distinction
between estimates of the amount of heat that would'dissipate from the cell through interstitial heat sinks,
and heat that would be ejected by other means. This capability distinguishes the capabilities from FTRC
from more traditional calorimetric methods that provide a single value for total heat output. The FTRC
was also designed to be compatible\with high-speed X-ray imaging” *? to link dynamic phenomena that
occur within cells during/thermalirunaway to measurements taken externally, such as heat distribution
and temperatures. In addition to thermal abuse, the FTRC was also designed to be compatible with nail

17,20 3lso

penetration tests;which when combined with customized nails with embedded thermocouples
facilitated temperature measurements from inside the cell during thermal runaway. Ejected mass is also
captured within the FTRC and measured following each test, giving data on post-test ejected mass and
remaining cellmass. Thus, the FTRC coupled with high-speed radiography provides an effective means to

characterize the tendency of cells to eject heat and mass, as well as an opportunity to view how the

processyof thermal runaway evolves in real time within the cell. The National Renewable Energy
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Laboratory (NREL) and National Aeronautics and Space Administration (NASA) have made‘data from

hundreds of FTRC tests open access?!, some of which is described in this work.

In this work, we draw from the Battery Failure Databank?! to explore the differencesbetweenfailure
mechanisms of different cell types tested under different abuse conditions, withirespect to thermal
behavior, mass ejected, and internal structural dynamics. We examine the behavior of 3 different
geometries of cells (18650, 21700, and D-cell) exposed to 3 different abuse typesTthermaI abuse, internal
short circuiting’®, and nail penetration) to quantitatively describe their respective responses to the
different trigger methods. For each cell, we extracted data from the Battery Failure Databank, including
the fractions of ejected and non-ejected heat, the fractions of ejected and non-ejected masses, internal
temperatures during nail penetration, and directional/velocities.ofythermal runaway propagation within
the cells as estimated from high-speed synchrotron X-ray radiography. Correlations between mass ejected
and heat output are assessed, as well as how the:abuse mechanism influences the heat generation and
mass ejection of cells. Finally, trends associated withthe three different geometries of cells are quantified,
with respect to normalized heat output (kJ Ah?), fraction of mass ejected, and the rate at which thermal
runaway propagates within the cell casing. It is expected that these data will help elucidate the variability

N
in cell responses to different abuse‘conditions and clarify the differences in behavior observed for various

cell geometries.

3. Methods

All data used in this work were sourced from the Battery Failure Databank?’. This databank contains
heat’output, mass ejection, and temperature data that was collected from FTRC experiments conducted
at synchrotron facilities. Most tests also have an associated X-ray radiography video that provides insight
intorthe, dynamic phenomena that occur within cells during thermal runaway. The combination of FTRC

5
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data and radiography facilitates creating a link between the thermal and ejection response of the cell, and

the events occurring within the cell body during thermal runaway.
3.1.Cell types and specifications

The Li-ion cells chosen for this study were the KULR 18650-K330, the KULR .21700-K500, the LG 21700-
M50, and the Saft D-Cell-VES16. All cells were tested within one year of manufacture/and were supplied
directly from the manufacturers. These cylindrical cells represent a range/of g;metries for examining
how thermal runway varies within cells of different designs and dimensionsx It should be mentioned that
all these cells are high energy cells. With that said, repeat tests were conducted for each cell type, and
with the continued expansion of the Battery Failure Databank,further cells will be added for comparison
in the future. At the time that this study was conducted, the afor.ementioned cells have the most data
available and can provide the most complete picture for cells of different geometries. The properties of

each cell examined as well as the total number of tests for each cell type under each trigger methods are

provided in Table 1.

6
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Table 1. (top) Specifications of cells assessed where all cells were at 100% state of charge (SOC). (bottom)

Number of repeat tests for each cell conducted for each trigger method.

KULR 18650- KULR 21700- LG 21700-M50 Saft D-Cell-

oNOYTULT D WN =

9 Cell Type
10 K330 (BV) K500 (BV) (BV) VES16

12 Cell Format 18650 21700 21700 D-Cell
14 Diameter (mm) 18 21 21 33
16 Height (mm) 65 70 70 60
18 Volume (cm?) 16.54 24.25 24.25 51.32
20 Negative vent? Yes Yes Yes No
22 Capacity (Ah) 33 5.0 5.0 4.5
24 100 % SOC Voltage (V) 4.2 4.2 S 4.2 4.2
26 Average initial mass (g) 47.05 72.14 68.38 111.89
28 Cathode material NCA NCA NMC NCA

30 Anode material Graphite Graphite Graphite-SiOx Graphite

32 Thermal tests 10 6 8 9
34 ISC tests 9 10 0 9

36 :
Nail tests \3 11 5 9

41 3.2.Cell testing conditions

44 The FTRC was designed to facilitate various abuse test conditions for comparing thermal runaway
46 response to differént trigger. methods including nail penetration, internal short circuit (ISC) device
48 combined with external heat'4, and thermal abuse. The nail penetration trigger method was performed
using-anradapter.that was attached to the side of the cell chamber of the FTRC. This adapter enabled the
nail to be inserted and retracted from the cell body on demand. To perform thermal abuse tests on the

55 cells, heating elements were incorporated into the walls of the cell chamber of the calorimeter, a design

58 7
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which is described in more detail in previous work®. The heaters provided around 960 W until the cells
underwent thermal runaway at which point the heaters were switched off. The thermal runaway reaction
was then able to continue unimpeded to completion. The ISC trigger method consisted of an'ISC device
described in previous work?!®. Test cells were specially manufactured to incorpérate the 1SC device six
layers into the wound electrode assembly. To activate the ISC device, the heating elementswere switched
on until the wax layer separating the current collectors melted (at approximately'57 °C), creating an

internal short circuit that consistently initiated thermal runaway.

(a) (b)

Magnified
radiograph

Open view of cell
inside calorimeter

Direction of
X-ray beam

Solid mass from
yositive end

Solid mass from
negative end

() (d)

Figure 1. Experimental'setup for the calorimeter used to obtain heat and mass measurements. (a) X-ray
radiography providesiinternal views of thermal runaway. (b) View of the calorimeter assembled. Ejected
solids were caughtdin baffles and copper mesh in the calorimeter (internal design of calorimeter discussed
in previous work®). Solids were collected post-test and weighed, while gases were extracted and
considered as.unrecovered mass. (c) Photographs of an 18650 cell after thermal runaway and (d) its
ejected mass being recovered from the baffles and mesh of the calorimeter, components of which were

previously described” 2.
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3.3.Heat, temperature, and mass measurements

The FTRC was used to decouple the heat ejected from the cells and the heat emitted from the casing
of the cells. The design of the FTRC to facilitate these distinct measurements is described in previous
work” 8. The FTRC is also constructed of aluminum, allowing simultaneous X-ray imaging during tests
(Figure 1a). This provided distinct measurements for heat ejected from the positive end, heat emitted
from the cell casing, and heat ejected from the negative end. For nail penetratBn tests, a modified nail
with an embedded thermocouple near its tip was used for simultaneous internal temperature
measurement during the tests. The design of the temperature-measuring nail is described in more detail
in previous work” 2, By slowing the flow of ejected contents via a system of baffles and copper mesh in
the ejecta bore chamber of the FTRC (see previous work!” %), the #TRC also captured ejected collectible
mass such as aerosol matter, particulate, carbonaceous material, and shreds of current collector (Figure
1b). Composition analysis and fractional contributions of particulate, aerosols, and carbonaceous matter
in the collected mass are beyond the scope of this work, but a detailed breakdown of ejected solids from
Li-ion cells undergoing thermal runaway can be found in work by Barone et al.?> and Premnath et al.?.
The collected mass may also include some absorbed volatiles but most volatiles and aerosol particulate

N
of <100 nm diameter were likely lost through the fume extraction. Following the completion of thermal
runaway, the FTRC wasidisassembled and the cell mass distribution throughout the calorimeter was
assessed. The mass’ of the collected material was measured gravimetrically on a microbalance. A
photograph of arecovered cell, as well as an example of mass collection from the bore chamber are shown
in Figure 1c-d. Any mass caught in the baffles and copper mesh is recovered and measured. This is defined
as positive or negative ejecta, with positive or negative being determined by which terminal the mass was
ejected from. Any mass remaining in the cell casing is defined as cell body mass. By finding the difference
between the pre-test mass and the sum of cell body mass, positive ejecta, and negative ejecta, the mass

of gases released is determined and defined as unrecovered mass; note that FTRC calculations are

9
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designed to estimate the energy contained within these unrecovered components. This mass accounts
for the gases and solids (such as aerosols) which left the system during the tests. Data from the specific
tests can be extracted from the Battery Failure Databank where specific test identifiers are listed in
Supplementary Information.

3.4.X-ray radiography

~
High-speed radiography took place at ESRF — The European Synchrotron and Diamond Light Source

Synchrotron. At the ESRF, a monochromatic beam of 76 keV was used for _high-speed radiography at
beamline 1D19, with a high-speed PCO.Dimax (PCO AG, Germany) detéctor and LUAG:Ce (LusAlsO12)
scintillator. The FOV was 22.89 mm x 14.67 mm (horizontal x,vertical) which consisted of 2016 x 1292
pixels with an isotropic pixel size of 11.35 um. Images 'wergé captured at a rate of 2000 frames per second
(fps) (with an exposure time of 461 ps). At Diamond,Light Source, a monochromatic beam of 75 keV at
beamline 112, along with a Vision Research,Phantom Miro 310 high-speed detector (Vision Research, NJ,
USA) and LuAG:Ce scintillator, were used. The cells were imaged with a FOV of 22.91 mm x 14.32 mm
consisting of 1280 x 800 pixels (hofizontal.x vertical) with an isotropic pixel size of 17.9 um, at 2000 fps
using an exposure time of 490«us: Radiography videos were flat-field corrected and timestamped using

MATLAB, and are open access in'the Battery Failure Databank?".
4. Results

Three cell ggometries.were examined, the properties of which are provided in Table 1. This selection
of cells testedunder/3 different trigger methods (thermal, ISC, and nail penetration) facilitated
comparisons of the response of different cell geometries to different trigger methods of thermal runaway.
Theé cells are. compared with respect to the mass ejected, the heat emitted, the distribution of heat
between ejected and non-ejected materials, and the internal structural dynamics that were visualized
from high-speed radiography.

10
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4.1. Mass ejection from cells and correlation with heat output

The mass ejection distributions for each cell can be seen in Figure 2. As seen in Figure 2a, each cell
exhibited different characteristics regarding the mass ejected between trials. Overall, the Saft D-Cell was
the most consistent, generally ejecting about 40 g of mass. The other cells showed more variability, with
the LG 21700 ejected mass values having the largest distribution, spanning from roughly 30 g to 54 g
across trials. This variability could potentially be linked to the rate at which thérmal runaway propagated
through the cell. This relationship will be discussed further when discussing'the internal velocities as

determined from radiography video.

To compare ejected mass values across cell type, the massifraction ejected - that is the fraction of the
cell’s original mass that was ejected - is used in the remaining hist?)grams. Figures 2b-e display the mass
fraction ejected from the positive end of the cell, the negative end, what remained within the cell casing,
and the fraction of mass that went unrecovered (smoke, gas, and some particulate matter). While the
data in Figure 2 show the distribution of mass,ejection behaviors, the donut plots in Figure 3 provide

better insight into the average behaviorfor each cell during thermal runaway.

A S
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rams showing, for all trigger methods, (a) the total mass ejected from each cell in grams,

raction ejected from the positive end of each cell, (c) the mass fraction ejected from the

end of each cell, (d) the mass fraction remaining within the cell casing following thermal
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runaway for each cell, and (e) the mass fraction of unrecovered mass for each cell. All data and

accompanying radiography videos of the tests are available at the Battery Failure Databank?*.

The post-test mass distribution for each cell and trigger method is shown in Figure 3a. The Saft:D-Cell
generally had the largest percentage of mass remaining within the cell body followingthe test, regardless
of trigger method. This could potentially be due to the lack of a bottom vent on the D-Cell, albeit the D-
cell had 2 top vents for pressure relief. All other cells in this study had a bottom vent which could play a
vital role in ejecting mass from the cell body. Another consideration is the,raterat which thermal runaway
progressed in the cell. The D-Cell had the slowest thermal runaway front/velocities when compared to
both the 18650 and 21700 cell formats, which will be discussed in more'detail in a following section. This
allowed for any gases that may have been produced duringthereaction to escape the cell body at a rate
that prevented the pressure within the casing from rising too.high and causing a more violent cell rupture.
This will be discussed further when addressing thewelocities of thermal runaway propagation within each

type of cell.

Referring to Figure 3b, it is apparent.the Saft D-Cell had the largest percentage of unrecovered mass
of the four cells being considered. 'Qe Saft D-Cell was designed with more excess electrolyte than typical
rechargeable 18650 cells to|assist with achieving long cycle-life for space satellites. As the Saft D-Cell
experiences high internal temperatures due to thermal runaway, the electrolyte evaporates by nature of
its volatility, eventually venting from the cell and ejecting as unrecovered mass. The large quantity of
unrecovered mass is unlikely to have been caused by relatively high internal temperatures during thermal
runaway since radiography revealed that molten Cu was not observed to be widespread within the cell;
Rather, the large quantity of unrecovered mass may be due to the cell having a higher ratio of electrolyte
to active materials and hence a higher loss of volatile mass, the impact of which is discussed in greater

detail by Ostanek et al.’2.
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As for the KULR 18650, the nail penetration trigger method yielded a different ejected, mass
distribution than either the ISC or external heating mechanisms. Specifically, a greater_mass is ejected
from the positive end of the cell. Of the three nail penetration tests that were performed on this cell, only
one of them resulted in activation of the bottom vent of the cell. This would suggest that internal
pressures within the cell did not typically exceed the burst pressure of the vent. Instead, gases that
accumulate and cause this pressure rise in thermal and ISC abuse tests would be.able to escape through
the hole in the cell casing created by the nail. The hole produced by the nail may have acted as an

additional vent, reducing the need for the bottom vent to activate.

The LG 21700 also displayed a disparity between sthe ejected rmass distributions for the nail
penetration and thermal trigger methods. The radiography footage shows that as the nail entered the
cell, multiple instances of thermal runaway bégin.to propagate from various points of contact between
the nail and the electrode assembly, a phenomenan that will be discussed in more detail in the following
section on radiography. These multiple fronts.of thermal runaway propagation would generate gas more
quickly than a single front. Since the,LG 21700 cell had an additional vent on the negative end of the
casing, the pressure rose and activated both the positive and negative vents. Due to the larger area of the

N
negative vent, it is expected/that a higher rate of mass ejection occurred from the negative end of the
cell’®. For the thermal‘abuse test;the thermal runaway had a slower rate of propagation within the cell,
producing gases at a lowerrate. This resulted in activation of the negative vent at a later stage of the
thermal runaway-event, producing a more even distribution of mass between positive and negative ends

of the cell.

14
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one group between 0.4 and 0.6 mass fraction ejected and another group situated from 0.640 0:8. The
former group produced a lower heat output than the latter; that is, a higher heat output was observed
for cells that ejected more mass. Referring to the associated radiography footage of the group producing
larger heat output (radiographs can be found in the Battery Failure Databank?! andspecific test identifiers
for the 18650 data plotted in Figure 4 are provided in Supplementary Table'S1), layers of the electrode
assembly along the inner regions of the cell can be seen peeling away and flowing towards the positive or
negative vent, whichever had opened. Eventually this process would,essentially stop, suggesting flow
through the vents had ceased, potentially due to clogging®®. Clogging would have caused the pressure
within the cell to build until rupturing, ejecting a higher mass fraction.and heat output than cells whose

vents remained clear throughout the entire reaction.
L 4

Another notable trend displayed in Figured is,the variability of ejected mass fraction with respect to
the cell diameter. Referring to the distributions along the x-axis, the D-Cell had the narrowest distribution
of mass fraction being ejected while the 21700 formats had more variability. The 18650 ultimately
displayed the highest degree of variability. This variability could be related to the area of the vents for
each cell type, where a larger area would imply less resistance for the material to be ejected from the
casing. Another consideration would be the rate at which pressure builds up within different cell volumes.
For instance, if the rate of thermalrunaway were constant for all cell types, pressure would still increase
more rapidly in a smaller volume as compared to larger volumes. The rapid increase in pressure would
increase the risk-of.a more uncontrolled rupture. This expected wider variation in internal pressure for

smaller cells is expected to influence the mass ejected and heat output accordingly.

The Saft D-Cell produced the most heat when thermal runaway was initiated with the nail penetration
trigger method. This is likely due to the nail inducing multiple fronts of thermal runaway that begin to
propagate at the same time, i.e. a front that is observed to propagate from the surface of the nail along

each electrode layer that it penetrated. This would result in greater heat output as the thermal runaway
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reaction is able to go further to completion before being ejected than thermal runaway events initiated
with either thermal or ISC trigger methods. This trend can be seen in the other cells as well. In fact, the
larger the cell diameter, the larger the difference in heat output between nail penetration and thermal

trigger methods.

There appears to be a positive correlation between the ejected mass and heat‘output of the cells
during thermal runaway for the 18650 and 21700 cells, with the D:cell beir@ the exception to this
correlation. As ejected mass increases, the heat output generally increases regardless of trigger method.
This could potentially be due to a lack of oxygen within the cell. A lack of oxygen would stunt thermal
runaway and prevent the reaction from running to completion, i.e. oxygen-limited reactions. If a cell
containing such a stunted reaction were to rupture, its contents would then be exposed to atmospheric
oxygen allowing the reaction to run closer to{campletion. This would result in a relationship as seen in

Figure 3, where higher ejected mass values correspond torhigher heat output during thermal runaway.
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Heat Output vs. Ejected Mass Fraction
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Figure 4. Comparison between heat output and ejected mass fraction. Cell types are distinguished by the
color of the data points while trigger method is determined by the shape of the data points. Distributions

along the axes provide further insight into the variability of ejected mass fraction and heat output for each

cell type.

4.2. Estimating internal velocities of thermal runaway propagation from radiography

Radiography provides further insight-into thermal runaway and the events occurring inside the cell.
By comparing radiography with the thermal response of cells for each thermal runaway event,
relationships can be.brought to dight. To assess the correlation between the propagation of thermal
runaway throughout, the cell and mass ejected, reaction front velocity was estimated using the
radiography, as shown in Figure 5. The front in this instance is taken to be the leading edge of the area
within the cell that has thermally decomposed. Knowing the diameter of the cells, the distance of the
reaction’front.from the outer radius of the cell was obtained with a corresponding timestamp. After some
time had passed, the distance of the reaction front from the cell wall was again assessed, and a new

timestamp was obtained. Using these values, the velocity of the front was roughly calculated. There is a
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large degree of uncertainty in these values, but they provide a qualitative comparison of rates'of thermal
runaway propagation within cells. It should be mentioned that not all tests had an'accompanying
radiography video that allowed for the calculation of velocities. The tests usedato obtain velocity
information are listed in Supplemental Information with their associated Battery/Failure Databank®® test

identifiers.

After obtaining the speed of the fronts for as many tests as possible, theSaft D-Cell had the slowest
thermal runaway propagation compared to any other cells while the LG 21700 had the fastest
propagation. As previously discussed, the Saft D-Cell also has_the largest/percentage of post-test mass
remaining within the cell casing while the LG 21700 has the smallest percentage. Taking both into
consideration, the faster front propagation as seen in the LG 21700,produced gases at a more substantial
rate than the cell was able to vent. As a consequence of internal pressure build-up, the cell would rupture
carrying more of its mass out with it. Conversely, the slower thermal runaway propagation as seen in the
Saft D-Cell created gases at a slower rate allowing the vents to properly expel the gases and prevent a

more violent cell rupture.
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Figure 5. (a) Radiographs displaying the propagation of thermal runaway (red shading) in an 18650 cell.
The left most edge of the shading is taken to be the reaction front. Arrows demonstrate the radial
(horizontal) and axial (vertical) dire?cions. (b) Comparison between radial and axial velocities within all
cells. Radiography videos can besfound for each test in the Battery Failure Databank® where test

identifiers are provided in Supplementary Information for guidance.

Analysis offunrecovered mass across the different cells shows the Saft D-Cell created the largest
percentage.of unrecovered mass while the LG 21700 produced the least. Comparing this with the
associated thermal runaway front velocities, it is apparent there exists an inverse relationship. While the
LG/21700 may produce a large amount of gas within a small period of time, following ejection thermal
runaway tapers off and gas production is reduced until it ceases altogether. In contrast, the Saft D-Cell

produces gas for a longer period of time at a lower rate. This lower rate avoids rapid pressure build-up
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and bursting, preventing thermal runaway from prematurely ending and ultimately resulting'in alarger

unrecovered mass being generated.

oNOYTULT D WN =

While the general trend for thermal runaway velocity within the cell seems unrelatedto cell geometry,
1 there does seem to be a relationship with the cell energy density (Wh/kg). Plotting energy density against
13 the average of the axial and radial velocities for each cell, a potential relationship can be seen (Figure 6).
15 As cell energy density increases, the average velocity of thermal runaway seems to increase, albeit with
some exceptions. More information on electrode and electrolyte chemistry/needs to become available
20 before looking further into this possible relationship, which is_challenging to determine in commercial

22 cells.
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Axial Velocity vs. Energy Density
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Figure 6. Comparison between thermal runway velocities in the axial (top), radial (middle), and average

(bottom) directions and energy dens\lty within all battery cells.
4.3.Internal temperature estimations

Having accessto high-speed radiography provides a window into the internal happenings within the
cell while thermal runaway:is progressing. Looking at the radiography video for each cell being considered
displays unique characteristics that would otherwise go unnoticed. For instance, whenever thermal
runaway was initiated in the LG 21700 with the nail penetration trigger method, the layers of the jellyroll
closest to the center of the cell always developed cracks and split before the nail was able to penetrate

the layers itself. While this does not seem to have a noticeable impact on the mass ejected or remaining
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in the cell, this feature can have implications when attempting to model cells for simulations. Another
notable feature that was seen in the radiography was the lack of molten copper globules in the Saft D-Cell
tests (Figure 7). Copper is evident in radiographs due to its relatively high attenuation.of X-rays, while all
other materials within Li-ion cells are much less attenuating. Molten copper, which.is highly attenuating
and shows up as white beads in radiography, was visible in only 5.5 percent of all the Saft D-Cell tests
performed. This is opposed to molten copper being visible in 90 percent/93.3 petcent and 100 percent of
the tests for the LG 21700, KULR 18650, and KULR 21700 cells, respectively. This is'significant as it suggests
the internal temperature of the cell as thermal runaway was pfrogressing rarely exceeded 1080 °C (the
melting point of copper) in the D-cells, regardless of trigger method: This disparity could potentially be
due to the higher ratio of electrolyte to active material within tbe Saft D-Cell. This electrolyte would
consume latent heat that would otherwise create higher internal temperatures in order to evaporate and
exit the cell as unrecovered mass. The ability to ebtain,this result from the radiography becomes even

more important when considering the lack of reliable internal temperature measurement techniques for

these types of tests.
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Figure 7. Phenomena of interest elucidated from radiography videos. (a) Innermost layers of the LG:21700
cracking when thermal runaway was initiated by the nail penetration trigger method. Following are
radiographs of Saft D-Cell (b), KULR 18650 (c), LG 21700 (d), and KULR 21700 (e) showing evidence of

molten copper present in each cell during thermal runaway (black arrows).

While the radiography videos provide evidence that all cells, with the exception‘of the Saft D-Cells,
experienced internal temperatures greater than 1080 °C, thermocouples embeédded in nails used for nail
penetration tests show conflicting results. By inserting thermocouples into the center of hollowed out
nails used in nail penetration tests, internal temperatures were recorded throughout the test. This
practice is used to gather data on internal temperatures during thermal runaway which is useful for cell
modelling. As seen in Figure 8a-b, these thermocouplé readings. were unreliable and rarely represented
the actual internal cell temperatures. It shoulddbementioned that these data have been selectively chosen
so that any discontinuous data (e.g. generated when a thermocouple broke or showed abnormal readings)
is not presented. The IDs of the tests used in these plots can be found in Supplementary Information.
Referencing the radiography video, molten copper can be seen flowing around the cell within 2 seconds
of thermal runaway initiation for all but one of these tests (Figure 8c). This suggests internal temperatures
exceeded the 1080 °C melting point_of copper, a temperature that was only recorded once by a
thermocouple embedded within amnail (green in Figure 8d-e). The data from this single test is considered
to be the most représentative of internal temperatures during thermal runaway. The red plot in Figure
8d-e shows an example.of a«cell that clearly displayed molten copper, but whose thermocouple reading

did not exceed 300 °C.

The 'disparity between the thermocouple data and the radiography videos demonstrates a glaring
reality regarding the experimental reliability of using nails embedded with thermocouples for internal
temperature measurement during thermal runaway. It is clear that this methodology, which is often used

to gather data for modelling and simulation, does not provide an accurate measurement of the internal
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temperature of the cell during thermal runaway. This is likely due to the relatively low thermal
conductivity of steel, which means that the temperature of the tip of the nail is unable to reach thermal
equilibrium with the cell within the timescale of the experiment. This work thereforexdemonstrates that
temperature measurements conducted in this manner may lead to non-representative data and should
be treated with caution. Since the data from the thermocouple within the nail was distinct from the rest
of the thermocouples attached around the calorimeter, this erroneous temperature measurement did

not influence the error of other heat output measurements.

1720.25 it is seen that the peak

When comparing to previous literature that used similar nail designs
temperature recorded by the nail reaches its maximum temperature around 5-15 s following initiation of
thermal runaway. Here, we see via radiography that Cd melts within around 1 second following initiation
of thermal runaway and that thermal runaway lasts for around 2 s. This indicates that the response time
of thermocouples embedded in nails in previous work was likely slower than that needed to record the
actual peak temperature that most likely oceurred around 1-2 s following initiation of thermal runaway.
It is seen in Figure 8a that in general, plots with greater times to peak temperature had lower peak
temperature readings. Since all nails here and in previous work were custom made, it is likely that high
consistency during manufacturing/was.not achieved which may affect the response time. For example,
differences in the distance of the thefmocouple from the tip of the nail of just 100’s of micrometers may
affect the response time. A .thermocouple with a slower response time will record later temperatures
where some cooling may have already occurred, thus underestimating the actual peak temperature
achieved. Therefore, to/assist with future designs of nails embedded with thermocouples, it is advisable
for researchers ta'pay attention to the time to peak temperature following penetration of cells and aim

to minimize thistime for highest accuracy of peak temperature readings. The green plot in Figure 8d has

a peaktime/of around 1 s and is therefore considered a reliable result.
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Figure 8. (a)Transient temperature readings obtained using thermocouple embedded nails shown.in the
inset image. 100 seconds shown. (b) Magnified view of the first 5 seconds following thermal runaway
initiation. Each test has an associated radiograph shown in (c) where the line color.matches with the
colored radiograph border. Molten copper can be seen as white globules in all but one radiograph. Time
stamps are from around the moment the nail punctured the cell. IDs for thetests shown can be found in
Supplementary Information. (d) Temperature readings obtained from thermocoupleembedded nails. The
green plot shows temperature measurements that reflect the radiography data, whereas the red plot
shows an example of the thermocouple embedded nail temperature measurement. Associated
radiographs shown in (e) with a green border (first row) and(red border (bottom row) respectively where

molten copper is clearly visible in the last frame for both tests.

5. Conclusions

To better understand the relationship between cell geometry, thermal runaway trigger method, and
mass ejection, thermal runaway was initiated in a variety of Li-ion battery cylindrical cell geometries using
different trigger methods while"calerimetric, ejected mass, and radiographic data were recorded. With
the exception of the D-cell, a'positive correlation between the fraction of ejected mass from cells and the
total heat output was also observed, where more heat is generated by cells that ejected more mass. When
comparing nail penetration tests to thermal abuse tests, it was observed that the normalized heat output
(kJ/Ah) was larger for nail peneration than for thermal abuse tests, and the difference increased with
increasing cell diameter. Thermal runaway reaction velocity was estimated from radiography videos and
showed, that while cell geometry had seemingly no impact on the observed velocities, the rate of
propagation|of thermal runaway did seem to have an impact on the unrecovered mass ejected (smoke)

from the cell. Slower reaction-front velocities allowed the reaction to proceed further to completion

29

https://mc04.manuscriptcentral.com/jes-ecs



oNOYTULT D WN =

Journal of The Electrochemical Society

before the cell contents were ejected. Finally, molten copper (indicating that internal temperatures
exceeded 1085 °C, the melting point of copper) was seen in the 18650 and 21700 cells but not in'the D-
Cell. Temperature measurements made with thermocouples embedded into nails usediin nail penetration
tests were shown to be unreliable, most likely because thermal equilibrium between the tip'of the nail
and the cell cannot be established on the timescale of the experiment. In summary, the results show that
thermal runaway behavior varies for different designs of cells and for different-triggering methods (nail

penetration, thermal, and ISC). All data is available open source via the.Battery Failure Databank?*.
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