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ABSTRACT

CORBIN COE.Experimental Studjor Detectionof Thermal Runawaygxplosion,and Firein
Li-lon Batteriesinitiated by Hot Plate Method

(Under the direction dDR. NICOLE BRAXTAN)

In 2006, Tesla announced the first fully eleclittium-ion battery(LIB) powered car, and shortly after
in 2010, the Chevy Volt and Nissan Leaf began produgtipnThrough the Recovery Act, the United
States Department of Energy has since invested $115 million to install 18,000 residential layedotaim
electric vehicle EV) charging stations across the courftt]. Industry manufacturers have also added
thousands more charging locations and there will only be more inthe yearstilgdined s c¢c | ear t hat
powered vehicles are the futw&human travelwith predictions from UBS Bank that 20 percent of new
car sales in 2025 will be electric, and virtually 100 percent will be by PZJ4&lectric cars are nohée
only industry with emergind-IB technology, asboth passengeand freight, rail manufacturersand
operators @& preparing to integrate the technology as vigtle of the main challenges presented by this
mass influx of LIB usage is their safety. Reports of LIB battery fires in vehicles started occurring shortly
after they were introduced, such as the May 2011 Chevy Volt that caught fire a week after crasim testin
a National Highway and Traffic Safety AdministratigNHTSA) parking lot, burning multiple caf8].
There have since been dozens of LIB fire incident reports and their numbers increageowitiy
production. Manufactunig defects and battery abuse are the leading causes of fire in¢ideBting able
to predict and prevent unsafe LIB scenarios is key to their societal acceptance, eguaahicancease
of integration into everyday humdife. The goal of this research was to provide insiyhthe efctual
capacity of certain LIRharacteristicen thelikelihood and severity of explosiorend fires when manual
abuse of the cells waerformed

As the common cause of Lifige hazards, termal runawayn the tested cellwascatalyzedusinghot
plateapplied thermal abusel.o measure key parameters in the Ic#Is beforeduring, and aftehot plate

exposureaunigue,wireless, multinstrumentdata monitoring and recording system wlaselopedThe



Fire Early Detection System (FED&ps used to colleghfrared (IR) thermal images and thermocouple
(TC) temperature readings of the heated cells and their surrounBintipssingle-cell, andmulti-cell tests
were performedo investigatethe LIBs at the individual and modular levdhe two most commohlB
shapeclassifications prismatic and cylindrical, were researad, along with three different cathode
chemistriesnamelylithium cobaltoxide (LCO, ICR), lithium manganese oxidgM, IMR), and lithium
manganese nickéNMC, INR). For all cels tesed individually, the state of charg8OC)of the cells was
noted to determinghe effect of storeélectrical energy on thermal runawaydfire. Multiple tests were
perfamed forincrementally different SOC levels across the cells.

Throughanalysis of the collected cd#tst data, key findingsn the behavior of LIBs durinthermal

runaway were mad&elected notable findings include

1 The SOC and physical structuref the cellswas seen to correlateith the probability and
magniudeof explosior¥/fires duringsimulatedthermal abuse.

1 The progression of thermal runawiagntifiersis consistent within all cell types, though more so
in the cylindricalcells. These markers can be used to predict impersifety hazards ihiBs and
could possibhibeused inthe preventionof somefire events

9 Cylindrical cells always failed at thedesigned safety vents firgndanyfire events successite
vent failureinitiated from these vent$his information can be used to optimgadety in cylindrical
module designfor both general anttain-specificuse

1 Overall, he hot plate heating methugsareliable and contradible experiment desigtomponent.

1 The FEDS system was effectiveconductingsafe firedata acquisitiomnd provides prototypical

infrastructurethat cancontinwe to be improved.

The contributiongleliveredfrom these findingsand the research as a whaee as follows:



By conductingreal fire tests, independent veaétion ofthe fire initiation and propagation for
LIBs was achievedyhich can be used to determine the earlynivey stage for the FEDS.

This research has help design a hotplate initiated, fire test setup at UNC Charlott& his
experiment desighas shown that hot plate fire initiation can provide a consiamhtrepeatable
fire start.

These tests demonstrated that, despite the different age of the battegiess¢hibita consistent
correlation betweetheir thermal stabilityandfire behavior andtheir SOC

Based on this study, a fire detection and prevention strhgsgheemroposed.
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CHAPTER 1:INTRODUCTION

Lithium-ion battery (LIB) fire and explosion hazards areubstantialconcern amongsindustry
producers and consumers. A better understanding of how LIBs behave leading up to and during
explosion/fire events may lead to more effective detection, preverdgnd suppression of the events of
concern. In almost all cases LIB fire hazards are caused by short circuiting the battery which in turn causes
thermal runawayTR) [5]. Short circuitanayoccurexternally or internallyandarecaused by mechanical
abuse, defects, high temperatures, @edtricalabusd5]. Thermal runaway occurs when the rate of heat
production during LIB operation is faster than the rate of heat dissipation and is genersifigloclasvhen
heating occurs at greater than 20 degrees centigrade per fGin@acea state of TR has been entered it
typically cannot be stopped or controlled and can cause dangerous side effects such as: ejection of gas,
shrapnel, or smoke, extreme temperatures, andi@jre

LIBs come in various shapes, arrangements, and chemistries (design topology). These variables come
with their own individual sets of pros and cons. Determinindbtfevior characteristics of different types

of LIBs is paramount in assessing the TR risks involved with each individual battery.

1.1 Background

LIBs can be typically found in two different cell shapes and classified as three different typego The
standardshapesare cylindrical and prismatic. The prismatic cell can further be divided into a hard case
(metal or hard plastic) or soft poustyle, which is surrounded in Bghtweight foil, where cylindrical
batteries are typically only in hard taécasesseeFigure1-1 and 2. Note, that pouch cells do typically

not contain liquid electrolytgr].
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At the individual level, gismatic cells are commonly found thinner electronic devices likeell
phones where cylindricalcells may be found ifiashlights or electronic cigaretteBifferent geometric
constraintsand eergy capacity needs devices usingindividual celk creats a demandor both shapes
anddifferentsizeoptions withineach shapeCylindrical cells araypically only produced in a standardized
rangeof sizes with the18650 (8mm diametex 65mm lengthpeing the most commomherethe bdtery
dimensionscandictate the design of the device usingHAtismatic cellproduction sizesre often more
customizableto conform with condant variations in handheld electrordevice designs When @ergy

needs exceed the cap#&sof singlecells,both cylindrical and prismatizells can be arranged into modules



that are comprised of multiple cells. For instartbe, originalTeslaRoadsted ¢electric motor vehicle)
main battey systemis comprisa of 6,831individual cylindrical cells[8]. A detailed schematic of typical

18650 cell iteriorsis shown inFigure1-3 [9]; detailed schematiad prismaticcellsare shown irFigure

1-4[10].
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Figurel-3: 18650cell layeringdetail [9]
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Separate frontheir shape, all LIBs can be further characterized by their cathode oxide chemistry.

Common cathode chemical makeups and their industry and chemical compound abbreviations are listed

bel ow. Note that

Also, while allLil on batteries are rechargeabl e,
disambiguate from nerechargeable Lithium batteries.
A Lithium manganese oxid¢MR, LM, LMO)
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Some of these cathode chemistries have advantages in tesostaihability and higérenergy density
over others At the same timesome chemistries holdisadvantages in terms of low thermal runaway

temperature and high energy release during runaweymparison to other

1.2 ProblemStatement

Predicting and preventing LIB fire hazards is the most important and challenging issue at the consumer
level with an overarching goal of improving human safety related to LIB use. To approach solving this
issue, a need for research into the fundamental mechanisms of LIB fires was deemed necessary. The
objective of this research was to develop a wireless battarifariag system that can be used to investigate
LIB behavior leading up to and during battery fineidents. This system, and its collected data, will be
used to make recommendations toward general LIB use, storage, and future reSpacdic

recomnendations will also be related to LIB powetedomotives.

13 Research Methaology

To determine key parameters during TR of various types of LIBs, short circuitiegtetibatteries
wasrequired In all teststhermal abuseas usedo catalyzean internal short circuit (ISCn turnstarting
the TRprocessThermal abusasperformedoy placingtheLIBson an electric hotplaténdividualLIBs
with variouschemistriesshapes, and states of changgre investigatedsimilar tests were also germed
on LIBs combinedphysicallyto emulatemulti-battery modulesind understand theihermalpropagation
behavior Various forms of wireless data collection were employed during eadhdkatingdigital video
recording, infrared (IR) video recordj, onbatterythermocouple(s) (TC), and handheld IR devices (video

thermometer, IR thermometer, and compact IR camera).



14  Scopeof Work

Al l i nstrument accuracies were validated duri
of the hotplate with no battery. The handheld IR devices are not shown in the schematic as the locations
varied while they were used to determine Hut plat® $ieatingmagnitudeand rateconsistency, to
determine temperature of battery remains whérC fell off during explosion events, and spot check
temperatures. To confirm and build upon referenced literature, the heating of three batteryychgrasstr
(ICR, IMR, INR), with varying states of charge betweenl100%, were evaluated for the following
parametersthe occurrence of fire (ignition and sustained flame), snapkksmell ©ff-gassing, physical
expansion of ced| pressure release (piercing of batteaging, explosion, battery temperature, the time at
parameteoccurrence, the length of occurrenttes posttest condition of battés and the mass lost during
fire and/or offgassingwhen applicableAll the batteries tested were used batteries that were donated or
purchased locallyThe quantityof all reportedests perfamedin thisresearchcategorized bgell cathode

chemistry and test type are as follows:

1 Singlecell, hard-cased plastitCR (prismatic)i 5

1 Singlecell, 18650IMR (cylindrical) T 6

1 Singlecell, 18650 INR (cylindrical) 24

1 Multi-cell, pouch ICR(prismatic)i 2, four-pouchtests

1 Multi-cell, 18650 INR(cylindrical) i 1, threecylindertest and1, fourcylinder test

The findings from these tesiseused to determine the effectual capacity of test parameters on battery
safety and tomake recommendations on batteryestibn use train applications, and future test methods
or research.

It should be noted that the origihgbroposed testing systantluded gas sensaisevaluateheprofile

of any released gassandtheir potential toxicity concernas additional parameters; howewveur initial

ng



gas detection instruments could not be validated for accuracy. Hence, subsequent testing continued without
gas detection bytlansfor future implementatiorf a gasto-bag collection system has been discdsse
This methodcould allow for a detaiked analysi©of moreindividual gassesthanreattime gas detctors

From this databetter recommendations could be made for spegéttery chemistries and types.

1.5 Organization of the Report

In chapter 1 section 1.1 outlines backgroundformation describing Liion batteries andheir
associated hazardSection 1.2 defirgthe problem statemerf the research Sections 1.&and1.4 define
the overall approachndscope of work for the researatespectivel.
Chapter2 overviews thditerature reviewconducted talemonstrate a negdnd develop test methqds
for theresearclhdiscussed in thiseport Section 2.1surveyseportd casesf LIB firesamongst consumers
and manufacturerand how they relate to emerging Lfdweredrail technology Section 2.Zeferences
important foundationahformation on LIBcharacteristicsSectiorn2.3 cites the state oésearch related to
LIB fire testing and safety.
Chapter 3coversthe experimental design and setfpthe testgperformed Section 3.1detailsthe
experimendl setup, whilesection3.2 detailsnstrument functionality, methods used to validate instrusyent
and safety guidelinassed to optimizéheoveralldata acquisitioprocessSection 33 describes theingle
cell test processyhile 3.4 describes the muitiell, propagationiestprocess
Chapter4 presentsthe data resultof the singlecelled tests, whersection 4.1 detailsa selected
prismatic cell test, and sectior?4details a selectetB650 cell test. Section 4c®mpiles the data of all
singlecell tests, androups them by cathode chemistry.
Chapter Horesents the propagat tesing resultswheres e ct i on 5. 1 6 sthestwmobmblee adi ngs
pouch tests, respect i detltlye.two 5elti8650 tests, respettivaly. sub headi
Discussion on the overatst processesategorized groupings of the resultsdapecifictests occurs

in Chapter 6



Conclusionshased ornest resultsire made in Chapter Wherechapter 8verviewsrecommendations

towardfuture stuéks, along with recommendations on general LIB, aswl trainspecific LIB use.



CHAPTER 2:.LITERATURE REVIEW

2.1  History of Reported LIB Fires

Beforetesting ad FEDSdevelopment began, axtensivanvestigation into reported LIB battery fires
was undertakenFor efficiency and relevancenly LIB fires at theelectric vehicle(EV) scale or lager
were consideredReportswere foundfrom 2011 (soon after EVs were first available on the consumer
market) to 2021 (beginning of this researcfihese reports wereataloguedand are available
supplementally to this researdbut while the 69entries of this cataloguare believed to be most of the
seriousEV (or bigger)fires in this time framgthere are likelyinstances that were not discover&he
websiteis dedicated to Tesla fire reports aadurrently tallied with 97 reports and 38attes.[11] While
every report of fire and death on the site has not been verifiethelieved to be accurate sireeery Tesla
fire found inthe separatesview conducted for this researéhalsoon thesite. The goal ofthis incident
review was tdearn more about the causes and behavior of LIB.fifes knowledge was considered in
both thecell experiment design, and development of the FEDI®t of selectedepresentative and useful

reportsis as follows:

1 May 2011: Chevy Volt catches fire a week after crash testing, in a NHTSA parking lot, burning
multiple nearbycars[12].

1 Two similar 2013Tesla inciders A Tesla collided with tow hitch damaging beneath the car,
(minimal damag yet puncture]13]; anotherTesla hit debris on highway causing fiie].

1 February 2014TeslaModel Scaught fire whileparkedandnot charging or plugged ii5].

1 August 2016: A Tesla Model S 90D spontaneously caught fire during a promotional test drive in
Biarritz, France. The fire completely destroyed the Tesla Model S 90D within 5 mjihGjes

1 April 2017: Large explosion and fire on Union Pacific train car carrying recycled 1OBk. one
car damagedout a man was thrown into side of his house while standing oytSke feet away

[17]. (Note,only LIB fire relatedto trairs found in research.)
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December 2017: VW-6&olf caught fire in Triangel, Germany. This incident was the Ekstfire

that the firefighters had ever responded to. They first cooled the vehicle then moved it into a
container which they then filledithh water[18].

May 2018: The first reported Hyundai Kona fire
(secondattery fire in the same plant reported later that ywehere25,000wereeventually recalled

[19].

June 2018: &destrians aleffesla Model S driveof smokecoming from the vehicleThe driver

was able to pull over and exit the vehicle beftames began shooting from beneath thg2a}.
FebruaryApril 2019: A Tesla Model 8rst caught on fire in a garagEebruary) Two months later
(April), it caught on fire agajrevenafter a Tesla engineer had removed the battery fuse before
transportoy towing companyThe second fire lastlover four hourg21].

April 2019: Tesla Model S exploded in an underground garage in Shanghai, China, damaging fiv
surrounding cars. This event weaptured on security camera footage, in the vitigak smoke
beginsemitting from beneath thear, increase in smoke progresses over a few seconds into a large
explosion thatih wh totueg 0 t he ¢ a melage fanes immediatelyvioll@wthe
explosion andare expelled in every direction from below the [248]. (In this incidenta similar

failure progressioto many of thébatterytests performed in this researchn be seehp

April 2019: McMicken NMC (INR) batteryenergystorage system

(BESS fire and subsequemixplosion (LG Chenbatterie$ [23]. (Full third-partyincident report
available for this testjetailed later in thisection)

April 2021: BeijingLFP BESSfire andexplosionthat killed twofirefighters[24]. (Full translated
reportpublished on citetvebsite)

2021:By 2021 General MotorsgM) had issued recalbn every single Chevy Bolt\NEmodel ever

madetotaling almost142,000 vehiclef25], while Hyundaihadrecalled 77,000 vehicles by 2020
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[26], and added another 82,000 in 2p@here both car manuwfat u r e r s 6supplie®ls LGve r e
Chem[25].

The LIB fire incidents abovare a fraction of the totdires reported but are representative tife
different causes, dangers, and challenges related to LIBWitag mostevents point to impactharging
or manufacturing defects (or a combination ofttired as the root causér many cases a definite cause
of the fires could not be determithéMost of these unknowns likely stem fratastruction of evidencdue
to the violent nature of LIB fires, combined with a lack of knowlede resources from first responders
and local investigators.

For ome of the moralevastating and expensive incitierprofessional investigative reports were
conducted For all the battery fires listed known to contaltG ChemLIBs, South Korean government
investigationswere conductean theLG Chemcells along with athird-party invedigation report by
NorwaybasedDNV (DNV GL at time of report)for the McMciken EESS fire (Arizona)For some of the
earlier Hyundai recalld.G Chemmadea statementhata defectin the manufacturing process was found
where the anode tab was folded am& cel$ produced at their Nanjing plariiutindependent testing by
theMinistry of Land, Infrastructure, and Transport of the Republic of Korea was unable to reproduce fires
in cells with the defed27]. LG claimedthis defect was i$covered early in production and had already
beenfixed andpointed toan error in programming logior fast chargingn the Kona BMS designed by
Hyundaj as a possible causehe recent recall of 82,000 Hyundai vehicles worldwide was mostly-2018
2020 Hyundai Konas (76,000), where the rest consisted of Hyundai lonigs and city Bhegelsevy Bolt
recalls occurred effectively at the same tichee to similar LG Cellsonly they were produced inL G 6 s
Michiganand Ochang planf8]. Ultimately LG assumed $1.2 billion of the estimated $2 billrexall
cost for GM[29], while also covering an estimated 70%by undai 6 s $900 [28lilnd i on
statement othe monetarysettlementGM claimed two differentlefects a torn anode tab and a folded
separator, were the cause of the @ased fire riskn the Bolts. (SAME GMcite as before)rhrough the

direction of LG, both car manufactureecommended to charge all recalled vehiclesnore than 90%
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until battey modules could be replacézB]. It is important to note that threcall of thd 42,000 Boltsvas
in response to only 13 battery framongst them; thus, highlighting $econdhandeconomic impadtIB
fires can haveon top of theifirst-handdamage t@xpensiveroperty however, thenost importanimpact
of these fire comes fro@ndangering human lives.

Regardinghe McMicken EESS(or commonlycalled anESSfor energy storage systémxplosion a
more extensive report was provided by DV Arizona Public Service, the energy company that owned
the system According to the reportprepared andauthored by Hill[23], the facility, which was a
containerized system approximately the size of a standard shippingcoraisted oB6 racks, where 27
racks contained4 battery modules, and each module consisted df\28, pouchLG Chem ceb anda
modulelevel BMS.The BESS was used to store solar energy prodogeatarby panels during the day,
and then redistribute the stored energy intdaleal power grid at nightfThetimeline of the explosion at
the facility, whichwas25 months old at the time efrent staesthat a suspected fire was reportedhe
BESSat 17:48 local time, from which first respondso®n arrivedAt 20:04 an explosion occurred inside
the BESS, which injured several firefighters and effectively destroyeBE®S and containeRNV [23]
presentedifactualconclusions t hey wer e a bihvestigatomn, amd tkey aré suronmarizisdh e

follows:

1 An internal cell failure caused by lithium metal deposits and dendrite growth in the cell
occurred in one cell that initiated a propagafiifyevent.

1 The total floodingclean agerfire suppressiosystem installed in the BESerated correctly,
early on in theevent, but tese clean agent systems are designed to prevent indipéesubd
are not capable of preventiigr in LIB cells.

1 Propagation advanced through every cell and moduRack 15, which was facilitated lile
lack of a sufficient thermal barribetween the cellsvhich they predicted may have stopped

or slowed thespread.
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1 With TR presenthroughout Rack 15, a large quayntf flammable gasses wasleased into
the container Through modellingit was determinedhese gasses were able to create a
flammable atmosphere in the BES®is atmosphere was ignited when firefighters opened the
container door8 hours after TR occurre@vhere a spark or heat soumntactedhe gasses.
They also noted no ventilation means were presentearetgency response teams had no

plans foranextinguishing, ventilating, or entry procedure.

While a report was also conducted for the Chinese BE®®sion[24], investigatorstatetheywere
not abledetermine a cause for the event that saw two sepaal@sionspntwo sides of the large rooftep
solar and storage systeimvestigators did pointto he syst embés outdoor a@&axposur
a possible cause. It should be noted that thefestwere LFP.

Throughout many of the reported LIB fire incideratfirst responder and fire fightéack of knowledge
and experiencéor handling LIB fires is evidentwhich in some casemay have caused a loss of human
lives. In a responsdo severaEVf i res si nce t he Teslahaspreleased eamergency e pt i o
response guidefor every model car they have produceahd they also provide guides for their
supercharging stations, solar roafidbattery storage (Powerwall, Powerpack, Megapaadumts Citing
T e s IMadélsS guidg30], important behavial aspects of LIBs are detailelong with information on
monitoringfailed or failing modulesand LIB fire suppressioecommendationd.eslastatesisingcopious
amounts of wateas theideal method of coolinghe batteries that have been exposed to high heat,
generating heat of gasses, or have caughtTesla warns that it can take between 3,108,000 gallons
of water applieddirectly to the batery,to extinguish and completely cool the battery;fiecommending
to always requedbr more water ahead of timi this amount is noteadilyavailable at thecene. If water
is not immediatelyavailable, Tesla recommendarbon dioxidesuffocation(CO2), dry chemicals, or other
commonfire-extinguishingagents however, they do not recommend use foam extinguistrefally

submergingthe car in waterTesla cites submersion as a cause of LIBsfiusing submersion a#re
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suppression tool can create new firedifferent cells not affected by original fir€o provide better water
access to the batteries, which are localedg the underside of the ctlting the car to expose the battery
area is recommendaetlit is possible to do safel\Note Tesla advises againemovingthe module cover
to expose the cell©nce the car is tilted, displayirtige full area cells are present, Tesla recommends using
IR thermometer devices to monitor the battery temperaturing cooling Water should be continually
applieduntil all areas of the battery have reached ambient temperatures ar\'éleicooling is believed
to have been achieved and water applicatiorsteggped, time must be givéor water to clear the surface
andfor any heat trasfer still active to be picked up by IR devic&ssla warns that battery fires can take
up to 24 hours toampletely cool, and that a minimum of 45 minutessisting of no fie, smoke, audible
battery failures (popping/hissing); increase in heat must pass betbeevehicle can be released to second
responders or vehicle transportaithile Tesla does not state for how long after the fire, they notéhnat
vehicle/batterypack should be stored 50 feet framy vulnerable objectBased on the listed Tesla incident
wherea ModelS reignited after 2 months of static storaj@d], the time frames ithe previous Tesla
emergency response guidee not guaranteed and should be taken as §actthe 2monthre-ignition
event,i t li&edy that moving experienced from ridingn and being placed on a tow trycflisturbed
remainingactive yetdamagedcells

Tesla also mentits the potendil for chemical hazards stemming from LIB fif@0], and issuga
warning thal_IB s canreleasegasses and particulates at high pressures and dangerous tempevhicies,
may include volatile organic compounds, hydrogen gas, carbon dioxide, carbon monoxide, soot,
particulates containing oxides of nickel, aluminum, lithium, copper, cobalthyarbgen fluorideThe
guide states thatocrect personal protective equipmg®PE and self-contained breathg apparatus
(SCBA) shouldbeusedfor all LIB fire encounters.

While the Tesla response guide can be considered mostly standard acetestrad! cars, applying
some aspects to LIB powered train fivesuld be more challengingVhile most designs for IB trains are

still in the development phase, there #meemain design optiondeing considered footations of the
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cells A Siemens, 12passengerLIB train is scheduld to be delivered for operation iBaden
Wirttemberg Germanyin 2023[31]. This press release from Siemens statesrdireis a hybrid between
electric overheadgvire powered, and LIB powered, with the abilityttavel around 80 kilometers on only
t h e |whigh&re mounted underflobrtwo separate packs.

A differentbatterydesign option cabheseen n  Wa préss reléase on their n&luXdrive Battery

Electric Locomotive(BEL) [32], which has also received order for delivemy2023 Wabtec states this

order will contain an upgraded version of their pilot BEL wh i ¢ch was t hpercemt battdryd 6 s

powered freight locomotive While the laomotive itself is fully battery poweredsiintended usés to
supplementraditional dieskelectriclocomotives(or other fuel source locomotivedyie to thdarge loads
seen in freight transportatipispecifically, the company whplaced the orde(BHP, Australia) will
combinetwo of the BEL locomotivewiith ther currentfour-diesetelectriclocomotives, who together will
haul a270-carconsistthat is used tearry 38,000 tons of iron ore.n  Wa lgenerat specificationfer
thepilot BEL, thatoperaedin a similar dieseklectricBEL hybrid systenandcompleted successful testing
in 2021, the considsi s t o tcansumpfionveas$ reducedy 10 to 15 percentand greenhouse gas
particulate matter, amtrogenoxide(s) emissions alsceduced byl0 percenf33]. The specificationgor

prototypical version aras follows:

1 Engine room replaced witt0 battery rackavhich are made upf approximately 20,000
LIB cells.

1 Onboard BMS and HVAC system in the container car.

1 30 40-minutecapacity for full, 4400 horsepower outp

1 Maximum hauling weight of 430,000 Ibs.

1 Maximum speed of 75 mph.

1 Both waysideand regenerative breakiegpabilities for charging.

i Tested on 350nile route.

f

I
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The arrangement of the Siemens cellsiigilar toa typical electric carwhere the cells make up the
undercarriag®f the vehicleswhere theWabtec locomotivean belikened to a BESS system orheels,
similar to the normobile McMicken BESS discussed previously. Both arrangenmmatent significant
access challengeliring a theoretical battery fire eveifipping the Siemens trajiio better expose the
cells for water applicatiorwould requiredetachment of thaenaffectedcars and heavy machineior the
Wabtec layout, access toe inside of the containevould be requiredwhich poses safety risk$rains
often travel in remote areas thaiuld also present further access challentjesheay the structure of
typical trainswould be more durable against fire damage,tbatUnion Pacific recycled LIB train fire
shows the possible danger to surrounding areas of thd¢trdirPossibldorestfire ignition shouldalso be
a concern.

A third design concept has been proposedheBelmont NC, singlecar, passenger trolleywhere a
small rail trailerwith EV batteries will be pulled behind the trolley car it pow@&tsstrolley, currently in
development, is local to UNC Charlotte and is discussed further in Chaptil8.this car still presents
battery access challenges, they may be less difficult to overcome due to the Smathéithe trailer and

lower number of htteries.

2.2 LIB Characteristics

To effectively perform LIB fire testing, a fundamental understagdf their design, and electricaind
thermal properties required.In research conducted on the fire safety ofdiBroad vehicles, Bisschop
et al.,describes some of tletructural and geometrproperties of the three main types of L[B4]. Pouch
cells are sealed in faithich makes them flexiblend while this design is cheaper and lightealso allows
for easier puncturingand the cells may require a support structareesist bending stresséxouchcells
have an efficient interngyerdesign which ses their currentollectorassemblystackedinstead of rolled
like in somehardcased prismatiand cylindrical cellsalthough some harchsed cell also see stacking.

This stacked layering allows for highenergy densityper cell. This energy density translates into the
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module level fototh soft (pouch) and hamtismaticcells, since they can be packed directly next to each
otherwith their thin rectangular design.

Bisschopet al.also citel cylindrical cellsashavng higher mechanical stability thaheir prismatic
counterparts due to their round shape distributitgpth internal and external pressure around the
circumferencg34]. Relating this round shape meodulepacking the authors otea decrease in efficiency
is seen in terms afnused space between the batteries when theylaed next to each other at their long
round edgesThis loss of useable spalikely provides an advantage however, since these air gaps allow
for cooler air to circulatbetween the cells, aiding in their temperature regulation. Tightly packed prismatic
cells provide virtually no room for heat dissipation between thetnich can reduce the timeeeaded to
reach thermatunaway. A gearalized graphiby Bisschopet al.demonstrating this packing comparison,

can be seen iRigure2-1.

Packing principle for cylindrical cells

Packing principle for prismatic/pouch cells

Figure2-1: Packing of LIB shapef34]

Note, that most modern cylindricatlls, and all testedh this researchave built in safety vents at their
positive end capdn a reviewedstudy on 1865@ents,Ouyangconcludel that vened cellshelpedto delay
TR when compared t&8650s without ventf35]; and whenSOC levels of 0, 50, and 100 percent were

tested a key finding was that higher SOC cells saw reduced effectiséen ventsin delaying TR.
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Continuing reference from Bisschap al.[34], a brief section discussesiode materials in typical
LIBs, stating there are onlgvo, general options commercially availablEhese two anodmakeups are
carbon basednd lithium titanate oxide(LTO), where the latteis more expensivet delivers better
performance in thermal stability, charge/discharge eaté life cycle

Anode type vas not considereds an investigative paramefer this scope but may bean effective
parameter to investigate in future research.

Theinternalfailure of LIBsin thermal runawaygan differbetween chemistry angeometry butan
also differ from celto-cell in the same modef batteriesThe European Council for Automotive Research
and DevelopmentHUCAR) has classified each failumodewith an umer i cal , fifhazard |

systemwherethe descriptions of each level and certain criteria to be classified at a level are also given.

This tabulatednformation givenby Bisschopetal. [34], can be seen iable2-1.

Table2-1: EUCAR LIB failure hazard level84]

Hazard Level Description Classification Criteria and Effect
o No effect No effect. No loss of functionality.
Passive No defect; no leakage; no venting, fire, or flame; no
. rupture; no explosion; no exothermic reaction or thermal
1 protection . s . . .
, runaway. Cell irreversibly damaged. Repair of protection
activated y |
device needed.
No leakage; no venting, fire, or flame; no rupture; no
2 Defect/damage explosion; no exothermic reaction or thermal runaway.
Cell irreversibly damaged. Repair needed.
Leakage No venting, fire, or flame®; no rupture; no explosion.
: ’ Weight loss <50% of electrolyte weight (electrolyte =
3 Amass < 50% 8 2 Y ght ( Y
solvent + salt)
4 Venting, No fire or flame®; no rupture; no explosion. Weight loss =
Amass = 50% 50% of electrolyte weight (electrolyte = solvent + salt).
5 Fire or flame No rupture; no explosion (i.e., no flying parts).
] Rupture No explosion, but flving parts of the active mass.
7 Explosion Explosion (i.e., disintegration of the cell).
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If a consumer wanted to choose what type of cell tavitbethermal safety as a priority, th@ost likely

way to accomplish this would be by selecting on cathode chengstveral studies were found comparing

different chemistries under different testsresearch Y Orendorffet al, Figure2-2 shows theesults from

accelerated rate calorimetry (ARC) of different battery chemistries at a state of charge (SOC) ,of 100%

where the internal, selfeating rate of the batteries wagestigated

500

Accelerating rate calorimetry (ARC) of 18650 cells with different cathode materials
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Figure2-2: ARCvs. SOC for batteries with different cathode makd86%

The NMC cell inFigure 2-2 showsa maximum heating ratbat isapproximately halthe maximum

heating rates othe LCO and NCAcells where thetwo latter cells reached their max rate at a lower

temperatur¢36]; however, the LFP cdil s

ma X

heat.

ng

r 18Qtimes Vess thanahe NMCo x i ma't

and270 times les than the NCA and LCO cellBhis alludesto a signifcantadvantage in thermal stability

in the LFP cells, which was also concluded by ahéhors.A key demonstration ifrigure 2-2 sees the

sudden rate change of the LCO cells occur at the lowest temperature (beld®), 196ile the LCO rae

stays high through higher temperature exposure as well.
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In the similar previously referencedtudyand testoy Brandet al.[4], ARC was used téestNMC,
NCA, and twodifferentLFP cell types Forthe LFP cellsa maximum temperature raté 28 °C/minwas
foundinfiLFP10 by t h e s,andemesineum rate bf€@/minwas found for LFP2n comparison
to the teste®iMC and NCA cellswhich sawtemperature rates ofore than 400 °C/mijrboth LFR showed
significant advantages in termstbermal stability.This means, that the investigated LFP/C cells show a
significantly higher thermal stability this test as wellThep | ot of t he f i nddemigs i n E
Figure2-3, shows similaritieso theOrendorffet al.study[36], meaninghe findings are likely consistent

across the chemistries tested
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Figure2-3: Brandet al.,study on chemistry heating rd¢g

A tabulated breakdown of the plots kigure 2-3, for the selfheating onset temperature and the

temperature wheself-heatingsurpasse& C/minwas providedand seen iffable2-2 [4].
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Table2-2: Brandet al.,heating rate temperature of onset/incrdd$e
Type T opset T when rate

>5 °C/min
LFP/C 104 °C 287 °C

LFP/C 81 °C 212 °C

NMC/C | 88 °C 212 °C

NCA/C | 86.5°C | 183 °C

od |2 | —

.

Brandet al.statel thatthe LFPcathodematerial has an olivine structure, whidld not display an
exothermal decomposition reacti¢#]. During overheating no oxygen gass releasedand he rate
declines in LFP&t 250 C and 280 C, the resarchersattributedthis to safetyvent activation in the first
drop, andcomplete removal of the positive end cap in the second.

Throughoutthe multistudy, literary review conducted for this research, Lddlls consistently
demonstrated to be the safeBemistry in term of fire safetyt should be noted howevghatBrandet al.
found a disadvantage these cells besides energy density, which occurred in a sepaabhargeestof
the same cell used in their ARC testigl]. Both LFP cells showed aaffectively immediatesxothermic
reaction oncéull SOC was reached, whereas the NMC and NCA delfsonstrated a fffier effect against

overcharging, which can be seen in the referefedde2-3.

Table2-3: Brand,overchargeuffer resistanci@]

Type SOC onset | T rate after onset
LFP/C |1 0.8 °C per % SOC
LFP/C | 1.05 0.77 °C per % SOC
NMC/C | 1.35 1.02 °C per % SOC
NCA/C | 1.3 1.74 °C per % SOC

ad | D | =

=N
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Both nickel chemistries demonstrated a buffeB@¥o overfull charge or moré4]. Brand et alnoted
that overcharging can be one of the severest failures to,at@ito the ability of over loaded anodes to
deposit lithium metabnto the carbon in the cell which can reduce thermal stalitigall that lithium
deposits weralsocited as the cause of TR in the McMick&ESS fire by investigatorf23]. While the
Brandet al.tested LFPs showed no overcharge buffgrall cells were equipped thia current interruption
device CID), which is common amongst most 18650 cell desiGii3s activate similato vent cellswhere
internal pressure exceeds a certain limit in the callsing the CID to push outwaskating discontinuity
in the cell cicuit, terminating current flonBrandet al. provided a diagramthatillustrates theunctional

design of a CID in@a18650 cell, kown here irFigure2-4.

(as pressure
Figure2-4: Brandet al, CID diagrani4]

Orendorffe t  study aflsgnade comparisons between different SOC lewtlsin the same
cell type[36];from their testsFigure2-5 shows thaeferenceneating rate versus temperature

plot of the same IMR pouch cells at different SQ@®kere
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Figure2-6: SOCrelationshipg36]
The scadd in view inFigure2-5 shows that for the higher SOC cells the initial heating rate starts
off larger and that rapid increases in heating start at a lower tempg&&lueffectively, there

is an expoantial correlation between the maximum heating rate and the &3€enin
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Figure2-6. In the same figure a linear relationship between the total release of energy and SOC can be
seenand hese researchers notsignificant decrease in heating rate aroun®@% SOC and recommend

a standard shipping and handling SOC of approximately 50%.
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2.3 State of Researdhiethods

While information on battery behaviseen in different studies was gathered, the experiment dsetho
usedto test the cells was also compilé@dstudy fromXiong et al.listed representativelB fire incidents
[37], similarly to section 2.1 of this papendthey foundinternal short circuit (ISC) involves 52% of the
accident probability, whereas the external short circuit (ESC) involves 26% of the accident probability
Different types of cell safetgnd qualificatiortestingoftenaim torecreate ISC and ES® investigatelR
andfire in LIBs. The general test methsdseen throughouhis literature revievof the field of LIB fire
safetyresearch are as follows:

1 ARC testing(previously discussed 2.2)

9 Nail penetration testing

1 Indentation tegng

1 Pinch testing

9 Forced internal short circuit tésdy

1 Overchargepverdischarge testg (previously discussed 2.2)

1 Equivalent short resistance tegf

=

Heating elementhot plate) contact testing

The Xiong et al-study investigates many of these test methods in d&@jlwhere theyclaimed nall
penetration to be a widely used methaldo stating this test to be a standard in battery qualificatiwse
researcherund that depth of penetration does not correlate to tempenattease but speed and location
of puncture does. Mitle-cell penetration caused fasfopagation, and in general repeatability for nalil
testing is important

Xiong et al.found that the indentation test was developed to investitifiéeent layers of the celin
terms of mechanical stabilif37]. Xiong et al.warned that an indentation of just Imm could lea@Ro

hazard, while also beingrtually invisible tothe human eyel'he nature of this test method also causes ISC
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to occurin the outer layers of the cgliherethe researchers note ttegat can dissipate quickieom these
exterior layerghanfrom themiddle of the cell thus the initialtemperatureesults may ineffectively show
the seriousness of the failufighe pinch tesproduces a similar effect but by apiply force at two opposite
sides of the cell, here researchevere able to create ISGth smaller than 1mm indentations.

Non-ARC heating of the cellsvhichi s t he met hod resachwabnotdisctisked in
Xi ong et-stay andvgas motefduchto be used in mostherstudies; howevedirect heating of
LIBs was used in research by thederal Aviation AdministratiorHAA) [38]. In thisFAA research single
cell, ignition, and propagation tests were performieor the singlecell cylindrical tests a 100-watt
cartridge heater was used to instigate WRile a 240watt ot plate was used tstartTR for the lithium
ion-pouch cells and button ke For the singlecell tests two 1/16M-inch, type-K, inconelTCswere used,

one on the heating element and one on the cell sufacghe propagation testhe cylindrical cellg5)

wereplaced next teach othernlong their long edge wita TC onthe battery next to the heater and the

battery at the other enthe pouch cells were stacked verticddlytheir largest facand held down with a

steel plate.In this research some of the cell types testilchot sdf -ignite their gasses released during TR,

so for these testn oitburner spark gap was situated aboutaningh and i nch away

locations.These igniter tests weprformedn a pressure vesseith a volume of almost 11 cubic meter

At first signs of venting the burner was activaded left to remain on for the duration of the test, while TC

applicationsimilar to thér singlecell tests recorded TR activatiokdditionally, hydrocarbon presence and

paper

from

pressure with the chamber were also recardi@rea fan within the cell helped circulate vented gasses to

increase readingsylthe gas detection instrumenhdotably this FAA research also concluded that LFP

cells show advantagen thermal stability.
In the report byBisschop et al[34], a similar external heat abuse test on LIBs was referefhtéuis

test LIBs were placed in an over that heated to 800 a consistent amount of timéhis studyfound that

all the LCO cells reached TR by 190, and thatabout 15 seconds latgasses in the oven ignited in over

half of the testd-or the 18650 cells tested in a similar fashiitR ,was found to occur around 22T which
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resulted in an immediatéé. The 18650 cells also displayed a discharge of liquid electrielgténg up to
TR. In this study and the FAA stud®8], the point of TRactivation was determined by the first sign of
rapid temperature increaséthe cellsLFP cells were also applied Bi s s ¢ h o gveneniethod34], 6 s

and agairthis chemistrydisplayedittle-to-no signs of TR.
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CHAPTER 3:EXPERIMENTAL DESIGN AND SETUP

3.1 Experimental Setup

A schematic of the general test system and environment is sh@iguie3-1, along with a functional
view of the equipmenand testsafety measures shown figure 3-2. The main components of the setup
include a test chamber (box furnace) containing a hot plate for application of thermal abuse, thermocouples
and cameras, and wireless data acquisition systeml HdrenoScientifidox furnacecontained a ceramic
fiber interior capable of withstanding high temperatures and impact. The door was propped open during
testing to allow clear views for the image recording devices at a safe distance. A dimensioned schematic of
the box furnace is shown Figure3-3. Nearly all individual cell tests were performed in the box furnace

save for a few that were performed in the large steel containment (see section 3.3).
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For all testsperformed,an Oster branélectrichotplatewas used ta@reatethermal abuséo facilitate
an ISG simulating a reatworld LIB failure mode An initial analysiof thehotplateby itselfwas conducted
usingthe same temperatuneeasuring deviceapplied to battery testahich arediscussedn detail later
in this sectionlnconsistent temperatureadingsacross the surface of the platereseen on the first test
run of the plateThermal imags frommultiple IR thermographyevices showethe location of amaller,
subsurface lating elemenfThe same locatiowasalso thepoint of maxmum platesurface temperature
at anytime in the heatingrocessA schematic of the hot plate dimensions and hot spot location is shown

in Figure3-4.

HOT PLATE
POWER SUPPLY

APPROX. HEATING ELEMENT ~J—— \J\
LOCATION (HOT SPOT)  [D<g ™\
\ \’\

OSTER HOTPLATE -\
DIMENSIONS

9"

Figure3-4: Hot plate schematic

Uponseeingthe temperature profile of the platarface thehot spotwas chosen to be tlmnsistent
locationof battery placement throughout testii@ determine the contitability of this heating methad
the heating ratef the hot spoandits rateconsistency was investigatelb determine the heating rats
IR thermometerlfrand:EXTECH) with data loging capabilitieswas placed on a stable trippdsitioned

at an angle above the platgpon confirming proper calibration ttiethermometed guiding lasersit was
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aimed at the hot spaind activatedwhile the plate wasllowed to heat froman inactive ambient
temperature to its maximunemperaturewhich wasdeterminedafter no increase in temperature was
observed for some timé\ plate heating rate was plotteding the time of plate activatigrafter first
activatingthe temperature logging devjogith the timestamp ahe first data point loggedhis process

was reeatedto determinghe heating consistency of the plaféhile the plate consistency was deemed
sufficientto begin testinghe same plateemperature recording method was userdng several subsequent
battery tests tononitorany depreciation in performance of the plater time To improve efficiency of

the test procedureplate temperaturgvas spd checkedbut not recorded in someests asextended
consistency was cfirmed. The data sets used to check plate consistency were plotted together, along with
the average heat rate adjusted for outliers caused by interruptions in some plate datadssjgimgyehich

can be seen iRigure3-5.
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Figure3-5: Hot plate temperature data w/ adjusted average curve

A large portion ofthetests performedisedthe same platé26 reportedtests, exceptfor tests on or
before 48.22 (method development phaseo reported tes)sand, on or after 63222 (ninereported tests)
which usedlifferent plates of the same make and mo@ke plate cooling rate quickly proved to heo
slow for bringing the plate back down to safe levieldeave unattended, and fefficient backto-back

test. Toexpedite the cooling process, a metal figed with ice wasplaced on the ylugged hot platéo
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retun the plate to ambient temperattoethe next test or storagk few different metal pans were available
in the lah somewerelightly coloredaluminum panglesigned for usé soil drying ovenswhile others
weredarker anddesigned fobaking food.t should be noted thate simple panwere visually observed
to coolthe plate significantly faster thahe food baking pansvhich ispredicted to be attributed tbe

food pans being designéal absorb heat

3.2 Instrumentation and Data Acaition

A TC and IR video camenaith wirelesstransmittingcapabilitieswere used agelLIB and fire event
monitoring systemThis systemwith planned combination of gas sensors, was proposechntittipated
future application to LIB powered trainsWhile the first generation of the monitoring system came with a
probe style TGOmega) this was replaced during the experiment design phaséwdtlype-K surface TC
(both Evolution). In the currentsystem designwhich was used foall tests the TC is connected to an
Omega brangignal conditioner which translate he TC si gnal for t seiredinodeo
The finodeo acts as a router which transmits al/l
away. The dognactedywad$Bocordtostheexperimenmonitoring computemwherethe data
logging software(Senso€onnec} records and displays the data in rixale. Thegas sensor thatagused
in the initial test runsf the systemverealsoable to connect to tHe n o dnelwithout a signal conditioner
The current nodean receive8 separate sensors. Ttveo-in-one (CO, CQ) gas sensor needed its own
power supply and so does the conditioner and nodéen attempting to validatdhe gas senspby
comparing itsambient airand human breatreadingsto expectedit was demedto beinsufficient for
testing requirementtt was concluded that this whisely due to the sensor being designed for us¢JMAC
ducts, andjas detection was tabled for futussearchln theory this system could be expanded to include
more sensors and configured to be powered by the same batteries it is monitoring.

While the IRvideocameralbrand: ADAFRUIT) is considered part of the overall monitoriggstem

andstores its dta and imagesn the same computas the TGdataconcurrently the camera operates

ok )
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separate software and connectivithe small camera iwired to a handheldablet on a tripodwhich
utilizes a RaspberryPi operating systéimuse is also wirelessom a safe distancesing a remote desktop
connectiorto the IR camera tabletstablished by theainmonitoringcomputetthat is also using screen
and audiaecording software (currentlyg@n Broadcasteoftware, or OBSset to record only theemote
desktop viewewindow and audid. Note that for some test no audio was recorded, and the cause is
unknown at this timeThis connectivity type differs from thEC radio frequency communication between
thenode and gatewain thatthe currentemote desktop functiaequireshemain computeand IR camera
tabletto be connected to the samstable Wi-Fi network throughoutthe test.So far using theC++
programming language operateéhe camerand displays its images has smoww bebest available option
that was provided with the devidé.should be noted that throughtoall tests performed in this research
where an IR video was successfully recordedjrtage being viewed is mirredfrom the expectedirst-
person viewat the same locatiomand the digital camera recordidgs v i Ferninstanceif a person were
standing at the same location as the digital camera and IR ¢athevdh similar trajectoies of vision
toward a battery tesand the pexn saw the battery rockepwards and to the right, the digital camera
recording would displathe same battery path; howewigre IR camera ould display the cell travelling up
andto the left.In cases where a tesdlled for the IR camera to el for an extended lengttie displayed
live videowould often freezafter 15 minutesrendering the recording useldssyondthis point While
few tests called fothis much recording time, this occurrence happened neadgy timewhen it was
requirad. For the tests covered in the scope of this research, tineseand distance to reliabld/i-Fi
limitations werean effective nofissue; howeer, these issues should be carefully considéweduture
similar studiesand practical train application$ not resolved completely.

Tovalidatethe TC and IR video camera temperature readthgsesupplemental IRlevicesandthree
supplementalTCs were employedThe IR devices consisted afvo handheldfigund thermometers
(EXTECHVideo IR ThermometeFLIR ), and a handhelstill thermalphotograpltamergFLIR Compact

Thermal Camera)he latter option gave i@aktime display of two selectabldocationtemperaturesand
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the max/mintemperaturéocationwithin its field of vison. The supplemental Cs were alsotype-k and
were connected ta Nationallnstruments Compact Data Acquisition (NDAQ, referred to as DAQ
throughout teXtsystem; a similar device, yet nonreless, to the node/gateway used with the main TC.
These TCseported to the National InstrumseifiNI) DAQ Expresssoftwareon a separate computeom
the main data collection comput&t/hen validatinghe main TC,all supplementatievices reported the
same temperature on both the heated hotplate and a human body within reasonable degrees ¢f deviation
thus, both the main TC ammipplemental devices were deemed valid for immediate testigther use
as validatorsThe IR video camerdemperature readingdid nothave the same congruenitythe other
approved devi ces. ffomd¢hedesRedengpenaurcurfaseplayad ssigrifinant eole
in themagnitude ofts inaccuracy compared to the other devices runcimgurrentlywith the same point
of interest Distancewas notinitially expected to ben issuewithin reasonfor this camerabut the issue
is believed to stermainly from the lower resolution qualitof the camera anpossibly not being able to
focus the camenaith the current setup. While its temperatteadingsare inaccurate, the camera was still
deemedeneficial to tests performed apibvidesa secondary timestanmpferencdor visual and adible
fi | a n d ndaringk spexific tests (sewsult interpretation in chaptersahd 5),a somewhat accurate
account oftemperatures when TCs may have been remduedg fire eventsandfunctional practice of
similar IR devices used in the futurBheseproceduresonductedor the main test system, in turn also
validated thesupplemental IR devicefor the hot plate heating analysiand spot checking of plate
temperatureanddisplaced battgrcasing temperaturedter explosions/fire For most tests an attempt was
made to record the temperature of any pieces of the battetyematdisplaced and/or separated from any
TCs, usingthe listedhandheld thermal devices. It should be noted that many times, the gapage of
the availablehandhelddevices was exceedetlhe DAQ TCs were likewise validatetbr use in multi
battery propagation tests.

A digital camera was used to captanedio and visual recording of the tieg testswhich proved to

be essential in ling upthe separate datas@t®vided by the various instruments used during eachaiest
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top of the ability togo back and slowlpreakdown each importargaction of the battery that cannot be
recordedby the human eya&Vhile not immediatehapparentit was found that turning the digital camera
on and recordindirst, combined withproviding clearvoice calloutsvhen activating the other equipment
reduced the difficult of processinghe resultsResult processing is further aided by startir@ data
collection and turning on the hotplate at the exact samewitiieh was achievable since at least two people
were present for eaghst,which is highly recommended feest safetyOtherforms of test safety useat
onthand in every testinclude PPE hardhat, facemasksthick hightemperature glovesprotective
eyewear) a chainlinked steel curtainfire blanketlarge andong hightemperaturdorceps (hot battery
handling) plenty of ice close byplate and heated battery coolinggrformirg tests outside yet in \ARi
range,and pacing thebatteries and hot plate in a duralaled fireproof containment that allow$or
instrumentatiorand viewing of tests.

Regarding thegeneral experiment setup, a troubleshootinge slould be made abouwdn issue
encountered on the computer used in most tests that is pietuogd The Senso€Connect softwareused
for datarecording from the node/gateway syst@vould not immediately @gniz thestandardJSB port
connection betweerné computer and gatewayA USB-to-USB-C adapter was required meet the
minimum bitrate 0921600 baud (bits per secondfor the port connecting the gatewayhe baud rate
capacity was focusenhore on thenewerUSB-C type ports andlacked capacityn outdatedports. An
automatic connection to the gateway still didowtur andhad to bereatednanually in theSensoConnect
settings menuA detailed instruction manual for tHeéensorConnect software and hardware setup and

operation is in the appendix

3.3 Individual CellTestSetup

Theprismatic hardcasedCRs andbothcylindrical chemistriesIMR, INR) were testedhdividually.
Before sding up the test systenthe SOC of each battery was checkadd increased if desiredwo

Auni ver s alithhSOC tisplaggv@eused, ane desigulfor prismatic LIBs (brand:Rijer), and the
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other designed for multiple sizaad type®f cylindrical cells not justLIBs (brand:EASTSHINE),can be

seen irFigure3-6 andFigure3-7 respectively

before charge charging

Figure3-6: Rijer prismaticcharger

Figure3-7. EASTSHINEcylindrical charger
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The Rijer charger wadso able to be used as a battery discharge device by unplugging the charger with
a nonzero SOC battery still conneed the batterypecomes théquid crystal display l{(CD) screermpower
source The 18650 cells were not able to Bischargedy theEASTSHINE chargerTheRijer chargethad
disadvantageas wel| it would notcharge somerismaticcells with 4 charging prongsvhichwere more
common(compared to prong, its SOCdisplay intervals were only every 25%ompared tdhe more
accurate 20%or the EASTSHINE charger.

After a few tests it was decided to record the mass lost from thdurily offgassing or fire events
that did not render the cell unweighable. The mass was recorded in grams before each test along with the
batt er y 6 smilaapgera bdurtifyAh), iamd any other notable information to each battery (date,
defects, brathwhen applicable). After a test was completed and the area was safe, batteries were carefully
moved with gloves and forceps to the tray of ice being used to cool the hot plate. This quickly cooled the
battery, but care needed to be taken when movingatter to be weighed, while also making sure water
did not invade any battery cavities, causing errors in recorded mass.

The surface TC is applied to the batteries along its longest edge opposite of the hot plate, using heat
resistant tape in addition the selfadhesive included by the manufacturer. The batteries placed on
the approximate surface hot spot location before activating the plate. For the cylindrical 18650 cells,
pointing the positive end cap left and angled slightly toward the dicgtalera, kept the safety vent
activation in view. This specific placement was not adopted immedibtélpsthe vents were found to be
the consistent first point of 18650 failure under theratalse (see chapters 4 andlés placement proved
most advatageous. An image of both cell types placed for testimgbe seen iRigure3-8 andFigure3-9
and where an alternative 18650 placementigure 3-10from the 5.3.22 test was only used once for

individual testing due to safety concerns (see chapters 4 and 6).
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Figure3-8: Singleprismatic cell placement

Figure3-9: Single18650placement
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Figure3-10: end cap placemebt3.22

Upon placement of batteries and confirming all equipment was ready, all data recording devices were
activated starting with the digital camera. The hot plate should be turned on last or at the same time as TC
network, in every test the hot plate was turimeghediately to its highest setting. A typical figtrson view

during the test can be seerfHigure3-11, but note this picture is inside with no steel curtain for clarity.



Figure3-11: Firstperson viewmid-test
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Thoseperforming the experiment were alerted to notice important events throughout the test and called
them out clearly to reidentify events in saved videos. While the containment box and curtain were highly
effective safety tools; everyone in the test areagwary test, should be prepared for a flaming projectile
that may escape the confinement area. Take care to make suterhpgrature battery pieces do not land
and stay on equipment and their chords for an extended time, while also unplugging thte tast gten
as safe to do so after fire event becomes stable. After unplugging plate, make sure to return the temperature
dial to the off position to prevent hazards when plugged in later. Data collection devices should be stopped
soon after important evenhave passed or if the TC is removed during the test to reduce data size. The TC
was often removed during violent explosions and/or fire; if this occurred supplemental IR thermometers
and devices were used when possible. Upon cooling, all tested Isagteristored in the box furnace for

safekeeping and reinspection. Recycling and disposal of any LIBs should always be handled professionally.

34  Multi-cell PropagatiormestSetup

The multiplecell tests, intended to investigate thermal propagation, fetiomvany of the same steps
and processes of the individual cell tests, and used all the same equipment except for the containment box
and supplemental TCs. A typical equipment setup, including the supplemental NI CDAQ TCs and
computer, can be seenkigure3-12 (steel curtain was used but not shown).

Figure3-12also shows the large, insulated, steel containment box used instead for the ri@stremti
A plywood cover was placed over its open top to aide in containment and block the wind, while allowing a
small gap for light and camera view. A small air ventilation opening was present in the front wall and an
exhaust hole was present in the ba@kld serving as additional viewing ports as well. For three of the
four propagation tests (two 18650, one pouch) the digital camera was placed on the upper rim of the box,
looking down on the hotplate which gave a wider view angle. This box and camkravasglso used for
a few individual cell tests but rdano change to battery behavior. In all tests the IR camera and TCs were

used through the side viewport. For the second pouch propagation test (6.11.22), the side viewport was also
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used for the digitacamerawhich gave a better clogg view to witness the pronounced expansion of the

pouch cells.

Figure3-12: Typical propagation test setup

Based on theonsistenfailure of previously testedinglecell 18653 at their positive end cap$or
multi-18650tests batteries were connectatitheir end capwith the positive ends pointingpuowards the
next battery(when applicable This configurationfocusedany high temperatwe material from lower
batteries into théattery it was touchingrhe bottom battery was placed the hot platanaximum point
onits negative endhile a retort stand was used to support the tall column of batteridSgsee3-13that

also shows T@onnectivity along the sides of edadttery.
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Figure3-13: Multi-18650 plate' setu':p



45

For pouch propagatiaests, the batteries westacked by their broad surfagieectly aboe each other
with surface TColaced in between each layer at the center of the batt€hesdigital camera still in

Figure3-14 shows this configuration and alternatewing angle.

Figure3-14: Multi-pouch plate setup

While the larger containment area ameight of combined batteries reddcthe overall risk of
projectilesthe overall magnitude of fires and smakeredramatically increased and shoulddaefully
considered. These testok longer overallso enough time for the reaction of all batterresstbe allotted

to ensure that the test area is not entered befisreafe to do so.
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CHAPTER 4:CELL LEVEL DATA AND RESULTS

Typical nomenclature to identify a specific test referencetext, tables, plots, and figures, both
included in this document @ny supplemental documents, is the date of the battery test. Only if multiple
tests were performed in one day will a paretithealue follow the date, indicating the sequential order of
the tests performed. For example, 4.27.22(1) was the first test performed this day (three total).

Once theexperiment design and proceduverefinalized, allindividual cells testedfter thispoint
were logged int@a data matrixcachrow of the matrix is a singlestidentified bybattery shape, chemistry,
and date tested’he main test matrix is grouped by shape and cathode chemistry, and these categories will
be stated whergpecific tests are referenced elsewh@iige reportableparameterof each tesiare as
follows: SOC mAh, expansiorftime to first signtime to max expansioydmoke/smélplate temp, battery
temp, time) pressure releagplate temp, battery temp, timexplosion(plate temp, battery temp, time)
occurrence ofire, fire length,fire description,battery temp after, post conditiai cell, loss of mass
distance travelledest notesThis matrix was completed using the aid afidio¥ideorecordinggboth IR
and regular), TC dafagging IR thermograps and thermometers, pictures, and visngpectionDue to
battery varialiity, occasionahuman error, and violence of some reacti@mmneof the data ath media
options were nobbtainedfor a few testand are noted in the matrirowever, the majority of performed
tesk producedsufficient datato highlight behavioraltrendsby categories of the LIBs testednd their

outliers

41  SamplePrignatic Test Results
The following information details a selected individual test (5.4.22) of a prismatic LIB. The TC
temperature recordings for the ICR (NMC) hasabe battery, with 100% SOC, is plotted over the time

from hotplate activation, shown Figure4-1.
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Figure4-1: TC data pismatic ICR 100% 2450mAh 5.4.22

The TC readings from the top of the battery show a steady increase up to the point of explosion where
the TC was ejected from the batteryfage, dropping its reading to ambient air temperature. In thetfirst
minutes of heating, minimal and gradual expansion of the cell can be seen along with the deformation of
the plastic wrapper. Aboul seconds after the fourth minute of heat applicatibe, cell expanded
orthogonally to the plate surface, oveinth in a less than a second. This expansion led directly into a loud
explosion, displacing all pieces of the battery just behind the plate in the box furnace, where large flames
immediately erupmd. Significant flames lasted roughly 5 seconds, but once they had reduced to a safe level,
the plate was removed from the containment area to both protect its wiring and unblock the view of the still
burning battery. In total flames where present for 28@onds after explosion, where a small flame was

sustained near the main casing of the battery.
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Video stills showing physical observations are giveRigure4-2 throughFigure4-5. Digital camera
recording was briefly stopped accidentally 35 seconds after the explosion, but recording was restarted 74
seconds later, which was determined using the continuous IR video. Nothing significant was missed in this
filming gap. It should be rted that the digital camera used for all tests would sometimes break videos into
two separate files on its own, but there is no loss of footage between the first and second video (see 6.2.22[1]
videos). This consistently happened around 17 minutes andcdhdse of recording, which is an

uncommonly long test length, but it did occur a few times.

Figure4-2: 1sec before@apid expansion/explosiofd:23 (vid.), 245sec (datap.4.22

Figure4-3: Maximum expansion before explosiph24 (vid.), 246sec (datp}.4.22
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> ST
Figure4-5: Sustained flamsize5.4.22
An IR videostill shotcorrepondingto themaximum temperature reading during theeconds of large

flames can be seen Figure4-6, while Figure4-7 showst h e ¢ aeadingiatbesfew seconds before

the flames fully extinguished (approximat@$0 seconds aparth both the TC had already been removed.
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Waveshare v bl A

< >
Figure4-6: IR video during large flamdd:22 (IR vid.), 4:27 (digital vid)] 5 4.22

Min:24°C Max:118°C Vv
< >
Figure4-7: Flames about to extingui$8:12 (IR vid.), 204 (digital vid)] 5.4.22

Since most battery shrapnel piecetanded behind the hot platen theb o x f u remoyealded s
ceramicfiber plate examination of théragile pieces was able to ocowithout disturbing themf-igure4-8
showsthe charredbooklike innerlayers and thecavity in the casing from where they wesgelled while

thesilver-coloredfoil is believed to have been the outermost lgyst inside the casing
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4.22'boéf:ondi:tion photb

Theopposing view, shown iRigure4-9, displayghe meltedplasticendtabwhere the charging prongs

werelocated which is also where the small flame occurfedthe duration othe fire.

»
G |

SN

Fi>gure4:9. 5.4.22 postodition ph
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A transposed excerpt of the recorded data and observations that were entered into the test matrix is
displayed inTable4-1. The matrix parameters dis@gsl at the beginning of this chapuere filled in with
their corresponding data points using a combinatiorresbrded data, voice callouts, videos, and
photographyNotably there was no sign of sm@kr smell leading up to the explosidime massvas st
was not recorded due to themplete removal of innards, and no distatregelled was recorded, as is

typical of all tests where the cell did not travel more than 5 feet.

Table4-1: Prismatic ICR5.4.22 matrix excerpt

ALL TEMPS (C°)
ALL TIME (sec) 5.4.22
ALL MASS (g)
5.0.C. 100
mAh 2450
FIRST SIGN TIME 137
EXPANSION = /e T0-max 247
PLATE TEMP .
SMOKE/SMELL | BATTERY TEMP -
TIME >
PRESSURE PLATE TEMP 252
BATTERY TEMP 126
RELEASE (HISS) TIVE e
PLATE TEMP 252
EXPLOSION | BATTERY TEMP 126
TIME 247
FIRE | ves ]
FIRE LENGTH 237

LARGE FLAMES
ENGULFED BAT.FOR5
FIRE DESCRIPTION SECTHEN FLAMES

DECREASED
SIGNIFICANTLY
BATTERY TEMP AFTER -

CASING EXPANDED OVER
AN INCH, CHARRED INNER
LAYERS EXPELLED BUT
STAYED TOGETHER

MASS LOST -
DISTANCE TRAVELLED

POST CONDITION

VIDEO STOPPED 35 SEC
AFTER FIRE FOR 74 SEC

NOTES
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4.2  SampleCylindrical Test Results

The followinginformationdetailsa selected individual te¢#.27.223]) of a cylindrical LIB.The TC
temperatureecordingsfor the INR (NMC) 18650 battery with 100% SOI€ plotted over the time from

hotplate activationshown inFigure4-10, where key failure events are called.out

TAPE FIRE 0.5in
FROM CELL

TC
OFF 800

400

300

Temperature (Celsius)

oo RUNAWAY (EXP.)
100 [ H|SS
0
0 100 200 300 400 500 600 700

Seconds

Figure4-10: TC datal8650 INR 100% 2600mA\4.27.22 (3)

At the beginning of the test and video, the hotplate was turned on but was not plugged in from the
previous test, so tiemartConnect TC network was restarf®@secondgcalled out at 98emnds into the
video, leading to thdifference invideoto-TC time of events. The IR video was not restarfédds mistake
highlights the need for clear voice callouts of actions in the video, along with the utilizatioresfamps
for all equipmentThe first rapid spike in temperatupetween 39@&nd 400 secondsignifies the time of
the explosion event, which in this case was a rapid explosion of spausing a projectile actidoy the

battery shown inFigure4-11.
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Figure4-11: Moment of explosiond:15 (vid.), 399sec (dat&)]27.22 (3)

The battery became red hot for over a minute amdvamumtemperature of 755 was recordedin
this instance the TC was less thahadf inch away from the resting, but burning, battery. The battery
became lodged in between the hotplate and ceramic wall allowing a fraction of the TC tape to remain in
contact with the battery for a few seconison after the tapend TC weralisconnectedut came to rest
on the hotplate right next to the battefiyhis moment ofTC disconnect can be seen clearly in the
temperaturedata plot where just aftethe 400-se@nd mark the plot suddenly plateausom its rapid
increase in hedor a few collectiorcycles before thdape it is connected to catches fire causing the second
rapid increase in temperatufiéhe only visible flames were that of the burning tape, which lasted just under
a minute. When the TC data is viewed alongside the video, the ap@tex#d0445 (sec) TC point
coincides with the extinguishing of tape flames; this leads to the rapid dregoirded temperature the
cooler air in the test chambavhich also validates the response and accuracy of thBIGt€ thata slow-
motion video (SMV) of the fire event in this test was captur@ad is available as a supplemental,file
however thisis the only test &MV is available Thevideo gills showing thesg@hysicalobservations are

givenin Figure4-12 andFigure4-13.
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p o) s20/1649
Figure4-12: 5secafter explosion[8:20 (vid.), 404sec (data)§.27.22 (3)

Figure4-13: 50secafter explosion[9:06 (vid.), 449sec (data)].27.22 (3)
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Approximately 1.25 minutes after the explosamd flames were extinguishatlwas deemed safe to
repurposéehe IR thermometer being used to monitor plate hgatind itsfocuswasadjustedo the surface
of the battery. The sights were pointed at the middle of the length of the laaitiengad an initial maximum
temperature of 359C; the sights wer¢ghenpoi nt ed at the fAgashreadingdhdo of
temperature of 481C. Over4 minutes after thexplosionthermometereadingonthe battery had cooled
to about 200 C. Temperatures between this time can be heabrresponding video callouts and the
logged IR thermometer data (suppleméfitas).

IR camera recording stillsom thistestare shown irFigure 4-14 throughFigure 4-16, showingthe

second before explosiomoment of explosiorand the second after dgpion, respectively.

Min:19°C  Max:282°C

Figure4-14: 1secpre-explosion[7:52 (IR vid.), 3Bsec (data)}}.27.22 (3)



Min:49°C Max:478°C V¥

< >
Figure4-15: Moment of explosiofi7:53 (IR vid.), 3®sec (data)}.27.22 (3)

Figure4-16: 1secpostexplosion[7:54 (IR vid.), 400sec (data)§.27.22 (3)
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In the second before the explositime generathape of the hotplate can be seéth the uppeiright
corner of the plate (mirror image of actual upfedt corner)showing a raised areaasith higher (white)
temperature. This corner piece is thattery, and this depictionis common amongsall 18650 ésts

performed in the saenhotspot. The moment ekplosion, which was notably violerit] edthe entire IR

camera view space with high temperatumsviding the whiteout imageln the subsequent seconds, the

IR camera read a maximum temperature of &1fr a splitsecond but then immediately dropped below

400 C and hovered around 300 for the remainin@ minutes of the video.

Once the battery haslfficiently cooled for handling, itposttest condition wasoted,and its mass

was recordednd conpared to its préest masskor this test15.4 gram®f mass was lost during the test.

Upon inspection a significant gaghthe battery casing was setavellingfrom the edge of the positive

end capdown thesideof the casing fobver an inchA post condition picture can be sdarFigure4-17.

\': ¢ ‘ -.. i : . b 0"’J ? ."/. ’\\ ."{ ;.{,‘;.q
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Figure4-17. Posttestcondition4.27.22 (3)
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As for all 18650 testexpansion of the cell is virtually negxistent so this parameter was not
consideredA transpose@xcerpt ofall the recorded datand observations that weeatered into
the test matrixs displayed irrable4-2.

Table4-2: 18650 INR4.27.22 (3) matrixexcerpt

ALL TEMPS (C°)
ALL TIME (sec) 4.27.22 (3)
ALL MASS (g)
S.0.C. 100
mAh 2600
FIRST SIGN TIME -
EXPANSION
TIME-TO-MAX -
PLATE TEMP 318
SMOKE/SMELL | BATTERY TEMP 147
TIME 354
PLATE TEMP 301
PRESSURE BATTERY TEMP 130
RELEASE (HISS)
TIME 326
PLATE TEMP 342
EXPLOSION BATTERY TEMP 182
TIME 397
FIRE | ves |
FIRE LENGTH 54
RAPID EXPLOSIONS WITH
FIRE DESCRIPTION AMPLE SPARKS OUT
+END, RED HOT CASING
Imin
BATTERY TEMP AFTER 481
PRESSURE CAUSED A 1in
GASH DOWN THE SIDE OF
BATTERY FROM POSITIVE
POST CONDITION END, LESS THAN HALF OF
INNARDS BURNED AND
COULD NOT ESCAPE,
GASH CAUSED BY END
CAP BEING LODGED SHUT
MASS LOST 154
DISTANCE TRAVELLED -
NOTES BATTERY COOLE[?TO 200
AFTER 4min
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4.3 IntrachemistryResults

Transposed @atrix excerpts ofmportant time andemperature recordingsr all reportedprismatic

ICR testsare shown imTable4-3, where they arerganized by SOC in descending orftem left to right

Table4-3. Matrix excerpt of all reported ICR tests

ALL TEMPS (CO  ALL TIME (sec PRISM ICR (LCO)
4.12.22 5.4.22 |4.13.22 (DEFECT)A.8.22 (OLD PLATE
S.0.C. 100 100 75 50
mAh 3300 2450 2800 2600
FIRST SIGN TIME 123 137 107 180
EXPANSION = ETo-mMAX | 373 247 292 390
PLATE TEMP| 262 - - -
SMOKE/SMELL| BATTERY TEMP 128 - - 100
TIME 263 - - 246
PLATE TEMP - 252 275 -
PRES(SHUISSE)REL BATTERY TEMP - 126 123 133
TIME - 247 282 366
PLATE TEMP| 349 252 275 ]
EXPLOSION | BATTERY TEMP 164 126 123 162
TIME 407 247 282 487
FIRE B

*4.13.22 batterappeared to have already exgad about %2 inch.
AThe original hot plate was used #8.22 tesaind extreme smokalocked view ofpossible fire.

Transposed mrix excerpts of importaptime and temperature recordings for all reported 18650 IMR

tests are shown ifable4-4, where they are organized by SOC in descending order.

Table4-4. Matrix excerpt of all reportedVIR tests

ALLTEMPS (CO  ALL TIME (se 18650 IMR (NM)
5.14.22]4.20.22[ 4.26.22 (1ST HEATING)*.26.22 (2ND HEATING)}8.25.22 (1) 5.14.22
S.0.C. 100 | 80 60 60 20 0
mAh 2600 | 3000 3000 3000 2400 2400
] PLATETEMP| 304 | 328 328 360 387 337
PRES?HLJIgg)REL BATTERY TEMP 131 | 146 141 181 191 184

TIME 332 | 375 375 424 518 390
PLATE TEMP| 331 | 351 - - - -
EXPLOSION | BATTERY TEMP 167 | 201
TIME 380 | 427 - - - -
FIRE BEs o NO NO NO NO
** Firstrelease of pressusaused battery to immediately fall gffate butwas reheatedpon cooling.
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Transposed w@trix excerpts of important time and temperature recordings fog@drted 18650 IMR

tests are shown ifable4-5, where they are organized by SOC in descending order.

Table4-5: Matrix excerpt of all reported IMR tests

ALLTEMPS (€Y ¢ oo | man PRESSURE RELEASE (HIS EXPLOSION IR

ALL TIME (sec) ~ PLATE TEMMBATTERY TEMPIME | PLATE TEMPBATTERY TENIPIME
4.27.22 (1) 100 2500 321 130 360 338 158 393
4.27.22 (2) 100 2500 302 132 328 333 173 386
4.27.22 (3) 100 2600 301 130 326 342 182 397
5.5.22 (1) 100 2500 309 132 337 342 172 397
5.5.22 (2) 100 2500 286 124 299 321 167 359
6.23.22 (3) 80 2500 339 163 344 - - - [ NO
6.27.22 (2) 80 2500 309 188 298 - - - | NO
6.25.22 (2) 60 2500 331 152 332 380 182 409
6.25.22 (3) 60 2500 360 149 379 370 157 408
5.29.22 (2) 40 2500 320 144 357 358 240 419
5.31.22 (2) 40 2500 318 184 354 357 256 418
6.27.22 (1) 40 2500 322 158 317 371 216 392
6.27.22 (3) 40 2500 292 107 275 342 150 348
5.29.22 (1) 20 2500 315 145 349 - - - | NO
5.31.22 (1) 20 2500 357 171 418 - - - | No
6.18.22 (1) 20 2600 366 211 466 384 268 507 | NO
6.18.22 (2) 20 2600 363 144 427 379 186 489 | NO
6.23.22 (1) 20 2500 342 172 348 366 182 388 | NO
6.23.22 (2) 20 2500 346 146 355 371 196 399 | NO
6.2.22 (1) 0 2100 349 193 401 - - - | No
6.2.22 (2™ 0 2500 305 161 333 - - - | Nno

MFirstrelease of pressure caused battery to immediately fall off, plateeheating performed.

While the descriptive parameters that are not included in this matrix excerpt are important, they are
more variable and are easier to compare on @yetdst basisThe datgoints listed together above are
guantifiable and will providegraphical visualizatioroptionsnot only foreach individual testbut for

categorized groupings otlls and their averages.
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CHAPTER 5:MODULE LEVEL PROPOGATION DATA AND RESULTS

For the folbwing propagation testthe SOC oheither thaendividual cellsnor the combinednodule
of cells,was able to be obtainetlie to theirconnection irserieswith current SOQJevices The physical
behavior of these grouped celinder thermal abuse wiavestigated without this paramet&one of the
following multi-cell tests are in the singtell matrix nor do they have their owmatrix as a group. The
TC datsets(DAQ, SmartConnectare combined for each tdsaving one exal for each test, except the
6.4.22 test wherthe two datasets were left separalaedto technical difficulties.

Note that for manyf the test performed in June, a different computempared to many of the May
(and earlier) singkeell testswas used to wirelessly communicate between the SmartConnect system and
the IR camera device. Of the two different computers used in June, one was an older laptop with less
randomaccess memorfRAM) capacity, and it was used for both 6.11n22ti-cell tests ((865Q pouch)
This is believed to be the cause of the reduced quality in the IR video recordirige &1.22ests,
however in other tests using this computer the image quality is better than these two tests (6.4.22 test before
freezing), yet shi worse than IR videos recorded by the other two computers. To identify which computer
was used, differences in the IR videos can be used. In the IR videos recorded and uploaded by the first
computer, used for most of the singlgll tests, the screenecorded image is displayed towards the middle
of the video pane with clear display of temperature readings and scroll bars bordering the thermal image
(see Chapter 4). IR recordings by the newer computer used in June display the thermal image box at the top
left corner of the video pane, also with high quality but thinner scroll bars than the first, main computer.
For the older June computer, the image is also displayed in thelefipgarner, with the same size, but
the image igixelated,and the numeridaemperature display is often unreadable. Sitéhe IR video
stills in this paper crop out the void space in the full video pane, an uncropped screenshot efitte full
IR video for tle 6.11.22 pouch tess shown inFigure 5-1, where the approximate location of the first

computer image location is drawn.
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ALTERNATE

LOCATION

P ) o006/1318

Figure5-1: IR video display types for computer 1D

While the 6.11.22 IR video still shots aret ideal, the general thermal outline of the test environment
can still be seen, and most of the digital camera stills ésettess will be accompanied by their

corresponding IR image.

5.1  Multi-pouchTests

The following information details the two misftouch LIB tests performed, where both tests consisted
of four Samsung (model #: EBA505ABU) ICR (LCO) cells extracted from a used laptop batteogule

seen inFigure5-2.
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Figure5-2: Label of multipouch test cells
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Whilet he s e p o u c hsada lsteccoh therabaheir cgthode materials were confirmesing
the manufacturers safety data shi]. These are the onlgouch cellsthat weretested throughout the

scope of this research.

5.1.1 FourPouchTest 6.8.29

The following information detailghe first multi-pouch LIB test performed (6.8.22). The TC
temperature recordingsoim both theDAQ and SmartConnect systemgerecombined angblotted over

the time from hotplatactivation andareshown inFigure5-3.

——INPUT 2 (BOTTOM CELL) INPUT 7 (2ND CELL) INPUT 13 (3RD CELL) INPUT 15 (TOP CELL) SmartConn. (TOP CELL)
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Figure5-3: CombinedDAQ andSmartConnect TC data plot 6.8.22

Each of he four DAQ TCs were placed on the tagf one of the four cells testetheaning théower
threeTCs were betweeoell-to-cell contact surfacesvhile the top wagxposed. The SmartConnect TC
was also placed on thep cell asvalidation tool and baakp since the top TCseve predicted to fall off

easier without the weight of a cell(s) above th&nxcerpts fromhe raw datadr the fourDAQ TCs and
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the singleSmartConnect T@re shown imable5-1 andTable5-2, highlighting key points from thgigure

5-3 plot andtest videos.

Table5-1: Excerptl/2 of combined TC raw daf83-425sec](6.8.22)

Input 2 (Bottom Cell)

Input 7 (2nd Cell)

Input 13 (3rd Cell)

Input 15 (Top Cell)

Notes

SmartConn. (Top Cell)

Seconds °C Seconds °C Seconds °C Seconds °C °C
383 113 383 58 383 42 383 37 37
384 113 384 58 384 42 384 37 HISS 39
385 114 385 58 385 42 385 37 39
386 114 386 58 386 43 386 37 38
387 115 387 58 387 43 387 37 38
388 115 388 58 388 43 388 37 40
389 116 389 58 389 43 389 37 39
390 116 390 59 390 43 390 37 38

_ 391 | 117 | 301 | so | 391 | 43 | 301 | 37 |aisTRRE| 38 |
392 118 392 59 392 43 392 38 39
393 118 393 59 393 43 393 38 41
394 118 394 59 394 43 394 38 40
395 119 395 59 395 43 395 38 64
396 120 396 59 396 44 396 38 66

404 628 404 63 404 45 404 49 143
405 641 405 63 405 45 405 52 185
406 652 406 64 406 46 406 57 454
407 668 407 66 407 47 407 61 451
408 751 408 67 408 48 408 64 364
410 871 410 410 50 410 76 291
411 893 411 411 51 411 84 308
412 910 412 412 53 412 96 299
413 915 413 413 54 413 107 308
414 918 414 414 56 414 116 193
415 922 415 415 58 415 121 251
416 927 416 552 416 59 416 124 << 312
417 921 417 597 417 60 417 126 TC OFF 379
418 933 418 647 418 62 418 127 475
419 936 419 677 419 64 419 130 464
420 937 420 704 420 66 420 133 528
421 937 421 730 421 69 421 137 509
422 930 422 750 422 97 422 140 421
423 925 423 766 423 293 423 147 * 380
424 922 424 781 424 424 424 169 451
425 930 425 795 425 455 425 195 441

*Possiblehird cell fire starts here
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Table5-2: Excerpt2/2 of combined TC raw datd426-459sec] (6.8.22)

Input 2 (Bottom Cell) | Input 7 (2nd Cell) Input 13 (3rd Cell) Input 15 (Top Cell) Notes SmartConn. (Top Cell)
Seconds °C Seconds °C Seconds °C Seconds °C °C
426 228
427 913 427 819 427 490 427 233
428 913 428 829 428 464 428 228
429 909 429 839 429 550 429 221
430 914 430 848 430 585 430 213 &
431 914 431 857 431 192 431 206
432 912 432 864 432 70 432 199
433 910 433 871 433 293 433 193
434 909 434 876 434 650 434 187
435 911 435 882 435 672 435 182
436 911 436 886 436 666 436 177
437 909 437 890 437 682 437 172
438 904 438 892 438 739 438 169
439 902 439 894 439 780 439 167
440 898 440 897 440 810 440 168
441 894 441 899 441 832 441 170
442 894 442 900 442 848 442 168
443 893 443 902 443 858 443 166 598
444 890 444 905 444 866 444 163 621
445 887 445 905 445 872 445 160 637
446 880 446 908 446 877 446 157 630
447 883 447 908 447 881 447 154 650
448 881 448 909 448 884 448 151 658
449 872 449 909 449 886 449 148 653
450 869 450 909 450 888 450 145 664
451 876 451 909 451 890 451 142 682
452 868 452 908 452 891 452 139 702
| 453 | sea | 453 | o907 | 453 | 893 | 453 137 |FAMEOUT| 706 |
454 871 454 908 454 893 454 134 698
455 869 455 905 455 894 455 132 696
456 867 456 905 456 894 456 129 687
457 860 457 904 457 894 457 127 670
458 865 458 903 458 894 458 125 663
459 863 459 902 459 894 459 122 655

"Possible loss of connection and reconnection of third TC

With the overhead digital cameaagle used for this testlear identification of cell expansion was

not availableThe first notablectivity occurred when the bottom celising failed and an audiblelease

of pressure (hiss) was heard, which wamediately accompanidaly heavy smokevhich filled the

containment box and momentarily blocked out the camera Mo still shotf this event can be seen

in Figure5-4 andFigure5-5, wherethe time of the video is listed along with corresgagdime of TC

data after the activation of the hot plate.



Figure5-4: First hissafter 1seg bottom cel[6:59 (vid.), 384sec (data)p.8.22

Figure5-5: First hissheavy smoké¢7:00 (vid.), 38sec (data)] 6.8.22
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A still shot from the IR camera recordititatwas concurrent witfrigure5-5 is shown inFigure5-6,

where thehigh-pressurglume ofheated gasses being expelled from the bottontagelbe seen.

Waveshare v

< -
Figure5-6: IR first hiss, bottomdl [6:51 (IR vid.), 3&sec (data)] 6.8.22

Even though the digital camera view was blocked, the IR video was ablisplay the thermal
environment of the test through the heavy smékso seen in the individual testsults, corresponding IR
video stills will be typically shown fokey events irthe following multicell test results.

About 6 secondsafter this firstsmoke event, a fire geloped in the bottom cell wthh engulfed the
stack of cellsAfter another Gecondsthis fire had advanced into audible jet like flapfest coming from
one sideof the battery but 2 seconds later jilames were eitting form both sidesEach stage of

progression in the first fire event can be seen in ardeéigure5-7 throughFigure5-12.



Figure5-7: Firstignition, bottom cell :05 (vid.), 391sec (data)] 6.8.22

‘ £ R ]
Figure5-8: IR firstignition, bottom cell [6:5 (IR vid.), 31sec (data)] 6.8.22
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Figure5-10: IR first jet afterlsec, bottom cell, [04 (IR vid.), 3Psec (data)] 6.8.22
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Figure5-11: Additional jets ¢herside[7:15 (vid.), 401sec (data)] 6.8.22

v

< >
Figure5-12: IR jets other side [D6 (IR vid.), 4Qlsec (data)] 6.8.22
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After the first jets subsidethe stack was still mostly engulfed in flamesich were originating from
the bottom of the staclBefore the next jeflames somg] eftnsio were seen expel |l
believed to be theecond cell from the bottofor a second or two. The progression fromghell to large

jets is shown irFigure5-13 throughFigure5-17.

Figure5-13: Mini jets the second before jet[2:22 (vid.), 4(Bse(data)] 6.8.22



Waveshare v

Figure5-14: IR mini j’etsthe second before jet[2:13 (IR v\id.), 408sec (data)] 6.8.22

Figure5-15: Approx. maxpointjet 2, (29 cell?) [7:27 (vid.), 413sec (data)] 6.8.22
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Waveshare v

v

< >
Figure5-16: IR Approx. maxpointjet 2, (29 cell?) [7:18 (IR vid.), 413sec (data)] 6.8.22

About one second after the cessation of the secoffidijets, the topevel DAQ TC fell off and away
from the batteries with flaming tapasttachedat its measuring endvhich can be seen ikigure 5-17

(SmartConnect TC remained intact).

Figure5-17: Top-cell DAQ TC detacing [7:31(vid.), 417sec (data)] 6.8.22
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Loss of the TCGcan also be seen in the iRleo; however,it is minimally visible andonly for a split
second. Théocation of the TC moving across the screen (to the right due to mirror insagfedwn in

Figure5-18, but it must be viewed frargy-frameat a slower playback speed.

Waveshare v

Figure5-18: IR top-cell DAQ TC detaching [22 (IR vid.), 417sec (data)] 6.8.22

Thethird and finalsession of jeflames again started amne side, but quickly progressedaaluat
sidedjet. This 6:secondet eventsubsided into small flamdkckering from each end of the top cell for a
few secondswhile thet ape used t o sbarmedwitrealongereargerampd mareCadible
flame Once the cell flameextinguishedthe reahot inner layes of thetop cell could be seencross the

elliptical endcap of the now expanded cé&his size of the rethot area reducetbncentrically toward the
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center of the celbver 40 second3.he progression of this final fire eventsisown inFigure5-19 through

Figure5-24.

< >
Figure5-20: IR 39 and final jets both sides, (top cell only?)JZ(IR vid.), 426sec (data)] 6.8.22



Figure5-21: Approx. maxpointjet 3 [7:44 (vid.), 430sec(data)] 6.8.22

Waveshare v

Figure5-22: IR approx. max point jet 3 [7:35 (IR vid.), 430sec (data)] 6.8.22
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Figure5-23: Redhot topcell w/ subsiding flamel/:55 (vid.), 441sec (data)] 6.8.22

Waveshare +

Figure5-24: IR redhot tolpcell w/ subsiding flames [Z{B(I\R vid.), 441sec (data)] 6.8.22
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The post condition of all four cellsan beseen inFigure5-25, howevertheir location in the original

stack could not be determined.

Figure5-25: Postcondition of all 4 cells (order unknown) 6.8.22



















































































































































































































































