dially: N/A
Location of ISCD longitudinally: N/A
side of ISCD in image: N/A

Location of FOV longitudinally: Top

Frame rate: 2000 Hz

Frame dimension (Hor x Ver): 1280 x 800 pixels
Pixel size: 17.8 pm
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Wall thickness: 250 um

Orientation of cell: Uprig~t (vent at toz)
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Side of ISCD in image: None
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SNEAK PREVIEW OF NEW CAPABILITIES

Actively working to address the unique challenges associated with pouch cell thermal runaway events which requires a
substantially different FTRC architecture

Not all applications utilize small format tion cellst v}3Z & ((}ES ] pv EA C 3} A 0}% &dZ100}ABE o
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HIGH SPEED XRAY VIDEOGRAPHY

Cell type: Li-ion 18650

Capacity: 3.5 Ah

State of Charge: 100 % (4.2 V)
Bottom vent: Mo

wall thickness: Mot known
Separator: Folymer

Orientation of cell: Fositiveend up
Location of ISCD radially: M/A
Location of ISCD longitudinally: N/A
Side of ISCD in image: N/A

Location of FOV longitudinally: Top
Frame rate: 2000 Hz

Frame dimension (Hor x Ver): 1280 x 800 pixels
Pixel size: 17 8 pum
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HIGH SPEED XRAY VIDEOGRAPHY

Cell type: Li-ion 18650
Capacity: 2.1 Ah
State of charge: 100 % (4.2 V)

Bottom vent: None

Wall thickness: 250 um

Orientation of cell: Upright (vent at top)
Location of ISCD radially: None

Location of ISCD longitudinally: None
Side of ISCD in image: None

Separator type: Normal
Positive current collector: Normal
Negative current collector: Normal

Location of FOV longitudinally: Middle
Frame dimension (Hor x Ver): 2016 x 1111 pixels
Pixel size: 10 um
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FTRC RESULTS: CHARACTERIZATION OF TOTAL ENERGY RELEASE

Using Visual Analytics platform, Tableau, to compare data with rapid filtering capability; i.e. instantly compare basedlon ce
U ]PP Z v] uU ( ]o u Z v] uU 00 [PV ] o U Y

Since no two thermal runaway events are the santest-to-test variability must be taken into consideration for any scientific
effort that seeks to characterize the overall range of expected thermal runaway behavior for a given cell type

Per Experiment Total Energy Reicase

c

Testto-Test Variability
in Total Heat Output

Cell Type

Test ID

Trigger "‘ 4
Mechanism




FTRC RESULTS: CHARACTERIZATION OF TOTAL ENERGY RELEASE

It is helpful to consider the variability of thermal runaway energy release as a statistical distributonelp answer the

following questions:
o What is the highest probability energy release? What is the lowest?

o What is the absolute maximum energy release one could expect? Minimum?
o How do different cells, of similar capacities, compare in thermal runaway heat output?

Predicted Distribution of Thermal Runaway Energy Release
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Probability Event

Probability
Density
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FTRC RESULTS: CHARACTERIZATION OF TOTAL ENERGY RELEASE

Distributions for 24 cell types, spanning 3 cell formats, derived from 237 FTRC experiments
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FTRC RESULTS: CHARACTERIZATION OF TOTAL ENERGY RELEASE

In addition to consideration of testo-test variability, average total heat output should be considered as a function of trigge
mechanism; for this study we have heater trigger, internal short circuiting device (ISC) triggered, and nail penetration

Nail penetration

usually leads to the least violent thermal runaway events while heater induced thermal runaway results in

more violent failures
In some cases (Saft-1ES16), the internal short circuiting device results in the worst case failure
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FTRC RESULTS: ENERGY RELEASE FRACTIONS

The calculated energy fractions are traceable to every calorimeter assemblyasgiembly, and individual component

The primary assemblies used for fractional calculations are the following:

o Cell Chamber Assembly (Red)

Positive Ejecta Mating Assembly (Indigo)
Positive Ejecta Bore Assembly (Indigo)
Negative Ejecta Mating Assembly (Black)
Negative Ejecta Bore Assembly (Black)

© O OO

Middle Ring:Indicates
calorimeter subassemblies

Inner Ring:Characterizes the division of total TR energy release where red
corresponds to the cell casing, indigo to the positive ejecta and gases, and black
to the negative ejecta and gases

Outer Ring:Corresponds to components
of the calorimeter sulassemblies
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FTRC RESULTS: ENERGY RELEASE FRACTIONS

Very important to consider the energy release fractions as a function of BOTH trigger mechanism and failure mechanism

Negative Ejecta Positive Ejecta

Cell Body Energy
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SUMMARY

FTRC techniques and the associated results provigemeans to develop optimized 4ion batteries while also maintaining

necessary safetand margin
FTRCand the associated results, enables the discernment of the fractionghefmal runawayenergy released through the cell
casing and through the ejectanaterial:

o Due to the variability in thermal runaway responses, we recommend at least 10 runs to establish statistically deferitsable resu

o Can analyze the spread of heat sources when cells rupture and compare to when theyntatain
There is not a linear correlation between stored electrochemical energy and total thermal runaway heat output

Thermal runaway behavior should always be considered as a function of:

o Cell format and associated design variables

o d]JPP u Zv]u v (]o u Z v] u~]X X } vu } ju vU ] " oo Uu Jv P }}
0 Testto-test variability and the associated statistical distribution

o Both as TOTAL energy release and as energy release FRACTIONS

Recent findings suggest that thermal runaway heat output should be considered as a function of cell lot

Averagetotal heat output should be considered as a function of triggaechanism
o Nail penetration usually leads to the least violent thermal runaway events while heater induced thermal runaway reseltsdlentdailures
0 Insome cases (Saff\[ES16), the internal short circuiting device results in the worstaihse
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SNEAK PREVIEW OF NEW CAPABILITIES

Actively working to address the unique challenges associated with pouch cell thermal runaway events which requires a
substantially different FTRC architecture

Not all applications utilize small format tion cellst v} Z ((y 1 v 1} o} &dzZ (} o dpo0 Ah Z
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Cell type: Li-ion 18650

Capacity: 3.5 Ah

state of Charge: 100 % (4.2 V)
Bottom vent: No

wall thickness: Mot known
Separator: Polymer

Orientation of cell: Positive end up
Location of 15CD radially: N/A
Location of ISCD longitudinally: N/A
side of ISCD in image: N/A

Location of FOV longitudinally: Top

Frame rate: 2000 Hz

Frame dimension (Hor x Ver): 1280 x 800 pixels
Pixel size: 17.8 pm

Open case

Cell chamber

Exhaust port

Closed case

Power cable for TR Electronically
cartridge heat “ controlled
platform

Cell type: Li-ion 18550
Capacity: 2 A~
State of charge

0% (4.2 V)

Bottom vent: No

Wall thickness: 250 um

Orientation of cell: Uprig~t (vent at toz)
Location of ISCD radially: Nore
Location of ISCD longitudinally: No~e
Side of ISCD in image: None

Separator type: Normz|
Positive current collector: Normal
Negative current collector: Normal

Location of FOV longitudinally: Top
Frame dimension (Hor x Ver):
Pixel size: 10 um

x1121 pxels
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