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DESIGNING SAFE BATTERIES

> Itis the responsibility of the lithium-ion (Li-ion) battery pack designers to ensure that a safe battery
design is achieved prior to final production.

» To do so, designers should consider the following :

- Always assume that thermal runaway will eventually happen and design such that a single cell thermal
runaway event is not catastrophic.

— Design such that cell to cell propagation will not occur.

» Thermal management systems designed to minimize the effects of thermal runaway and prevent
cell-to-cell propagation should take into consideration the impacts of the following:

- No two thermal runaway events are the same, even for the same manufacturer, cell type, and state-of-
charge; there is a range of possible outcomes.

— Cell failure type (e.g. top vent, bottom vent, bottom or side wall rupture, spin groove breach, et...).

— Thermal runaway behavior as a function of trigger mechanism and cell format.

1 Crewed Space Vehicle Battery Safety Requirements. JSC-20793 Rev D. JSC Engineering Directorate, Power and Propulsion Division
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DESIGNING SAFE BATTERIES

» A fundamental first step in designing a safe battery is to conduct specialized cell level abuse testing:

— This testing can reveal unique insights into how the cell fails and how those failure modes could impact the
overall safety of the battery design.

— One such insight might be if the cell tends to fail nominally through a top or bottom vent, or if the cell has a
propensity to fail off-nominally in the form of side wall ruptures, bottom ruptures, and spin groove breaches.

» Various forms of calorimetry are often used to characterize cell level thermal runaway response:
— Total energy release range and fractional energy release.
- Composition, mass, and volume of the ejected solids, liquids, and gases.
— Combustion effects and burning behavior.

- Onset temperature of decomposition, acceleration temperature, and trigger temperature.

» This information is important because, if obtained early in the design process, it can aid designers in
making well educated decisions on the design of their battery and thermal management system.
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FRACTIONAL THERMAL RUNAWAY CALORIMETRY

» Fractional Thermal Runaway Calorimetry (FTRC) is used to characterize (1) the total heat output and
(2) fraction of heat released through the cell casing vs. through the ejected materials:

- Symmetric design supports characterization of heating as a result of venting or rupture in any direction.

- The energy fractions are determined by post-processing the temperature vs. time data for each calorimeter
component (i.e. dEcomponent,i = M;Cp,dT;) and then adding together based on sub-assembly.

Insulation: FOAMGLAS® ONE™ insulation is used Cell Chamber Assembly: Includes heating system for thermally

to isolate the calorimeter from the environment induced failure and mounting point for nail penetration system

Ejecta Mating Assemblies: Captures ejected
solids such as the electrode winding

Housing: Lightweight and
shipping ready housing is
employed to support
hardware mobility

Ejecta Bore Assemblies: Slow down and
extract heat from escaping flames and gas
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FRACTIONAL THERMAL RUNAWAY CALORIMETRY

» The FTRC is designed to help characterize directional/fractional thermal runaway heat output:

- The cell chamber assembly is isolated from the remainder of the up and downstream calorimeter
components with low conductivity ceramic bushings.

- Maintaining thermal isolation is critical to our team’s ability to discern the fraction of energy released through
the cell casing vs. through the ejected material.

— The ejecta mating segment is designed to capture and stop complete jellyroll ejections.

Tie Rods: Spring loaded tie rods are used Symmetric (Ambidextrous) Design:

to clamp the up and down stream Supports both top and bottom vent (and
components together rupture) thermal runaway behavior

Ceramic Bushings: Low conductivity Exhaust Ports: Outlets exist on each side
ceramic bushings are used to thermally of the calorimeter to allow vented gases
isolate the cell chamber assembly to leave the system
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FRACTIONAL THERMAL RUNAWAY CALORIMETRY

» The FTRC is compatible with 18650 format cells, 21700 format cells, D-cell format cells, and pouch
cells (more on this capability soon):

- Utilizes the same upstream/downstream ejecta mating, ejecta bore, and rod and baffle assemblies (i.e. the
only adjustment to test a new cell is to swap out the cell chamber).

- The current architecture supports cells with up to 5 Ah capacities.

Heater Slots: Each cell chamber has four slots for cartridge
heaters to support thermally induced failure

TC Set Screw Assemblies: Small TC set screw assemblies are used to

e , Nail Penetration System Mating: Each cell chamber facilitates
ensure intimate contact between the cell casing and the sensor

an adapter to connect a nail penetration system
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FRACTIONAL THERMAL RUNAWAY CALORIMETRY

» High speed x-ray videography provided by synchrotron facilities can be used to characterize the
internal failure mechanisms of a given cell.

» The images below depict the FTRC, which is x-ray transparent, coupled with a synchrotron for
specialized experiments designed to link internal failure mechanisms to the external thermal
behavior of the cell during thermal runaway:

— Left Image: S-FTRC at the European Synchrotron Radiation Facility (ESRF) in France.

— Right Image: S-FTRC at the Diamond Light Source (DLS) Facility in the United Kingdom.
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BATTERY FAILURE DATABANK

» The results from the FTRC experiments and combination FTRC / synchrotron experiments have been
compiled into a resource known as the Battery Failure Databank:

- The databank was developed as part of a collaborative effort between NASA Johnson Space Center and the
National Renewable Energy Laboratory (NREL).

- Information in the databank provides engineers and researchers with data to inform models.

» The databank supports comparison of heat output and mass ejection for:
— 18650 format cells, 21700 format cells, and D-cell format cells.

- Heater plus internal short circuiting (ISC) device trigger, heater (non-ISC) trigger, and nail penetration trigger.
- Power cells and energy cells.
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BATTERY FAILURE DATABANK

» The Battery Failure Databank is a two component system consisting of the following:

- A Microsoft Excel™ based component that stores tabular results regenerated from nearly 200 FTRC
experiments conducted between 2017 and 2019.

- An online library of radiographic videos, hosted through NREL's YouTube channel, for more than 300 FTRC
experiments conducted at synchrotron facilities between 2017 and 2019.

- Both components of the databank combined provide means to link internal phenomena with external risks.
- The databank will become publicly available by the end of 2020.
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BATTERY FAILURE DATABANK

Cell-Description

(Al

KULR 18650-K330

KULR 21700-K500

LG 18650-HG2

LG 18650-M36

LG 18650-MJ1 (Korean)

LG 18650-Test Cell (BV-220)
LG 18650-Test Cell (BV-250)

LG 18650-Test Cell (NBY-220)
LG 18650-Test Cell (NBY-250)

LG 21700-M50 (BV)

MOLICEL 18650-J
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MOLICEL 18650-Test Cell (DW-Gold)
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Sony 18650-V(7

Sony 18650-YTC6
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ENERGY YIELD AND MASS FRACTION EJECTED
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ENERGY YIELD AND MASS FRACTION EJECTED
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ENERGY YIELD AND MASS FRACTION EJECTED
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ENERGY YIELD AND MASS FRACTION EJECTED
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SAFT, THERMAL MASS, AND NAIL TRIGGER

* Nail produced more kJ than I e
other triggers (in all cell types) ==, BEoEer
o [ o TicaeLz  E oo o .
* For Saft, nail had higher cell body ) e I
energy percentages and lower 2 ]
positive energy percentages o s gy ]
* Nail reduces TR energy used for <
propagation V e .
, _Dec_Run013 % ® .DLS19_Dec_RunO19
* Larger energy due to trigger L :
° @
mechanism. ° o .
a Ma:s2 Fraction Ejected fr:r: Cell Body . ” 20
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SAFT, THERMAL MASS, AND NAIL TRIGGER

» Pl o) 009/104

* Run 55, nail: TR propagates
radially in ~1s

 Run 19, ISC: Propagation takes g,

>25 ==

Time () = 1.3045 .
Ty e 4

b ool SRt
A * s TRt

K

.
»  » o) 020/056

Time (s) = 1.2032

| 2

Time (s) = 2.0196

w
» P o) 0:53/056
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LOW EJECTIONS

30 L} L} L} L} L} |
— e — P
* Bi-modal: Higher mass fractions | r=cro oo '
. f— [C—11L.G 18650-MJ1 [ Sony 18650-VC7
have slightly more energy, and | sexr@Rsmmans Seere, -
=t i 3 LG 18650-Test Cell (NBV-220 O Heater (ISC
they have more positive ]| =1t I et _
mass/energy percentages g | _
. (‘3 ESRF_1 87Oct7Run08 v
 Soteria ISCs are low (because g 0| O .
>
they don’t all go at once and > | ve@ . > o _
IJ:J DLS_18 Feb_Run024 O .
block the vent) 5 e o _
z 2 P O O
* Invest in mandrels. e .o ®
4r .DL87197De07Run001 DLS_19_Dec_Run001 ]
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LOW EJECTIONS

* Run 1: Starts at the edges, globs
form, pushes against top vent

* Run 6, the inner wall collapses,
left starts to give, bursts.

e MOLICEL below. Globs, but takes
2s, and takes a feathery while to
form. (Invest in mandrels.)

b |

Run 1 (low 26J) Run 6 (high 26J)

Time (s) = 0.7221 "

Time (s) = 0.1454 . -
1 ’

%

L4 J . ¥ -
> ' o) 04s/052 cc HH > >|'19 117/118
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I.OW EJECTIONS Run 14 (high Soteria)

Time (s) = 0.398000

* 64: Core feathers and edges
creep up, then still.

Time (s) » 0.657500 & A

* 14: Vents at first, swells, pops Fii

1o

e 22 ISC (below): only one layer
goes at a time, so no clogs. It’s
almost a safety mechanism in
this instance.

Time (s) = 1.031000 £
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- "

.!,
i}
il
i

i i 1 | - ‘
HELR O ¢ 4 i i » » ) 037/117

PR URE 1
WPIIRL 1 N

M("'-é Disclaimer Statement | Company trade names and trademarks are used in this report for identification purposes only. The usage of company trade names and trade marks does not constitute as an official endorsement, either expressed or

~J°  implied, by the National Aeronautics and Space Administration (NASA). This presentation is made publicly available by NASA STRIVES 20205010312. The content of this presentation is not U.S. Export Controlled.



HIGH EJECTIONS i | . |
og I DLS18_Feb_Run052 -
O. o
26 - O oo ° -
\ - @,
* 30Q & HG2 are high capacity £ o o ° conrts Oct s
() % 24 = —
(more layers, thinner layers) 2 Q
* Most eject mass completely S oof- o 0® o A
before substantial decomposition | 3 ©o S
%20— ESRF18_Oct_Run107 @D o o -
::: * Top Vent and BV breach/rupture
* MJ1 has a different chemistry?, | =° éiﬂtﬁéﬁ‘?ﬁ&ﬁ?i&’ E“s”a‘?ﬁ‘[i’.ibﬂﬁi?ré T
. ) - LG 18650-HG2 Samsung 18650-26.
tight layers, and a 165um thick <L e =§ams1u8n§58_8333.3oo |
Ce” CaSing. Usua“y d Pa I"tla”y LG 18650-Test Cell (BV-220) |:|Son;18650-VTCG
) I | G 18650-Test Cell (BV-250)  [___]Soteria 18650 (Control)
Collapsed core. Often doesn t 14 LG 18650-Test Cell (NBV-220) @ Heater (ISC) -
[C1L.G 18650-Test Cell (NBV-250) O Heater (Non-ISC)
even get the chance to form B G 2170050 (BY) v_Nai
gIObS' s OI6 ol7 OI8 0.9
[1] https://doi.org/10.1016/j.electacta.2018.11.194 . . Mass Eraction E-jected from Cell B.ody .71_’
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Run 107 (30Q, 67%, 19.86 ki/Ah) Run 52 (30Q, 75.2%, 27.15 ki/Ah) Run 108 (30Q, 82.8%, 24.1 ki/Ah )

EE—
Time (s) = 0.704500 §
— i t

[£3 ->| o) 116/1:43

) 1:19/1:43
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BOTTOM VENTS

* Cells vent
decomposed/partially
decomposed material

* The more mass fraction is
ejected, the less
decomposed it is (and larger
feathery layers are ejected)

* BVs and thicker casings
produce less energy and vent
better
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Run 82 (BV-250, 39.8%, 16.8 ki/Ah)
S B LS !

Time (s) = 0.2455

»l o) 135/218

Time (s) = 0.5285

1344 4

| 2| ':(9 0:40./'1:15

Time (s) = 0.7730
’ ]

—epye

| 2 >I'-® 0:56 /1:15 ‘ ' e >
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THE OTHER 18650S

* Mass fraction may have a
small effect

* Globs vs sheets

* Bimodal: different
distributions, but same totals

* Cell type is the determining
factor here

30 | | | | | | I
I KULR 18650-K330 I \\OLiCEL 18650-J
[T KULR 21700-K500 I Saft D-Cell-VES16
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[1LG 18650-MJ1 I sony 18650-VC7
LG 18650-Test Cell (BV-220) [_Isony 18650-VTC6
o6 |~ |IELG 18650-Test Cell (BV-250) [__ISoteria 18650 (Control) -
[C1LG 18650-Test Cell (NBV-220) O Heater (ISC)
= [CJLG 18650-Test Cell (NBV-250) O Heater (Non-ISC)
< I G 21700-M50 (BV) v Nail
S5 24 —
X
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Run 32 (KULR, 55.5%, 19.22 kJ/Ah) Run 49 (KULR, 60.8%, 21.8 kJ/Ah )

L ] e 8

Time (S)=0.2481 SAn. & -.z‘ g o o v‘g‘%.

Run 98 (KULR, 50.6%, 16.6 kJ/Ah )

Time (s) = 0.2605

4

v
> M o) 1:34/1:50
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THE 217008
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Run 40 (KULR, 40.5%, 16 kl/Ah ) Run 89 (M-50, 49.9%, 15.9 kJ/Ah) Run 43 (M-50, 65.4%, 18.9 kl/Ah )

Time (s) = 0.2370 ' ™ ,

Time (s) = 0.171500

‘ | ) ‘ Y
el T R g TR BE IE .
) 028/1:10 o) 030/0:
Time (s) = 2.0170

>

b b ) 1007170 v ra . B 3 : 7 W A
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CONCLUSION

* The results from the FTRC experiments and combination FTRC / synchrotron
experiments have been compiled into a resource known as the Battery Failure
Databank.

* This databank has been used to drive examination of thermal runaway behavior as a function of
cell type, cell format, and trigger mechanism.

 The databank was used to drive the comparisons covered in this presentation

» Severity and variability of TR depends largely on cell capacity and cell type, and is
influenced by how TR progresses

e Retaining larger portions of mass in the cell body generally means less energy
* Vents, cell casings, mandrels, and tolerances, can make TR more predictable

e Demonstrates stochastic nature of TR

* Databank provides an extensive and detailed resource
* Many dimensions, cross sections, and levels of analysis
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