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Science and diagnostics of battery failure
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* Hosted International Battery Safety Workshops and Energy Storage failure conditions to understand the how and Why
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; 1| PROJECT OBJECTIVES

Failure mechanisms of abused cells from a materials and electrochemical perspective

Provide insight into the development of an in-operando diagnostic

Objective 1 technique to detect faulty cells within a pack.

Understand battery failure mechanisms during strenuous conditions
Objective 2| to lead the design of more resilient and reliable energy storage
systems that are inherently safe.
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s 1 PROJECT METRICS AND MILESTONES

Failure mechanisms of abused cells from a materials and electrochemical perspective

Milestones Current Status

#1
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o I PROJECT CHALLENGES

Failure mechanisms of abused cells from a materials and electrochemical perspective

Challenges

Simple passive monitoring of a cell is often unable to
identify the onset of failure until it is too late to
intervene.

The prevention of catastrophic failure requires
detection of internal faults well before they have
developed.

Commercially available EIS equipment provides an
insufficient dataset for cells subjected to abusive
conditions.
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Failure mechanisms of abused cells from a materials and electrochemical perspective

Challenges

Simple passive monitoring of a cell is often unable to
identify the onset of failure until it is too late to s
intervene.

Identify an in-operando technique capable of
identifying markers of failure during abusive
electrical conditions.

The prevention of catastrophic failure requires

detection of internal faults well before they have

developed.

Commercially available EIS equipment provides an Fast EIS equipmen.t develo.p(.ed b_V INL a'nd
insufficient dataset for cells subjected to abusive Montana Tech provided sufficient information

conditions. for cells under abusive conditions.




12 I PROJECT RESULTS

Work Flow
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PROJECT RESULTS

Milestone #1 — Identify the failure mechanisms of li-ion
batteries during strenuous conditions

Electrochemical Impedance
Spectroscopy during abuse
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Milestone #2 — Determine the consistency of the failure

PROJECT RESULTS mechanisms across manufacturers and

14 different capacities

Is the marker consistent across manufacturers?
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* Representation of the overall amount of resistance in the form of magnitude as a function of the state of charge for two
different NMC cells that were subject to strenuous conditions.

* Degradation marker identified for the NMC chemistry during strenuous conditions is independent of manufacturer and
capacity.
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Milestone #3 — Investigate the effect of initial SOH on the

PROJECT RESULTS identified failure mechanisms.

What happens if the initial SOH is compromised?
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Presentations
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2019
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vol.166, p.p. A2498, 2019
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* Investigations of the Electrochemical and Material Properties of
Overcharged Li-ion Batteries ( in preparation)

* Accelerating Rate Calorimetry: Comparison of Chemistries and
Energy (in preparation)

* Mitigation of Failure Propagation in Multi-Cell Lithium lon
Batteries (in preparation)



17 I LOOKING

I Failure mechanisms of lithium-ion batteries subjected to abusive conditions (continuation)

* Harvest battery constituents to understand materials failure mechanisms.

Il. Mitigation of failure propagation through active cooling

* Development of a technique to mitigate failure propagation through active cooling.

lll. Dendrite formation and lithium plating effect in abuse response of lithium-ion batteries:

from single cells to failure propagation

* Produce different levels of lithium plating and dendrite growth by heat exchange and

evaluate its safety performance.
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Extra Slides: Failure Propagation Project
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Failure propagation

Objective o
How do these behaviors impact a larger,

ingl Il Failur
Single Cell Failure more complex system?
400 4.0 400 4.0
1 Avg. T |
s 350 - = Volege]l 55 350 35
Understand the extent of T L0 D - 30
propag.ation with the inclusion E o s < i.; ool s
of active thermal management g o & el ciz {20 S
. 7] e o2 S e R
in the form of spacers g g g el 5
. g 150 15 C>D £ 1504 cels |18 >
(aluminum and copper) between S ) K —cans |
. . 100 10 100 Cell7 |[-1.0
()pouch cells in a 5 cells pack, _ cats || \
.. | ' cello ||
and (ii) between modules of a 2 00 K ! —cio [
T i - = Voltage
€s3p battery pack. : e

Time (min)

\ Consumer Cells \ Large Format \ Batteries ( 1-50 \

(0.5-5 Ah) /" Cells (10-200 Ah) kWh) Y Vehicle system




21 1 PROJECT METRICS AND MILESTONES

Failure mechanisms of abused cells from a materials and electrochemical perspective

mmmm Challenges

* Determine a reproducible thermal runaway initiator.

* Evaluate the propagation behavior of (a) single module packs and (b) multi-
module packs.

* |dentify mitigation strategies for failure propagation.

mmmmm Current status )

* The propagation behavior of both types of packs was successfully studied.

* Thermal management in the form of aluminum and copper spacers were used
to mitigate failure propagation.

* Publication related to the failure propagation of single module battery packs
was recently published in the Journal of Power Sources in collaboration with
NREL.




PROJECT CHALLENGES

Failure propagation

Challenges

Different failure response observed when in a
string, module, or pack.

Limiting the SOC to mitigate failure comes at a
high cost to total energy storage.

Electrical design plays a crucial role in
susceptibility to failure testing.

Failure testing of large, complex systems is
resources intensive.

N D 2

1111

The set of experiments were designed, taking into
consideration these variations.

Additional mitigation strategies were identified.

Different electrical configurations were
considered.

Collaboration with the modeling team at Sandia
facilitated the simulation of failure propagation of
large battery packs.
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Multi module

PROJECT RESULTS

Inclusion of thermal management

5 cell Battery
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. | PROJECT RESULTS - SINGLE MODULE PROPAGATION

Thermal Management for single module: 1/8, 1/16, 1/32 inch

Failures initiated by mechanical insult to edge cell of COTS LCO packs (3Ah cells)

* Pulsing propagation behavior observed I
over several minutes.

* Entire pack consumed ~4 minutes after
initial failure.

* Peak temperatures reached ~400 °C.

* No propagation was realized while using
1/8 inch aluminum or copper spacers.
 Energetic thermal runaway was not

observed beyond the initially failed cell.

* Limited propagation (from cell 1 to 2).

* For both cases, the second cell was able
to reach ~300 °C and eventually lost
voltage.
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s 1 PROJECT RESULTS - MULTI-MODULE PROPAGATION

Center

Thermal Management for multi-modules pack: 1/8, 1/16 barrier
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Cells within the target 1S3P module were rapidly
consumed.

Outer modules did not initiate thermal runaway until
~120 seconds after initial failure.
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In both cases, initial failure immediately consumes cells
within the central 1S3P module.

Outer modules show signs of failure ~20 seconds after
initial initiation.



