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Progression of Li-ion Safety
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Li-ion Battery Safety Testing: Thermal Runaway

« Mechanical Abuse
- Deformation: bending, dropping, impact, intrusion of external objects
— Testing: Nail penetration, indentation, pinch, pinch-torsion
- Mechanism: Induce internal short circuit -> thermal runaway

e Thermal Abuse

« Overcharging/discharging

Limitations of Safety Studies:

 Number of cells are limited

 Hard to compare results of different tests
« Safety Tests vs Relative Risk
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Updated ORNL-Sandia Test Procedures and Standards

Internal Short-cirvit Induced Thermal Runaway
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« Mechanical abuse (indentation) \4@ @ |
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ORNL and Sandia Testing Facility: Large Format Cells

Nissan Leaf Cell in Sandia Test Chamber
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Mechanical Abuse Thermal Runaway Tests: Visual Inspections

Post Indentation Test
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Development of Thermal Runaway Risk Database

Characteristic Responses from 500 mAh Li-ion Cells as Function of SOC
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Thermal Runaway Risks for Li-ion Batteries (ORNL-Sandia)
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Small Cells Testing at ORNL:

SOC: 20%, 40%,60% 80%,100%
Capacity at 500, 1500, 200 mAhr
Number of Cells: 4 cells/condition
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ESS Batteries at Various SOCs:
Sandia: 30%, 50%, 75%, 100%
ORNL: 20%, 40%,60% 80%,100%

Test Data and Cell Information:

» Cell Capacity

* Loading curve: before &
after short

« Cell Voltage: drop and
response

* Cell Temperature vs. Time

* Open cell voltage

* Anode thickness

» Cathode thickness

» Separator thickness

» C/2 Charge curve

+ 1C discharge curve

Example of Traditional Data Analysis

Cell Capacity (mAh) 500 500 500 500 500
SOC % 20% 40% 60% 80% 100%
Test Cell Capacity (mAh) 100 200 300 400 500

Voc (V)

3.75 3.784 3.861 3.991 4.147

V drop Initial (V)

0.25 2.284 0.351 3.581 3.955

V at 300 sec (V)

0.0183 0.095 0.407| 0.15595| 0.033569

Sumof V*At (V-Sec)

120.63| 110.47| 220.09| 77.176] 29.462

Load at failure (lb)

-338] -337.52 -345.7| -355.16] -353.82

Load during hold (lb)

-81.79 -88 -131.6] -170.04| -147.09

Temp Max

79.83| 78.055 82.93] 81.913| 86.655

Sum of AT*At (K-Sec)

6685.3| 8093.482| 10168.27| 14668.71| 17089.57

Time to reach Tmax (sec)

62.57 33.6 61.2 60.8 57.8




Results: Severity Score Plots and Hazards Ranking/Prediction
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Threshold of Thermal Runaway

Mechanical Damages Inside a Cell
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Incremental Indentation Tests

Cell#1: IMP0160230P25A BD100009
Step 1: 0.100 inch was repeated 4 times!

_m& _MM -M-
Steps Displacement(in Sies Displacement(in S’res Displacement(in Short

Cell#2:1MP0160230P25A BD100008 Cell#3: 1MP0160230P25A BD100006

2.54 0.21 5.334 0.245 6.223 No
0. 125 3.175 No 0.22 5.588 No 0.250 6.350 Yes
0.15 3.81 No 0.23 5.842 No
0.175 4.445 No 0.24 6.096 No
0.2 5.08 No 0.245 6.223 No
0.21 5.334 No
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Incremental Indentation: Deformation Threshold
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Post-mortem Pictures of Separators: 0.025” - 0.200”

Eight single cell indentations and eight 3-cell indentations

/ ' " Single-cell

« >80% deformation under compression with no short circuit (1” diameter ball)
« 1/3 of deformation in 3-cell stack (large impact absorption capacity in pouch cell)
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Batteries in Aluminum Cans: Deformation is Preserved

n: 0.5 mm
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Speed = 0.01 in/min Single-Side Indentations
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0.05”/min Indentation: Highly Reproducible
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X-ray Computed Tomography (XCT) Scans of Indented Chevy Volt Cell
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Mechanical Abuse: Deformation and Failure of Layers

Mud Cracks in Cu Seper,

A0S
L3268 \.65686
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The Origin of Mechanically Induced Short Circuit

Copper fragmentation

1/2 inch
Indenter
Failure Oriqin:
Through .
Layer Xl Separator Failure
Failure Xl Anode Failure

> v Cathode Failure

1/4 inch
Indenter
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Summary

 Thermal runaway threshold is obbserved under selective testing
condifions

e [t is useful In comparing relative risks of various cell chemistries,
capacities, and SOCs

« Mechanical deformation is complicated with extensive internal
damages

e Battery safety is achievable by understanding and properly
managing the risks
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Thank You!

Hsin Wang

Lianshan Lin Mali Balasubramanian
Material Science & Technology Division Material Science & Technology Division Emerging & Solid-State Batteries
Material Scientist, Testing Mechanical, Database Program Manager
Collaborators:

DOE Sandia Labs: Loraine Torres-Castro and Team

This work was supported by the Department of Energy (DOE), Office of Electricity (OE) at Oak Ridge National Laboratory managed by UT-
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