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Supplementary Figures

a. Before particle has caused a short b. After particle has caused a short

D‘il
>‘II

\\IJ X No electrochemical QI/ @ Electrochemical
signal i

KA\ g /A\ signal

O/ O/

Supplementary Fig. 1 | lllustration of latent defects and their detectability via
electrochemical signals. (a) Electrode stack with a copper particle on the surface of the
negative electrode. Since the particle has not yet pierced the separator, electrochemical
techniques cannot capture a signal. (b) Electrode stack with a copper particle that has pierced
the separator and electronically connects the negative and positive electrodes. Only at this point
is a signal of the internal short detectable via electrochemical characterization. Thus, by
definition of a latent defect, electrochemical techniques will fail to detect these defects before
they have activated. By extension, non-electrochemical techniques are required to catch latent

defects before they activate.
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Supplementary Fig. 2 | Potential benefits of increased conformance on cell energy. The
solid blue curve represents the overhang distribution for a population of cells. The distribution
has a mean of 500 um and a standard deviation of 75 uym (identical to Figure 5a). The solid
green curve is identical except that the standard deviation is 50 ym. This reduction in standard
deviation translates to a 150 um difference in the six-sigma lower bound. For a cylindrical cell
with an average positive electrode width of 64 mm, this additional 300 ym (150 um for the top
and bottom of the cell) would translate to an additional 0.5% of positive electrode width and thus
an additional 0.5% energy. Accurate, high-throughput inspection is required to quantify these

trends.
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Supplementary Tables

Supplementary Table 1 | Statistical parameters used to create the data in Figure 5. Here,

LSL refers to “lower specification limit”, and USL refers to “upper specification limit”. The

parameters so that 0.5% of the cells would fall below the LSL in (a) and (e), and 0.1% of the

cells would fall below the LSL in (b), (c), and (d). Note that in practice, the LSL and USL would

likely be set as six-sigma limits (i.e., 50 um to 950 ym) to yield a defective rate of 3.4 defects

per million. The mean of 500 um was obtained from the 500-cell batch scanned in Condon et

1

al.
Subplot Mean (um) | Standard deviation (um) | LSL (um) | USL (um)
a. Original 500 75 305 800
b. Expand spec limits 500 75 268 800
c. Shift mean 537 75 305 800
d. Tighten distribution 500 60 305 800
e. Improve inspection 500 75 305 800
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Supplementary Discussions

Supplementary Discussion 1 | Brief review of influential factors for battery failure

Cell design.—Nearly every aspect of cell design impacts cell lifetime and failure. The structure
and composition of the active components (electrodes and electrolytes) is perhaps the most
widely recognized factor for battery lifetime.® However, inactive components (binders,
separators, tapes, foils, tabs, casings, seals, etc.) are, in our view, equally important determinants
of battery lifetime and failure.®'® Furthermore, the interactions between battery geometry (form
factor, size, etc.) and lifetime/failure are interesting yet poorly understood."'>'? Finally, the
battery formation protocol can be considered a subset of cell design and is also a significant lever

for battery lifetime."®"

Module/pack design.—OEMs can also influence battery lifetime and failure via module and pack
design. One major interaction is the thermal management strategy of the battery pack, which will
be a major determinant of the internal temperatures that the cells experience.'®?' Of course, the
module/pack mechanical design (i.e., cell spacing, inter-cell thermal insulation, etc.) is a major
determinant of cell-level resistance to safety events.?*?® In the case of pouch cells, the
module/pack mechanical design also controls the stack pressure; excessive pressure, especially
when combined with naturally-occurring electrochemomechnical swelling, can cause plating and
thus performance degradation and perhaps internal shorting as well.?*?> Recent reports indicate
that even cell orientation (i.e., horizontal vs. vertical) can influence lifetime.?®?” A final critical
aspect is the pack-level electric design and the cell balancing strategy. These design choices
determine the magnitude of, and the response to, voltage and/or current imbalance between cells

21,28-30

or between modules. If internal shorts are unable to be detected and/or remediated, the

magnitude of the short could grow and potentially lead to thermal runaway.®'*
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Cell operating limits.—Cells are often designed with specific operating limits for parameters such
as cutoff voltages and charging rate. These specifications may be multidimensional matrices (e.g.,
maximum charging rate as a function of SOC and temperature). Widening these operating limits
may unlock additional performance (e.g., range for cutoff voltages and fast charging times for

33—

charging rate) but often at the expense of lifetime.**¢ Many of these operating limits impact the

occurrence of functional failures and safety events (e.g., knees, internal shorting due to lithium

plating, and thermal runaway due to overcharge).?°3%3%

End-user behavior.—Within the specified cell operating limits, end-user behavior can significantly
influence battery lifetime and failure. (Here, we use the term “end user” to refer to the ultimate
user of the battery-powered product, since the term “customers” may include OEMs purchasing
cells from a cell producer). Some well-established risk factors for battery lifetime include the
number of full equivalent cycles, time spent at SOC extremes, and the extent of fast charging.®**’
Given that EV customers range from office commuters in Houston to rideshare drivers in New

York, a truly massive range of end-user behaviors must be considered with regards to battery

failure.

External environment.—Battery failure is sensitive to the environmental conditions of operation.
The most well-established environmental sensitivity is that of temperature: most batteries operate
best within an optimal temperature range, outside of which the lifetime may be reduced.®3®
Environmental mechanical conditions can also hasten battery failure; for instance, vibrations and
shocks can cause functional failures®®, and violent mechanical events such as a crash can cause
safety events?. Lastly, the chemical environment of batteries can cause additional degradation,

as ambient humidity can introduce unwanted moisture and ambient salinity can cause corrosion—

especially if a transport pathway from the environment to the cell internals exists (e.g., poor seal
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life).*°4! In general, the module- and pack-level controls will determine how sensitive cell lifetime

and failure will be to the external environment.

We emphasize that the interactions between these factors can make both cell design and cell
failure diagnosis inordinately complex. For all categories of battery failure, the root cause may be
due to cell characteristics, end-user behavior, or a combination of both. For instance, a massively
defective cell may fail under any reasonable use case; a nominally healthy cell may fail under
aggressive use conditions outside of the manufacturer’s intent; and a moderately defective cell
may fail when used in a moderately aggressive use case. In the latter scenario, attribution is
difficult; more importantly, balancing these concerns in practice is even more so. The end result
of this complexity is that the design and execution of a test suite that spans this multidimensional

variability is no small undertaking.
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Supplementary Discussion 2 | Testing details for Figure 7

All tests were performed on a BYD FC4680 cylindrical cell.

Ultrasound

The cell was inserted into EchoStat THETA system (produced by Liminal Insights, Inc.), which
consists of a cell fixture, translation/rotation stage, ultrasonic transducers, dry coupling material,
and an electronics chain. Measurements were contact-based and used through transmission.
The resulting signal was processed to extract Amplitude RMS, which corresponds to degree of
wetness (higher value tends to indicate higher electrolyte saturation). The scan acquisition time
was three hours; Liminal suggested that this time could be significantly reduced with a multi-

transducer pair system as opposed to the single transducer pair.

Photographs of the EchoStat THETA system (produced by Liminal Insights, Inc.).
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Schematic and experimental details of the measurement positions. The system translates &
rotates the cell to collect acoustic data at multiple positions. Then, acoustic features extracted

from the signal are stitched together to form a sonograph.

2D X-ray

The cell was imaged using a Nikon XT H 225 ST 2X system equipped with a rotating anode
source using Inspect-X version XT 6.12. The X-ray voltage was 210 kV and the power was 51.0
W. Three images were acquired: one of the full cell, one of the top overhang region, and one of
the bottom overhang region. The pixel size was 33.7 um for the full cell image and 17.5 ym for
the two overhang images. The image acquisition time was 125 ms for all images. The brightness
and contrast of the images were uniformly adjusted in the figure. Note that the horizontal line in

the middle of the left image is a result of the fixture used to position the cell in the X-ray system.
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3D X-ray

The cell was imaged using a Nikon XT H 225 ST 2X system equipped with a rotating anode
source using Inspect-X version XT 6.12. The X-ray voltage was 210 kV and the power was 90.1
W. The voxel size was 33.7 ym, and the scan acquisition time was 73 seconds (note that we
foresee many hardware and software levers to further reduce scan acquisition time). The images
were processed through Glimpse’s CT scan processing pipeline. The brightness and contrast of

the images were uniformly adjusted in the figure.
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Supplementary Discussion 3 | Cost-benefit analysis for inspection techniques

In this discussion, we estimate the cost per kWh of 2D X-ray as well as the cost per kWh of field

failures. These estimates require several assumptions (not all of which have sources) but

provide context into the cost-benefit analysis of inspection.

Part 1: Estimated cost per kWh of 2D X-ray

Assumptions:

A production-grade 2D X-ray system costs around $350,000 for equipment and
installation.

This system can image 175 cylindrical cells per minute (ppm).*?

These cylindrical cells are 2170 cells (21 mm diameter, 70 mm height) with a nominal cell
energy of 18 Wh.

The cost of this equipment is amortized over 7 years.

10% of the initial cost ($35,000) is required every year for preventative maintenance,

replacement parts, etc.

A battery production facility runs 24 hours a day, 7 days a week, 365 days per year.

Calculations:

The yearly cost is $350,000 / 7 years + $35,000/year = $85,000/year.

In 1 year, (175 cells/minute) * (60 minutes/hour) * (24 hours/day) * (365 days/year) = 92
million cells are imaged.

The total energy of these ~92 million cells = ~92 million cells * 18 Wh/cell = 1.66 GWh/year

= 1,660,000 kWh/year.

The cost per kWh of 2D X-ray is thus $85,000 / 1,660,000 kWh = $0.05/kWh.
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Part 2: Estimated cost per kWh of field failures

Assumptions:
e A typical field failure rate for EVs is 2.5%.%
o Note that publicly-available data for this statistic is difficult to come by.
e Each battery pack costs $15,000 to replace.*
e Each battery pack has a nominal energy of 50 kWh.*
e The cost of decreased sales due to higher prices is excluded from this analysis.

e The costs of bad publicity, poor user experience, etc. are excluded from this analysis.

Calculations:
e All EVs must be sold for an additional 2.5% * $15,000 = $375 to cover the additional
warranty costs for pack replacement.

e This cost translates to $375 / 50 kWh = $7.50/kWh.
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