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Mechanical abuse of lithium-ion batteries is widely used during testing to induce thermal runaway, characterize associated risks, and
expose cell and module vulnerabilities. However, the repeatability of puncture or ‘nail penetration’ tests is a key issue as there is often
a high degree of variability in the resulting thermal runaway process. In this work, the failure mechanisms of 18650 cells punctured
at different locations and orientations are characterized with respect to their internal structural degradation, and both their internal
and surface temperature, all of which are monitored in real time. The initiation and propagation of thermal runaway is visualized
via high-speed synchrotron X-ray radiography at 2000 frames per second, and the surface and internal temperatures are recorded via
infrared imaging and a thermocouple embedded in the tip of the penetrating nail, respectively. The influence of the nail, as well as
how and where it penetrates the cell, on the initiation and propagation of thermal runaway is described and the suitability of this test
method for representing in-field failures is discussed.
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Abuse tests of Li-ion batteries are applied to determine the risks
associated with failure of a particular cell design. Examples of risks
that are of interest to understand include: quantity and rate of heat and
gas generation, maximum temperatures reached, how the generated
heat is dissipated, and whether projectiles are produced. Carrying
out an abuse test that is fully representative of in-field failures is
challenging. Mechanical abuse is the most common method used to
simulate in-field failures and is of particular interest to the automotive
sector where crash and impact tests compromise the safety of utilized
cells. Of these, the most common technique used to induce failure
within cells and battery packs is via penetration of the cell with a
sharp object such as a nail during so-called ‘nail penetration’ tests.
When the positive and negative electrodes of a cell are connected by
a material with low electrical resistance, the cell rapidly discharges
with a high rate of Joule and entropic heat generation. When a critical
temperature is exceeded locally, and if there is a sufficient amount
of electrolyte, a series of exothermic reactions initiate and propagate
throughout the cell in a process known as ‘thermal runaway’.1–6

In-field puncture-induced failures incur a high degree of variability,
which arises from difficulties in controlling parameters such as the
internal architecture of the cell, the size, shape, electrical and thermal
properties of the puncturing object, as well as the depth and rate at
which the cell is punctured. When attempting to replicate a scenario in
which a cell undergoes an internal short circuit, the nail penetration test
is unsuitable due to it being inherently intrusive, spreading the short
circuit across a large area and multiple layers, and introducing a heat
sink at the region of initiation. For these reasons, the nail penetration
test is not considered to be a suitable technique for reproducibly
inducing in-field failures or worst case scenarios. Inducing an on-
demand local failure within the cell that is representative of an in-
field failure poses a great challenge.7 Mechanical abuse using blunt
objects can also lead to internal short-circuiting. For example, when
mechanical failure of the electrode assembly occurs due to applied
tensile strain, electrically conducting layers from the positive and
negative electrode can make contact, causing an internal short circuit.8

Alternative methods for inducing internal short circuits by implanting
devices during manufacturing have previously been described,8,9 but
have not yet been accepted as standard test methods.
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Numerous thermal, electrochemical and mechanical models have
been developed to predict the response of internal architectures of
commercial cells to mechanical deformation,10–13 but to date these
have not been validated through direct observation of internal defor-
mations during mechanically-induced thermal runaway. Maleki and
Howard14 reported that a short circuit near the edge of the electrode
assembly results in a greater temperature rise locally due to the heat be-
ing dissipated primarily in one direction, a study which was supported
by surface temperature measurements and post-mortem inspection of
the cell. Empirical results that elucidate the internal structural and
thermal behavior are required to connect internal phenomena with ex-
ternal measurements and to validate multi-physics models.11,12,15,16 To
understand the variation of failure mechanisms in response to different
abuse conditions, a spatio-temporal description of thermal runaway
resulting from each scenario is needed. High-speed X-ray computed
tomography (CT) and radiography have been used in previous studies
to visualize the internal breakdown and ejection of active materials
following thermal runaway induced via thermal abuse,17 electrical
overcharge18 and internal short-circuiting.8 Failures induced via in-
trusive mechanical methods are expected to deviate most significantly
from other in-field failures, in particular internal short-circuiting,
which nail penetration is sometimes used to simulate.

In this work, visualization via high-speed X-ray imaging is used to
describe the variation of 18650 cell behavior during nail penetration
tests, providing insight into mechanisms of internal structural break-
down of cells. The propagation of thermal runaway from the point of
initiation is captured using high-speed X-ray imaging at 2000 frames
per second (fps), and a combined thermal mapping approach of in-
frared thermal imaging and internal temperature measurement, via
a modified nail with an embedded thermocouple at its tip,19 is used
to describe the thermal response of the cells. The variability of the
thermal and internal structural behavior during nail penetration tests
at different locations and orientations of 18650 cells is elucidated.

Experimental

Smart-nail design.—A custom made stainless steel 314 nail with
an integrated rapid response insulated K-type thermocouple, that had
a diameter of 0.5 mm and an operating range from −100◦C to 800◦C
(Product 406–534, TC-direct, UK) (Figure 1a), was used to measure
the temperature at the tip of the nail during the tests. This design
was inspired by the “smart-nail” described by Hatchard et al.19 but
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Figure 1. (a) Illustration showing a sectioned view of the stainless steel nail
with an integrated thermocouple at its tip. The nail consisted of two compo-
nents, the shaft and the tip. (b) Magnified view of the tip section showing the
placement of the thermocouple just beneath the surface of the nail at a slightly
offset position from the center of the sharpened tip. The tip section was forced
into the shaft during assembly.

with some modifications. A 60 mm long stainless steel tube with an
external diameter of 4 mm and an internal diameter of 2 mm was
used as the shaft of the nail. A stainless steel tip (Figure 1b) was
sharpened and shaped on a lathe. A 1 mm diameter bore was drilled in
the tip to just beneath the front surface; thereafter a 0.5 mm diameter
hole, which was slightly offset from the center of the tip, was drilled
through to the surface. This insured that the tip of the nail remained
sharp and that the punctured material would mostly glide over the
off-centered hole as the nail continued to push through the cell. The
complete tip component was forced into the cylindrical shaft. The
0.5 mm diameter thermocouple was coated in epoxy and fed through
the assembly until it reached a subsurface location near the tip as
shown in Figure 1. The subsurface placement of the thermocouple
protected it from damage while also allowing it to have direct contact
with the hot fluidized material within the cell during the penetration
tests. This ensured representative temperature readings with a rapid
response time. To avoid inaccurate temperature measurements arising
from thermal or mechanical damage to the nail or thermocouple, a
new nail assembly was used for each test.

Experimental set-up.—The nail penetration tests were carried out
inside a commercial nail penetration system (MTI Nail Penetration
Tester, MSK-800-TE9002, MTI, Richmond, CA, USA), that was mod-
ified to have X-ray transparent 2 mm thick aluminum front and rear
panels for X-ray imaging, and an infrared-transparent 2 mm thick
sapphire window for thermal imaging. Photographs of the setup in
beamline ID19 at The European Synchrotron (ESRF) are provided as
Supplementary Information. The nail penetration system was mounted
on a heavy-duty sample stage that allowed position-adjustment in the
vertical direction, and the containment was connected to an extraction
fan to remove any smoke or harmful gases that were generated during
the tests.

The 18650 lithium-ion cells (LG ICR18650S3) were held in place
by hydraulic clamps that operated at 4 bar. The hydraulic piston nail
penetrator was connected to a 5 bar air supply. All tests were car-
ried out using the smart nail described above. The surface tempera-
ture of the 18650 cells was recorded using a thermal camera (FLIR
SC5000MB, FLIR Systems France, Croissy Beaubourg, France). The
thermal camera was operated in its high-temperature setting, which
had a calibrated temperature range of 250◦C – 1500◦C. The thermal
camera had an infrared detection range of 2.5 μm to 5.1 μm on an
InSb detector, and was shielded against high-energy X-rays by sheets
of lead. The thermal camera was positioned ca. 30 cm from the pene-
tration location, on the outer side of the sapphire window. The sapphire
window had a transmittance of ca. 86% in the infrared range of 2.5 μm

to 5.1 μm (data presented as Supplementary Information). The 18650
cells were painted with a heat-resistant black paint with a calibrated
emissivity of 0.96. The nail penetration system and thermal camera
were operated from the user-control room, outside the beam-hutch.

X-ray imaging.—High-speed X-ray imaging of 18650 cells under-
going nail penetration was carried out at beamline ID19 at the ESRF. A
polychromatic beam was used with a LuAG:Ce (Lu3Al5O12:Ce) scin-
tillator and a high-speed PCO.Dimax camera (PCO AG, Germany).
Two different frame rates were used: 2000 fps with an exposure time
of 457 μs and a field of view (FOV) of 2016 × 1232 pixels with a pixel
resolution of 10 μm, and 5310 fps with an exposure time of 44 μs, and
FOV of 1344 × 668 pixels with a pixel resolution of 20 μm. Flat-field
correction and time stamps were applied to the radiographs and the
resulting images were compiled into movies using MATLAB. The
radiography movies are provided as supplementary material where
Supplementary Movie 6 was imaged at 5310 fps and the rest of the
supplementary movies were imaged at 2000 fps.

Results and Discussion

Two 18650 cells underwent nail penetration in each of the four
orientations shown in Figure 2: Position 1 involved a horizontal pene-
tration midway along the cell (Supplementary Movies 1–2), Position
2 involved an off-centered vertical penetration through the base of
the cell (Supplementary Movies 3–4), Position 3 involved horizontal
penetration near the cell-header (Supplementary Movies 5–6), and
Position 4 involved an off-centered vertical penetration through the
cell-header (Supplementary Movies 7–8). In all cases, penetration
was offset from the longitudinal axis of the cell to avoid penetration
into the vacant core where short-circuiting would not occur. To si-
multaneously assess the thermal and structural dynamics, spatially
and temporally, an approach that combined thermal imaging, high-
speed X-ray imaging, and internal temperature measurement (via the
smart-nail design) was implemented.

Thermal behavior.—In Figure 2a, the time evolution of both the
temperature at the tip of the nail (measured by the internal thermocou-
ple) and the surface temperature of the cell in the region surrounding
the nail (measured using the thermal camera) are compared for each
of the four penetration locations. The temperature of the surface of
the cell in each location was determined by taking an average value
from a surface region (squared section within the thermal images in
Figure 2a). The region surrounding the nail showed the highest surface
temperature due to short-circuiting and initiation of thermal runaway
occurring locally. The temperature within the cell varied significantly
between the different test positions. The cells penetrated vertically
(Position 2 and Position 4) exhibited the highest surface and inter-
nal temperatures where in both cases (penetration through the top
and bottom) the maximum internal temperature was measured to be
> 900◦C. Here, the surface temperature was around 300◦C lower than
the internal value. Such high internal temperatures during thermal run-
away were previously inferred for similar cells17 by observing melting
of copper current collectors (melting point of copper 1085◦C). The
operating range of the thermocouple used here was up to 800◦C; above
this value the measurements should be considered indicative only, al-
beit the recorded thermocouple response (Figure 2) did not show any
sign of signal failure. Furthermore, the radiographs that are presented
later in the text do not show any evidence of molten copper indicating
that in these tests internal temperatures did not exceed 1085◦C. For
Position 3, the region at the tip of the nail cooled relatively quickly to
approximately the surface temperature of the cell. This is explained
by the nail deforming within the cell and coming to rest in the vacant
region between the top of the electrode assembly and the cell-header.
This can be clearly observed in the radiographs, which show the final
position of the nail tip outside the reaction zone.

The temperature measured at the top, bottom and middle of the
18650 cells is highly dependent on the location of the nail penetra-
tion (Figure 2b). In three of the four positions (the exception being
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Figure 2. Nail penetration tests at four different locations on an 18650 cell: (a) Temperature profiles showing the difference between the temperature experienced
by the ‘smart nail’ thermocouple (Tn) and the surface temperature measured around the region of penetration by the thermal camera (Tc). Thermal images showing
the surface temperature profile and region in which the highest surface temperature was measured (labelled 1). (b) Surface temperature measured by the thermal
camera at three longitudinal locations during penetration with inset illustrations showing the regions of measurement.

Position 2), the highest temperature was observed at the cell-header,
whereas the lowest temperature was at the bottom of the cell. This
demonstrates the importance of selective positioning of thermocou-
ples to determine maximum surface temperatures reached during me-
chanical abuse tests.

For Position 1, the maximum temperature measured was found to
be beneath the cell-header. Contrary to most thermal models of nail
penetration, the heat dissipation within the cell is not isotropic. This
anisotropic heat dissipation, and in particular, the maximum tempera-
ture achieved at the cell-header is rationalized in the following section
by observing the internal structural dynamics using high-speed ra-
diography. The molten degradation products transported the heat in
the direction of the vent; the surface temperature profile observed in
the thermal image for Position 1 is indicative of this, where the high
temperature extends from the point of penetration toward the vent.
Fluidization of reactants and materials is often not considered when
modelling thermal runaway but plays an important role in propagation
of thermal runaway and dissipation of heat. As seen in the anisotropic
surface temperature profiles in Figure 1 and the internal structural dy-
namics during thermal runaway described in the following sections, it
is imperative to include fluid dynamics in future multi-physics models
of thermal runaway to accurately predict surface temperature profiles
and local heat flux.

Internal structural damage.—Position 1. Initially, heat generation
would only be expected to occur from Joule heating associated with
short-circuiting at the interface between the nail and the electrodes.
When a sufficiently high temperature was reached at the interface, the
active materials began to decompose exothermically, leading to the
propagation of thermal runaway from the interfacial area around which
the short circuit was facilitated. This process is presented as time-
stamped radiographs in Figure 3 and in real-time in Supplementary
Movie 1. In the raw radiographs (Supplementary Movies), the reaction

zone appears as a locally reduced greyscale value and distortion of
the electrode structure. This reaction zone is highlighted by a semi-
transparent red layer in the following figures. The initiation of thermal
runaway appears to have occurred during indentation of the casing
by the nail and prior to the nail puncturing the casing. Initially, a
hard short is expected to have occurred where the cell discharged
at the location where the nail punctured the casing. Thereafter, as
the tip of the nail proceeded radially through the electrode layers,
the effect of the short circuit was softened by the increasing surface
area over which current could flow. This is observed by the relatively
fast propagation of thermal runaway longitudinally along the outer
layers of the electrode assembly between 1.9060 s and 2.1860 s in
Figure 3.

At 1.9060 s in Figure 3, a crack is observed to have propagated
from the inner layers of the electrode assembly toward the tip of the
penetrating nail. The crack occurred in the azimuthal direction along
the assembly, which is similar to what was modelled by Zhang.13 This
may be due to the lower tensile strength of the separator material
in the longitudinal direction relative to the azimuthal direction.20–22

Crack propagation across the layers in the radial direction is expected
to have further increased the interfacial area between the positive and
negative electrode facilitating the short circuit. With increased surface
area over which the cell is short-circuiting, heat generation becomes
more delocalized, reducing the peak temperature at hotspots. This is
observed in Figure 2 where the surface temperatures are lowest for
the positions involving penetration across numerous layers (Positions
1 and 3).

The vacant core of the cell allowed the electrode assembly to
collapse inwards, which would increase the displacement required for
puncture of subsequent layers, as suggested by Lamb and Orendorff.7

In Position 1 (Figure 3), the strain caused by displacement appears
to be the cause of the tearing and shorting across the inner layers.
From Supplementary Movie 1, the rate at which thermal runaway
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Figure 3. Time-stamped radiographs of nail penetration of an 18650 cell at Position 1 showing initiation and propagation of thermal runaway. The spread of the
reaction zone is highlighted in semi-transparent red, and the yellow arrow indicates a major shift of active material toward the vent. Inset: Illustration showing the
location of nail penetration. Real-time radiographs are provided as Supplementary Movie 1.

propagated in the longitudinal direction appeared to be dependent on
radial position, where the layers closest to the cell casing exhibited
the fastest propagation of thermal runaway. This may be a result of
the highest temperatures being reached during the penetration of the
outer layers, before the short circuit was softened by being spread
across a greater area. By the time the inner layers were penetrated the
increased shorting area had already significantly softened the shorting
effect. This led to the formation of a conically-shaped reaction zone
during the first 0.3 s of thermal runaway.

Thereafter, the fluidized, broken-down active materials flowed to-
ward the vent of the cell (at 2.6545 s in Figure 3). This flow of
material from the point of initiation toward the vent carried the heat
of reaction in that direction, and is expected to have caused the sur-
face temperature profile observed for Position 1 in Figure 2, where
a high temperature region extended from the point of penetration to
the cell-header. In Supplementary Movie 1, the visualization of flu-
idization of reactants and fluid dynamics thereafter offers valuable
insight into the mechanisms of thermal runaway propagation and heat

dissipation and may be of interest to the multi-physics modelling
community.

Position 2. In Figure 4, penetration of the cell in the longitudinal
direction through the base plate of the 18560 cell is shown. Using
hydraulic clamps, this cell was suspended ca. 1 cm above the bottom
surface of the containment vessel so that the cell venting process was
not hindered. The tensile strain and consequent mechanical failure of
the electrode assembly observed for Position 1 did not occur when the
battery was punctured in the longitudinal direction. The nail inserted
itself between the layers of the electrode assembly without any appar-
ent crushing or tearing. The rate of propagation of thermal runaway
in the longitudinal direction was not captured due to the tip of the
nail rapidly leaving the FOV in Figure 4 and Supplementary Movie 3.
However, the first significant signs of thermal runaway propagation in
the radial direction occurred ca. 0.4 s after the nail penetrated through
the base plate (at 1.9075 s in Figure 4).

When significant degradation of active material was observed, the
base plate of the cell rose and domed outwards (see 1.9075 s in

Figure 4. Time-stamped radiographs of nail penetration of an 18650 cell in Position 2 showing initiation and propagation of thermal runaway. The spread of the
reaction zone is highlighted in semi-transparent red, the yellow arrow indicates a major shift of active material toward the vent, and the blue arrows represent
the path of the broken-down fluidized material. Inset: Illustration showing the location of nail penetration. Real-time radiographs are provided as Supplementary
Movie 3.
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Figure 5. Time-stamped radiographs of nail penetration of an 18650 cell in Position 3 showing initiation and propagation of thermal runaway. The spread of the
reaction zone is highlighted in semi-transparent red, and the yellow arrow highlights the region of the electrode assembly that loses contact with the nail. Inset:
Illustration showing the location of nail penetration. Real-time radiographs are provided as Supplementary Movie 5.

Figure 4). This was caused by the buildup of pressure at the base of
the cell, which caused a major shift of the inner layers of the electrode
assembly toward the cell-header, as highlighted by the yellow arrow
at 1.9960 s in Figure 4.

As well as causing the electrode assembly to shift, the pressure
buildup at the base of the cell caused a high flow rate of gas through
the core of the assembly, which led to peeling of the inner electrode
layers as shown previously.8 The direction of gas flow is apparent
in Supplementary Movie 3 where fragments of broken-down mate-
rial detached from within the observable electrode assembly, were
carried out of the spiral-wound layers toward the base of the cell,
and thereafter, toward the vent of the cell through the vacant core, as
illustrated by the blue arrows in Figure 4. This suggests that gases
generated within the electrode assembly in the bottom portion of the
cell initially flowed toward the vacant base of the casing and there-
after changed direction toward the vent, a tortuous path for pressure
relief. This buildup of pressure at the base of the cell and consequent
doming is not unique to mechanical abuse scenarios; similar shifts of
the electrode assembly have also been observed under thermal abuse
conditions8,17 and are expected to be the primary cause of cell rupture
and ejection of their contents.

The gas flow and evident pressure rise observed here highlights
the necessity for a clear escape path of gases from the base of the cell
to the vent, thereby avoiding extreme pressure buildup and explosion.
This observation supports the case for the presence of an internal man-
drel, which was previously shown to facilitate maintaining an opening
for gas and fluidized material to escape.8 Gas generation and the con-
sequent uneven and dynamic pressure distribution within cells during
failure is an additional important consideration for multi-physics mod-
els of battery failure, particularly since it is local pressure differences
that drive the flow of fluidized material, the venting process, as well
as movement of the bulk electrode assembly.

Position 3. For this position, the cell was oriented horizontally
(Figure 5) and the point of penetration was near the top of the electrode
assembly which, in contrast to penetration mid-way along the cell
(Position 1), generated an asymmetric counteracting force exerted by
the assembly on the nail. This was due to the electrode assembly being
relatively free to move near the cell-header but with little freedom to
displace toward the base of the cell, resulting in greater compression of
the electrode material on the inner side of the nail as it passed through.
As a consequence the nail was deflected toward the less compressed
side, and the asymmetric strain resulted in offset crack propagation
from the tip of the nail. This is in contrast to the perpendicular crack

propagation observed during penetration in Position 1 (Figure 3). The
tip of the nail was deflected toward the vacant region between the
top of the electrode assembly and the cell-header, departing from the
short-circuiting reaction zone. Hence, the anomalous convergence of
internal and surface temperatures in Figure 2a can be explained by
the thermocouple coming to rest in a cooler, non-reacting region, with
relatively efficient heat dissipation through the cell-header.

The temperature profiles shown in Figure 2 also highlight that,
following penetration at Position 3, the cell incurred the least extreme
temperature rise with a maximum surface temperature of only ca.
500◦C. Longitudinally, thermal runaway mostly propagated in one
direction only; toward the base of the cell. This was due to the nail
penetrating the top of the assembly and hence there being little mate-
rial through which thermal runaway could propagate toward the cell-
header. The overall rate of heat production during thermal runaway
would be expected to be significantly reduced due to less material
exothermically breaking down at any point in time. The breakdown
and ejection of active materials continued for ca. 1 s when pene-
trated at Position 1 (Supplementary Movie 1), whereas for Position
3, breakdown and ejection continued for ca. 2.5 s (Supplementary
Movie 5). Hence, assuming equal rates of propagation in both longi-
tudinal directions, the position that resulted in the highest rate of heat
generation, from beginning to end of the thermal runaway process,
was mid-way along the electrode assembly (Position 1). The ejection
process and heat dissipation during penetration at Position 3 is ex-
pected to be most effective due to the reaction zone being closest to
the vent, allowing unhindered escape of the fluidized broken-down
material. This is in contrast to penetration at the base of the cell
(Position 2), where broken-down material followed a more tortuous
path, first toward the base of the cell, and thereafter toward the cell-
header via the vacant core of the electrode assembly.

The propagation of thermal runaway did not follow the conical-
shaped reaction zone observed in Position 1 (Figure 3), which is
thought to be due to the nail losing contact with the outer layers
of the electrode assembly as it was deflected toward the cell-header
(highlighted by an arrow at 2.1795 s in Figure 5). When the nail
separated from the outer layers of the electrode assembly, the electrical
contact for hard short-circuiting to occur was lost and consequently
thermal runaway was mitigated at that location. The nail maintained
contact with the inner layers, from where thermal runaway propagated
uninterrupted. However, in the repeat test (Supplementary Movie 6)
the nail penetrated at a slightly lower position toward the base of the
cell and did not lose contact with the outer layers of the electrode
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Figure 6. Time-stamped radiographs of nail penetration of an 18650 cell in Position 4 showing initiation and propagation of thermal runaway. The spread of the
reaction zone is highlighted in semi-transparent red, and the yellow arrow indicates a major shift of active material toward the vent. Inset: Illustration showing the
location of nail penetration. Real-time radiographs are provided as Supplementary Movie 7.

assembly, and hence the expected conical-shaped reaction zone was
observed.

For this particular cell, the electrode layers were able to collapse
into the vacant core. It is expected that the presence of an internal
mandrel would significantly affect the mechanism of thermal runaway
propagation; the electrode assembly layers would be pinched between
the mandrel and the nail, leading to additional shorting as a result of
compressive damage.7

Position 4. Here, the 18650 cell was vertically oriented and the
nail penetrated through the cell-header (Figure 6). Penetration tests
where the axis of penetration is parallel to the longitudinal direction
are expected to result in a relatively hard short circuit due to fewer
layers making contact. Contrary to the expectation that longitudinal
penetration leads to a more severe thermal runaway process, it was
observed that the rate at which thermal runaway spreads throughout
the cell appears to be greater when the nail penetrates in the radial
direction (Positions 1 and 3). Since propagation of thermal runaway
occurs at a significantly slower rate in the radial direction than the
longitudinal and azimuthal directions,8,23,24 the rate of propagation is
more dependent on the number of layers in which thermal runaway
is initiated along the radial direction. This indicates that, for this
particular cell, propagation of thermal runaway was limited by the
rate of propagation radially, rather than the temperature reached in the
vicinity of the short.

The temperature at the short-circuiting location was the highest
for this penetration where the cell was placed in the vertical position,
reaching 920◦C (Figure 2). The higher temperature did not appear
to have significantly accelerated propagation in the radial direction.
Despite the temperature being lower across the shorting area when
penetrated in the vertical direction, a sufficient temperature for thermal
runaway to initiate was still reached across multiple layers in the radial
direction. Thereafter, the greater rate of propagation longitudinally and
azimuthally, arising from each layer shorted along the radial direction,
resulted in a relatively fast propagation of thermal runaway throughout
the cell.

Similar to Position 3, the initiation and propagation of thermal
runaway next to the vent allowed a relatively rapid escape of broken-
down fluidized material, and hence improved heat dissipation into the
environment (Figure 6). This is in contrast to the buildup of pressure
and displacement of the intact electrode assembly when penetrated

through the base of the cell (Position 2). Avoiding the shift of the
intact electrode assembly in this case would have helped avoid the
risk of the vent becoming clogged by the intact assembly and sub-
sequent rupture of the cell.8 From Supplementary Movie 7, the cell
still showed evidence of reactions occurring 2 s after thermal runaway
first initiated, indicating a slower rate of completion of the thermal
runaway process compared to penetration at Position 1.

Nail penetration tests: a discussion on variability and
representativeness.—This work demonstrates the degree of variabil-
ity that can occur during nail penetration tests and highlights that
consistent reproducible behavior can be difficult to achieve. The wide
area over which the short circuit spreads during nail penetration tests,
as well as the nail itself acting as a local heat sink, counteracts the
extreme temperatures that would otherwise be reached during internal
short circuits, where a much smaller area between a single positive and
negative electrode layer makes unintentional contact. By reducing the
local temperature, the cell becomes less likely to undergo side-wall
rupture, which is one of the greatest safety concerns for battery pack
manufacturers due to the increased risk of cell-to-cell propagation of
thermal runaway. The penetrating nail also creates an alternative es-
cape path through which generated gases can flow, interfering with the
pressure drop toward the vent, and potentially reducing the pressure
buildup that the vent would otherwise experience.

The nail penetration test inherently imposes mechanical interfer-
ence on the failure mechanism of the cell, compared to that induced by
a local short circuit. This work has shown how the location at which
the nail penetrates, as well as the orientation of the cell, can influence
the mechanism of failure. When the cell is penetrated while placed in
the horizontal position (Positions 1 and 3) the nail pins the electrode
assembly and obstructs the ejection of cell contents by providing an
obstruction perpendicular to the direction of flow. This prevents the
safety devices at the cell header from handling what is otherwise ex-
pected to be a more severe ejection process. By resisting movement
of the electrode assembly toward the vent of the cell, the nail penetra-
tion test could lead to erroneous characterization of the tendency of a
particular cell design to undergo vent-clogging, bursting, and genera-
tion of projectiles. The position at which the cell is penetrated while
placed horizontally also influences the rate of thermal runaway prop-
agation; penetration at either end of the electrode assembly induces
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thermal runaway predominantly in the direction toward the opposite
end of the cell, whereas penetration mid-way along the assembly al-
lows more prolonged propagation in both directions. When the cell is
penetrated while placed in the vertical position (Positions 2 and 4),
the nail is parallel to the electrode assembly and to the direction of
flow. In the vertical position, the electrode assembly is not pinned and
can shift toward the vent more freely (as seen in Position 2). However,
in the vertical position, the nail may introduce greater shear force and
compression of the electrode assembly against the wall of the cell.
Penetrating through the base of the cell presents greater scope for
testing the efficacy of safety devices in the header of the cell, as well
as testing the tendency for vent clogging and cell rupture.

This work clearly demonstrates the variability associated with the
nail penetration test and its sensitivity to penetration location and cell
orientation. Internal cylindrical mandrels8,17 occupying the core of the
electrode assembly may further affect this variation by introducing the
possibility of the electrode assembly being pinched between the nail
and the rigid mandrel. At present, nail penetration tests are frequently
used to assess the safety of commercial cells and module designs with
regard to thermal runaway. As shown here, the combination of the
nail softening the short circuit, introducing a heat sink to the region
of initiation, limiting the movement of material within the cell, and
relieving pressure buildup makes nail penetration an ineffective means
of simulation of worst-case failure scenarios. Due to the variation in
failure mechanisms and the reduced severity of failure, utilising nail
penetration for the purpose of safety tests raises the possibility of
erroneous determination of cell or module safety, since vulnerabilities
to extreme circumstances such as side-wall rupture or bursting may
still exist.

Conclusions

Internal temperatures were found to be highest for nail penetra-
tions where the cell was penetrated while placed in a vertical position.
However, despite the higher temperatures being reached locally at
the shorting region, the rate of propagation throughout the cell was
relatively slow when compared to cells penetrated while placed hori-
zontally. The propagation of thermal runaway throughout the cell ap-
peared to be limited by the slow heat dissipation and spread of thermal
runaway reactions in the radial direction, rather than the temperature
reached at the point of initiation. The fact that higher temperatures
were reached locally during vertical (longitudinal) penetrations may
have implications for the risk of thermal runaway at lower states of
charge, where initiation may be limited by local temperatures – that
is to say, for low state of charge cells, a vertical penetration might be
more likely to result in thermal runaway than a horizontal one.

The high variability of internal structural dynamics that was ob-
served between the four penetration positions directly influenced the
failure mechanisms during thermal runaway. Penetration through the
base of the cell and initiation of thermal runaway at the bottom of the
electrode assembly resulted in a local pressure buildup and a rapid
flow of material through the vacant core of the assembly. This caused
the bulk electrode assembly to shift toward and clog the vent, which is
a known cause of cells bursting. The varying rate of propagation and
ejection of broken-down material also influenced the external tem-
perature profiles that were non-uniform and showed that the hottest
regions followed the path of ejection from the point of penetration.

This has implications for temperature measurement strategies on the
surface of the cell where temperatures can vary by >100◦C.

A discussion on the representativeness of nail penetration tests of
in-field failure scenarios highlights the potential for erroneous deter-
mination of risks posed by cells undergoing thermal runaway and the
need for a method to induce internal short circuits without an intrusive
object interfering with the failure mechanism itself. This would allow
in-field failures to be more accurately characterized and the efficacy
of safety devices against worst-case failure scenarios to be examined.
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