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The dynamics of mechanically initiated thermal runaway (TR) events in cylindrical 18650 cells with NFM
(Na(Ni, ,;Fe; 3Mn, 3)0,), LFP (LiFePO,), and NMC532 (LiNi, ,,Mn, ;Co,,50,) cathode chemistries were in-
vestigated using high-speed synchrotron X-ray imaging. Structural similarity index measures (SSIM) were

éISBGSO employed to identify and track rapid structural changes. In this manner, thermal decompositions and internal
Na-NFM propagation dynamics, influencing the safety mechanisms of the cells, were studied. This lead to two major

findings: (I) Among NFM, LFP, and NMC532 cells, the TR-characteristics differ significantly in temperature
and internal propagation speed. Internal safety mechanisms appear, however, visually similar. Among all
samples, LFP cells exhibit higher safety performance concerning the initiation of TR by nail penetration and the
progression of TR. (II) The NFM cells used in this study displayed an almost explosive TR. This finding appears
counterintuitive on a first glance, since sodium-ion batteries are usually considered safe. High-speed imaging
revealed that the explosive TR is not necessarily caused by the thermochemical decomposition reactions, but
rather by a failure of the venting mechanism. This results in a significant pressure buildup within the cell
upon TR initiation and eventually a severely violent TR. These results underline that battery safety depends
on many factors and not solely on optimized cell chemistries or materials.

Structure similarity index measure

1. Introduction for hazard classification [11,12]. In particular, the reaction propaga-

tion behavior — i.e. the velocity of the TR — has gained significant

The increasing demand for renewable energy storage systems
tremendously accelerates research in novel battery technologies. Under
the premise of resource availability and sustainability, the develop-
ment and implementation of sodium ion batteries (SIB) is particularly
promising. However, SIBs must be built with increased energy density
to compete with well-established lithium-ion batteries (LIB) [1]. This
energy density increase in turn entails new requirements regarding
battery safety[2]. The latter depends on a variety of factors and is
often evaluated by means of battery abuse testing (e.g. overheating,
nail penetration, overcharging [3-71), aiming for a deliberate initiation
of a thermal runaway (TR).

A thermal runaway is an uncontrolled exothermal reaction which
can have several hazardous effects. Apart from the thermal hazard
due to temperatures of over 1000 °C [8-10], the composition and
quantity of released toxic and/or flammable gases have been assessed
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attention for assessing and evaluating the safety of batteries [13].
This quantity has been assessed by monitoring the temperature profile
during a TR [14-16]. High-speed X-ray radiography was established as
a valuable method for tracking cell-internal propagation, with previous
studies demonstrating its effectiveness in various applications [17-19].
However, existing literature primarily focused on the dynamics of
lithium-ion battery (LIB) cells, leaving a gap in understanding the dif-
ferent TR-characteristics among various cathode chemistries. This study
aimed to fill that gap by investigating internal propagation mechanisms
of current state-of-the-art SIB cells.

Herein, we investigate the cell-internal dynamics of a nail penetra-
tion induced TR in cylindrical 18650 cells with NFM
(SIB: Na(Nij /5Fe; sMn; 3)0,), LFP (LIB: LiFePO,) and NMC532 (LIB:
LiNi; ,Mn; 3Co, 50,) cathode chemistries via high-speed synchrotron
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Table 1
Tested Cells with relevant cell parameter.
NMC SIB LFP

Manufact. Samsung Hakadi Heter
Cell INR18650-29E 18650E—-1500 18650 HG16
Cathode LiNi; ,Mn; ;3Co, 50, Na(Ni, ;Fe; ,3Mn; 3)0, LiFePO,
Ugange [V1 2.7 - 4.2 1.5 - 4.1 2.0 - 3.65
Unom, [V1 3.7 3.1 3.2
Crom [Ah] 2.6 1.5 1.6
Energy [Wh] 10.73 4.65 5.12
Weight [g] 45 36 40
pr [Wh/kgl 238 129 128
Curr. coll. Cu/Al Al/Al Cu/Al

X-ray imaging. By complementing advanced image-post-processing
techniques (e.g. structural similarity index measure (SSIM) [20]) with
specific abuse test data (e.g. cell temperature, nail penetration force,
and cell voltage), cell-internal TR propagation for the different cell (and
cathode) chemistries are resolved. Particular emphasis is dedicated to
the mechanical, cell-internal safety mechanisms.

2. Experimental

In-situ studies of the internal thermal runaway propagation behav-
ior in cylindrical cells was performed at the ID19 beamline of the
European Synchrotron Radiation Facility (ESRF), France. Three types
of commercially available 18650 cells were selected to investigate their
specific TR-behavior upon nail penetration (cf. Table 1). The NMC cell
used in this study is well known to show a well reproducible TR [21]
and therefore is used as a reference. Additionally, it possesses about
twice the energy density when compared to the LFP and SIB samples.
LFP cells were chosen as they have a very similar energy density when
compared to SIB. All cells were tested at a state of charge (SOC) of
100%. Relevant cell parameters are summarized in Table 1.

2.1. Imaging setup at ID19 beamline

The high photon energy and flux density of a synchrotron were
combined with an indirect X-ray image detector, consisting of a high-
speed camera (Photron Ltd. Japan, type: FASTCAM SA-Z, CMOS-based)
lens-coupled to a 1000 pm-thick LuAG:Ce single-crystal scintillator
screen. The optical setup incorporates Hasselblad lenses in tandem
configuration (100/100, 1x). The camera features a pixel matrix of
1024 x 1024 from which a restricted area of 1024 x 688 was read
out, providing a field of view of approximately 20.1 x 13.8 mm?.
Utilizing white synchrotron radiation with a wiggler gap of 37 mm
and a set of filters including aluminum windows of the abuse chamber
(2 x 4 mm), as well as copper (5.5 mm), aluminum (2.8 mm), and
diamond (1 mm) attenuators, the resulting X-ray spectrum ranged from
170-260 keV with a peak energy at around 210-keV [22]. With this
setup, a high spatio-temporal resolution with acquisition rates of up to
20.000 image/s at a native pixel size of 20 pm were achieved.

2.2. Battery abuse setup and complementary measurements

To enable a safe procedure for battery abuse testing with the simul-
taneous capability for X-ray imaging, a dedicated test chamber has been
developed and equipped with a nail-penetration module. The latter was
configured for a maximum intrusion depth of 15 mm, with a pene-
tration speed of 5 mm/s (similar to [21]). The nail, constructed from
115CrV3 steel, had a diameter of 3.2 mm and a tip angle of 30°. To
align the cell under investigation within the X-ray field of view, a 3D-
printed battery holder was used. A detailed description and overview
of the battery abuse chamber is available in [23]. Complementary
measurements, including temperature, voltage and nail force data are
integrated alongside the X-ray imaging to enhance the investigation of
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the thermal runaway phenomena. Type K thermocouples were located
5 mm near the nail entry point on the cell surface and were fixed via
thermally conductive adhesive and Kapton tape.

To analyze the cell-internal TR-propagation dynamics, a synchro-
nization between the high-speed X-ray radiographic imaging data and
the auxiliary measurement data was required. In this context, the
initial voltage drop during nail penetration was chosen to represent the
time instance ¢+ = 0 s which can be matched to the time of the first
electrode/membrane/electrode layer being pierced by the nail.

2.3. Data acquisition

For capturing insightful data of the dynamics of the cell-internal
thermal propagation process, 130,045 frames were recorded over a du-
ration of 6.5 s for each cell. Auxiliary data (e.g. nail-force, temperature,
voltage) was acquired at a frequency of 10 kHz to facilitate comparison
with high-speed X-ray recordings. All measurement data was recorded
with a common datalogger and synchronized with the X-ray images.

2.4. Image processing techniques

Due to the high temporal and spatial resolution of the X-ray image
acquisition, advanced processing algorithms must be employed for
visualizing dynamic changes. In the scope of this study, an algorithm
was used to spot and quantifying rapid internal structural changes over
time within the high-speed X-ray images, utilizing Structural Similarity
Index Measures (SSIM) to generate both global values and localized
SSIM mappings. SSIM is essentially a metric that quantifies structural
changes between two images and evaluates the similarity by consid-
ering luminance, contrast, and structural information to determine
the degree of changes [20]. A high SSIM value (close to 1) indicates
strong similarity, while a lower value indicates significant structural
differences and therefore refers to changes within the cell.

3. Results and discussion

A selection of snapshots from the X-ray recordings of the NMC,
SIB and LFP cell is depicted in Fig. 1. Supplementary videos 1-3 are
provided to showcase the complete TR-event for each cell, respectively.

3.1. TR-behavior of NMC cell

When investigating the NMC cell reaction, an initial swelling and
delamination were observed within the electrode stack starting at
around 0.09 s. This swelling is associated with a localized expansion
of approximately three to four layers next to the area penetrated by
the nail and indicates an early-stage of gas evolution. Around 0.13 s,
swelling progressed from the nail to the end of the stack and towards
the terminal (cf. Fig. 1a, spot 1). The first movement of the venting disk
was detected at 0.18 s, followed by a sudden displacement at 0.23 s due
to an increased internal pressure. At 0.27 s, with a penetration depth
of approximately 1.4 mm, the initial release of gas is seen, indicated
by some movement in the vent area. This is in agreement with the
findings of our previous work [21]. The following stages of the TR
are accompanied by progressive delamination of the electrode layers,
creating gas channels along the path of the nail penetration (cf. Fig.
1b, spot 2). At 0.94 s, a continued (pressure-driven) expansion of the
venting disc and terminal region are observed (cf. Fig. 1b, spot 3). This
is accompanied by an increasing delamination of the individual layers
and eventually by an ejection of material with debris accumulating near
the end region (cf. Fig. 1c, spot 4). Particle ejection continued until
2.40 s, with the terminal structure remaining largely intact, i.e. the
venting mechanism effectively fulfilling its safety function.
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Fig. 1. Selected high-speed radiography images from mechanical abuse testing, initiating a TR (high-speed videos are provided in the supporting information S1,
S2 and S3). The sequences show the response of NMC (a—c), SIB (d-f), and LFP (g-i) cells. Red spots (1-12) mark local changes linked to distinct stages of the

reaction.
3.2. TR-behavior of SIB cell

For the SIB cell, the initial movement in the terminal region (cf.
Fig. 1d, spot 6) was observed approximately 0.47 s after the first
voltage drop, indicating the onset of pressure buildup within the cell.
This pressure buildup led to electrolyte movement within the mandrel
(cf. Fig. 1d, spot 5), which started at about 0.49 s. Eventually, the
internal pressure increase led to an inflation of the terminal starting at
0.63 s, due to excessive gas accumulation. Venting started at 0.68 s, also
revealing the first visible crack in the layers structure (cf. Fig. 1e, spot
7). By about 1.23 s, the venting disk continued moving towards the ter-
minal and venting holes (cf. Fig. 1e, spot 8), indicating a continuously
increasing overpressure within the cell. The entire battery cap inflated
at 1.24 s. This indicates a significant gas generation and pressure
buildup, which led to a sudden failure of the terminal, accompanied
by ejection of the jelly roll between 1.34 s and 1.36 s (cf. Fig. 1f, spot
9). It should be noted that similar behavior was already observed in
previous work [24].

3.3. TR-behavior of LFP cell

During the nail penetration of the LFP cell, a deformation of the
layers around the nail is observed during the entire timeframe (cf. Fig.
1g, spot 10). By 0.51 s, delamination of individual layers near the
center of the cell was recorded (cf. Fig. 1h, spot 11). At 0.90 s, with the
nail fully inserted, horizontal delaminations appeared at the nail tip’s
height, where layers were displaced downward. Initial cracks became
visible between the nail tip and the end of the layer stack (cf. Fig.
1i, spot 12) by 1.00 s, with the nail penetrating the lower half of the
layer stack by approximately 1.45 s. Importantly, throughout the nail
penetration process, no structural changes were observed in the vent
disk or the terminal, and the structural integrity of the layers leading
to the terminal remained intact, with no indications of gas formation
or venting events during the period of X-ray imaging.

3.4. Analysis of dynamic X-ray radiography data

The analysis of the high-speed X-ray recording of NMC, SIB, and
LFP cells revealed distinct failure mechanisms during nail penetration.

Among the samples, the NMC cells reveal a well-behaved release of gas
through the venting mechanism. In contrast, the TR of the SIB cells
was characterized by a failure of the venting mechanism. LFP cells
showed only minimal structural changes without gas evolution at all.
These findings motivated more detailed comparison of the propagation
behavior seen within the X-ray images between the NMC and SIB
samples, where the emphasis was cast on the terminal region. Due to
indications of a delayed reaction that extended beyond the initial X-
ray recording time frame additional X-ray images were recorded for the
same LFP cell after an approximate waiting period of 30 min, effectively
continuing the initial experiment.

Fig. 2 illustrates the terminal regions of both the NMC (cf. top row)
and SIB (cf. middle row) cells during the same thermal runaway events
previously discussed in Fig. 1. The acquired X-ray images, along with
data from [24], indicate that the terminal regions of the two cells
possess a very similar structure. To illustrate this, safety features such as
the venting disc (with its predetermined breaking points annotated in
green) and the CID (current interrupt device, annotated in yellow) are
highlighted in the images. Additionally, data from the SSIM maps were
superimposed to identify time-dependent changes between consecutive
frames (highlighted in purple). For comparison, the ‘post-test’ X-ray
image of the LFP cell are shown as well (marked with red boxes).

It can be seen that for the NMC cell, increasing internal pressure
displaces the venting disk towards the terminal of the cell. As the
venting cap opens, a displacement of the CID is seen as gas and material
is ejected. The exothermal TR-reaction eventually leads to very high
temperatures, which result in a meltdown of the internal components.
This can be recognized by the structural changes in safety mechanisms
such as the CID and venting cap (cf. Fig. 2, top row: NMC). By 1.17 s,
the terminal structure appears molten, excluding only the positive cell
tap. Additionally, a movement of the tap towards the venting direction
indicates a high cell-internal pressure buildup.

Similarly, for the SIB cell, the vent disk burst at 0.49 s (cf. Fig.
2, middle row: SIB), indicating increasing internal pressure and the
start of the venting process. As the TR process advanced, parts of the
CID were displaced toward the positive tab for an extended period,
obstructing the gas escape path. Consequently, the entire terminal
of the SIB cell inflates due to internal overpressure, leading to the
ejection of the jelly roll in the final stage of the nearly explosive TR.
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Fig. 2. High-speed X-ray Images of the terminal regions during thermal runaway capture the response of NMC and SIB cells, including CID (yellow) and vent
disk (green) movement. In NMC, these components undergo severe deformation and melting, while in SIB they are displaced, blocking gas release. Superimposed
SSIM maps (purple) highlight temporal changes. For comparison, the LFP cell is shown after approximately 30 min, illustrating its delayed response.

However, no melting of the safety mechanisms occurred, leading to the
catastrophic failure of the terminal area and indicating a significantly
lower internal TR temperature compared to the NMC cell.

The post-test image of the LFP cell (cf. Fig. 2, bottom row: LFP)
reveals significant changes in the terminal area. Similar to the NMC
cell, melting is observed right before the terminal area (A). However,
this melting process is not accompanied by visible delamination of
the associated layers. Changes in the vent disc area suggest that a
delayed decomposition of the structures (B) occurred due to internal
heat increase.

To quantify the structural changes during the cell-internal TR-
propagation, the SSIM was calculated for each image following the
initial voltage drop. The resulting data is presented in Fig. 3. For
comparison with default measurement methods, the measured voltage
is displayed as well. Due to ejection of the jelly roll in case of the SIB,
it is not possible to directly compare the TR temperatures. For the sake
of completeness the temperature curves can be, however, found in the
supplementary material S4. The initiation of the venting process as well
as the end of the internal propagation can be identified by variations
in the SSIM curve.

From Fig. 3, it can be seen that the reaction time of the NMC cell (at
2.09 s) exceeds that one of the SIB (0.68 s). Due to the lack of thermal
runaway of the LFP cell within the initial X-ray recording, the changes
observed are primarily attributed to the nail intrusion.

The changes in the terminal region (such as movements of the CID)
are reflected in variations of consecutive values within the SSIM curve
and linked with the voltage profile. In this regard, the back-and-forth

movement of the CID, takes place at around 0.24 s for NMC and 0.63 s
for SIB, as seen in the radiographic images depicted in Fig. 2. This
behavior is reflected by a short drop in the voltage profile (cf. panels (a)
and (b) of Fig. 3) which is, however, immediately recovered. At about
0.89 s, the melting of the CID leads to the full drop of the voltage signal
for the NMC cell (cf. panel (a) of Fig. 3). This is somewhat intuitive,
since the electrical contact to the active material is removed. For the SIB
this effect appears at the time where the jelly roll is ejected, i.e. at about
1.37 s (cf. panel (b) of Fig. 3). Upon that time, electrical connections
are removed (open wire), which results in fluctuations in the voltage
signal. In contrast to NMC and SIB, LFP cells show only a minimal
voltage drop (to approximately 3.0 V), within the entire time span of
X-ray recordings (note the axis in panel (c) of Fig. 3) followed by a slow
voltage decay that reached U < 0.1 V after approximately 350 s. This
underlines the exceptionally slow reaction of LFP upon nail penetration.

3.5. Post-testing analysis

Images presented in Fig. 4 depict the cells after thermochemical
decomposition. These are vastly different for the three cell chemistries
under investigation. For the NMC cell (cf. Fig. 4 (a) and (d)), a charac-
teristic damage is found, which is associated with a proper function
of the safety mechanisms in the terminal area. This is indicated by
an intact cell casing and a defined venting through the vent opening.
In this context, the positive tab area remains intact since any gas
and material was released through the designated venting holes. The
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Fig. 3. SSIM- and voltage-based quantification of structural evolution during TR. SSIM was computed for each frame after the initial voltage drop, relative to the
first Image, identifying both venting onset and the end of internal propagation. NMC (a) reacted in 2.09 s, SIB (b) in 0.68 s, while LFP (c) exhibited a delayed

response, with voltage decay beginning after approximately 350 s.

post-test analysis of the SIB cell (cf. Fig. 4 (b) and (e)) confirms the
complete ejection of the terminal, as demonstrated by X-ray images.
Furthermore, the residue-free removal of the plastic film indicates a
lower surface temperature, as the ejection seems to stop the TR process.

Layered oxides decompose at a much faster rate than LFP; however,
the energy released by the SIB is lower than that of the NMC. Impor-
tantly, SIB cells do not experience a meltdown, as indicated by their
maximum surface temperature of only 86 °C, likely due to the TR being
halted prematurely by the explosive reaction. In contrast, both NMC
and LFP cells exceed the melting temperature of the plastic foil, with
maximum measured temperatures of 540 °C for NMC and 136 °C for
LFP. This comparison highlights the significant heating observed at the
surface of the LFP cell and underscores the insufficient heating power
of the SIB cells, which prevents meltdown.

4. Conclusion

This study revealed that NMC, SIB, and LFP cells display vastly dif-
ferent TR-characteristics, with the herein investigated SIBs exhibiting
an almost explosive reaction. To highlight and identify the differences,
SSIM was employed on high-speed X-ray radiography image datasets.
Comparing consecutive SSIM values enabled the tracking of reaction
speeds, localization of rapid structural changes, and eventually an

extended understanding of battery failure dynamics. In particular, lo-
calized SSIM mapping spotted the regions which experience the most
rapid degradation.

In this context, it was found that the static (non activated) safety
mechanisms of NMC and SIB cells appear similar on cell level. This
lead to the conclusion that the design of the SIBs (used in this study)
vastly relied on technology which is commonly used in LIB systems.
Moreover, it was found that the temperature of the thermal runaway
and the internal propagation speed are vastly different for the three cell
chemistries. In comparison to NMC and SIB, LFP required significantly
higher local temperatures to initiate a TR. Apart from the chemical
reaction behavior, it was found that the temperature profile during
a TR strongly correlates with the functionality of the pressure-release
mechanism via the venting disk. This gave rise to the most important
finding of this study, i.e. that the explosive TR is not caused by the
inherent thermochemical decomposition reactions but rather a failure
of the venting mechanism (CID blocks the gas release through the
venting cap).

We therefore conclude that safety measures should not be directly
transferred among different cell chemistries. In contrast a more holistic
approach (including, but of course not limited to an optimization of
mechanical cell components) is required which poses the urgent need
for sophisticated investigations of safety mechanisms.
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Fig. 4. Post-test images of the tested NMC (a,d), SIB (b,e), and LFP (c,f) cells. NMC and LFP exhibit intact casings with proper venting but show heavy
contamination, indicating significant heating during TR. In contrast, the SIB cell shows terminal ejection and a clean casing, suggesting lower casing temperatures.
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