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Abstract: The increasing adoption of lithium-ion battery cells in contemporary energy storage
applications has raised concerns regarding their potential hazards. Ensuring the safety of compact and
modern energy storage systems over their operational lifespans necessitates precise and dependable
monitoring techniques. This research introduces a novel method for the cell-specific surveillance
of prismatic lithium-ion cells, with a focus on detecting pressure increases through the surface
application of a fiber Bragg grating (FBG) sensor on a rupture disc. Commercially available prismatic
cells, commonly used in the automotive sector, are employed as test specimens and equipped with
proven pressure and innovative FBG sensors. Encompassing the analysis capacity, internal resistance,
and pressure (under elevated ambient temperatures of up to 120 ◦C), this investigation explores the
thermal degradation effects. The applied FBG sensor on the rupture disc exhibits reversible and
irreversible state changes in the cells, offering a highly sensitive and reliable monitoring solution
for the early detection of abuse and post-abuse cell condition analysis. This innovative approach
represents a practical implementation of fiber optic sensor technology that is designed for strain-
based monitoring of prismatic lithium-ion cells, thereby enabling customized solutions through
which to address safety challenges in prismatic cell applications. In alignment with the ongoing
exploration of lithium-ion batteries, this research offers a customizable addition to battery monitoring
and fault detection.

Keywords: lithium-ion battery; battery safety; prismatic cell; thermal fault; early detection; solid
electrolyte interphase decomposition; fiber Bragg grating

1. Introduction

The safety of lithium-ion battery technology in the context of battery electric vehicles
and large-scale battery storage has become increasingly crucial as the market for large
lithium-ion battery systems continues to grow [1,2]. Foremost of the demands on present
battery systems arise from heightened energy density and rapid charging capabilities,
necessitating robust safety measures in response [3]. However, achieving these goals is a
complex task, with cost pressures and the need for more rigorous thermal management
(owing to the rising energy density) challenging the design of safe battery systems [4,5]. Re-
cent advancements have led to substantial improvements in understanding and addressing
thermal runaway (TR) events within lithium-ion batteries. These include breakthroughs in
replicating TR events [6–8], early detection methods for battery cell TR [9–14], strategies to
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mitigate TR [15–17], and the prevention of thermal propagation [18]. From these ongoing
advancements around the TR event ensue recommendations that translate to various regu-
latory levels [19,20]. Despite these improvements, there are still challenges in the field of
early detection like the high computational effort required to extract accurate and relevant
battery state data, as well as accounting for the development of relevant fault features due
to the aging of the cell [5,14,21].

In recent years, various calorimetric studies have shed light on the reversible and
irreversible degradation phenomena associated with thermal degradation in batteries lead-
ing up to a TR event, especially lithium-ion batteries using graphite-based anodes [22–24].
It has been proposed that the irreversible pressure increase observed during battery cell
operation can be attributed to gas formation [25,26]. The nature and extent of gas-forming
reactions in battery cells depend on factors such as temperature and the state of charge
(SOC), which vary depending on the cell chemistry [18,27–30]. In addition to gas emission,
the typical progression of TR inevitably leads to a significant increase in temperature [31].
The escalating cell pressure inexorably results in the opening of the battery cell, which is
accompanied by a loud noise and visible smoke generation [32].

Therefore, leveraging the expansion of battery cells is one promising avenue for the
early detection of battery degradation and critical battery states [33]. This volume increase
can be utilized for cell state determination, early fault detection, and the identification of
lithium plating in batteries [26,34,35]. Recent safety-related FBG application research in
battery technology has particularly evolved based on strain measurements and internal
sensing methods [35]. Complementary mechanical monitoring with fixed FBG sensors has
proven to be particularly applicable in mechanically sensitive and lighter pouch cells [36],
and it has also found applications in improved temperature sensing for inherently smaller
cylindrical cells [37,38].

However, prismatic cells, commonly used as large format cells in various high-capacity
systems, possess sturdy casings that make them less prone to expansion during opera-
tion compared to pouch cells, thereby limiting the usefulness of strain measurements.
Additionally, lithium-ion battery cells are often externally braced in applications, further
impeding the measurement of volume changes [34]. During operation, large format cells
develop temperature fields that decrease in uniformity based on operational demand and
cell size [39,40]. This is due to the small surface-to-volume ratio, which dampens cool-
ing efficiency. Representative and system-wide temperature measurement is therefore
challenging for larger cells.

This study introduces an innovative and non-invasive approach with FBG sensors for
meaningful strain monitoring on commercial large format prismatic cells in a realistic braced
application, thereby leveraging a mechanically fixed connection to the standard rupture disc in
these cells for improved battery state determination. The experimental investigation targeting
thermal abuse and internal gas evolution with parallel pressure measurement demonstrated
the effectiveness of the FBG sensor application for sensitive strain measurements as an
additional state parameter—complementary to voltage, current, and temperature—to ensure
safe battery operation. Analysis of the underlying degradation reactions through phases of
elevated temperatures of up to 120 ◦C revealed the potential for the early detection of critical
pressures before a cell opening event. Thus, this work demonstrates a novel possibility for
customizable and reliable cell-specific strain monitoring.

2. Materials and Methods
2.1. The Device under Test

The tested cell was an industry-standard, available prismatic cell of the PHEV2 type
(according to the German Association of the Automotive Industry), and it was disassembled
from a module with a nominal capacity of 37 Ah [41]. It was composed of nickel manganese
cobalt oxide (Lix Ni0.33 Mn0.33 Co0.33 O2) (NMC111)/graphite intercalation compound (GIC)
chemistry, as well as polypropylene (PP) and polyethylene (PE) separator combination,
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and it is usually employed in battery electric vehicle applications. Further relevant cell data
from the manufacturer can be found in Table 1.

Table 1. Cell characteristics given by the manufacturer.

Property Value

Mass/g 810
Length × width × thickness/mm 91 × 148 × 26.5
Upper cut-off voltage/V 4.2
Lower cut-off voltage/V 3.0
Maximum charge current/A 55
Maximum discharge current/A 123
Maximum storage temperature/◦C 70
Minimum storage temperature/◦C −40
Maximum operating temperature/◦C 60

Positioned in a symmetrically fastened arrangement, 8 mm thick aluminum plates
clamped the cell on each side with a torque of 0.5 Nm. This applied torque resulted in a state-
of-charge (SOC)-dependent pressure ranging from an approximate range of 0.074–0.11 MPa,
which fell within the typical pressure range observed in automotive applications [42,43].
The cell was equipped with an overcharge safety device (OSD), which consisted of a
pressure-sensitive aluminum diaphragm that causes an external short circuit when a certain
pressure threshold is reached (Figure 1). The short-circuit current would cause the fuse to
melt, which would interrupt the current flow [44]. Triggering the OSD would thus prevent
further operation of the cell when an increased pressure is reached. To test the thermal
degradation and to evaluate the effects on discharge capacity and internal resistance, the
electrical operability must be preserved. The OSD was, therefore, deactivated beforehand
by filling the membrane cavity with epoxy resin.

Figure 1. Schematic representation of the operation of the OSD in the prismatic cell showing the
consequence of an external short circuit in the event of a pressure increase, as well as the subsequent
triggering of the fuse. Based on ref. [44].

To allow for the cell opening to take place in a controlled way, the cell was equipped
with a rupture disc as standard. The rupture disc was an approximately 0.15 mm thick
aluminum sheet, and it was measured as 24 mm × 9 mm at its longest dimensions. It had
a 12 mm-elongated perforation in the center. On both sides, two additional perforations
protruded from it with a length of 4 mm at 135◦ (bottom left Figure 2).
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Figure 2. The cell was equipped with a pressure sensor (top left) and a fiber optic sensor (bottom left).
The connection to the gas space was made by a penetration of the sealing pin. The sealing pin without
the aluminum cover can be seen in the top middle breakout. The fiber optic sensor was positioned
next to the elongated perforation and is marked by the red glowing dot in the middle. The clamped
cell that was inside the climate chamber in the complete setup is shown on the right side.

2.2. Thermal Abuse Conditions

During the experiment, the cell was exposed to elevated ambient temperature phases
in a 50–120 ◦C range. This high-temperature range was chosen to better quantify the
less identifiable phenomena of cells overheating due to processes at the solid electrolyte
interphase (SEI) layer of the GIC electrode. The test range, thus, started just below the
maximum operating temperature, and it ended below the melting temperature of the PE
layer in the separator, which would lead to pore closure, as well as drastic and thus easily
identifiable irreversible degradation effects [31]. As for the used temperature range, we
looked mostly at the reactions at the SEI layer on the graphite active material (Figure 3).
The SEI layer is essential for the sustainable usage of lithium-ion batteries as a rechargeable
energy storage, as the anode potential is otherwise outside the stability window of the
electrolyte [45]. According to Peled et al. [46], the desired attributes are high electrical
resistance, high selectivity, and low diffusion resistance for lithium-ion batteries, as well as
low thickness, high mechanical stability against expansion, and a high tolerance for high
temperatures and high potentials. The formation of the electrically insulating SEI layer
started with the initial charging of a lithium-ion battery with a GIC anode to stabilize it
against the potential window used. However, this SEI could not meet all the formulated
requirements. With increased temperatures, electric cycling, and longer storage times, the
layer thickness continued to increase [47].

The components of the initial SEI formation are composed of insoluble inorganic and
partially soluble organic compounds like the reduction products of the electrolyte resulting
from its reaction with lithium ions and electrons [46].
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Figure 3. Progression of the cell events for the NMC/GIC chemistry and PE/PP separator with
increasing temperature. Illustration style based on ref. [48] with insights from refs. [9,31,49].

The mix was strongly dependent on the solvent composition of the used additives
and impurities [23]. The SEI formation reactions were irreversible and led to the bind-
ing of lithium ions, thereby contributing to capacity fade and Ohmic resistance increase
(ORI) [22,47]. The exact electrolyte composition of the tested commercial cell is not known.
Due to the similarity of the organic carbonate solvents commonly used in lithium-ion bat-
teries, and for simplification in subsequent qualitative discussions, we assume the presence
of EC. Consequently, (CH2OCO2Li)2 emerges as the primary component in SEI formation,
accompanied by the release of C2H4, as expressed in Equation (1) [50]:

2 C3H4O3 + 2 Li+ + 2 e− −−→ (CH2OCO2Li)2 + C2H4 (1)

The decomposition of the main component of the SEI can be described by the global re-
action form at which the metastable (CH2OCO2Li)2 reacts to the stable inorganic Li2CO3, as
expressed in Equation (2) [51]. Furthermore, the reaction was shown to be largely indepen-
dent of the lithium content of the anode [52]. The onset temperature of the decomposition
reaction depends on the electrolyte composition [23,53]. Additionally, the initial heating
rate/reaction rate was found to be greatly dependent on the graphite surface area [31].
Therefore, with the use of calorimetry, the starting temperature of the SEI degradation was
found to vary in a range of 57–80 ◦C [52,53].

(CH2OCO2Li)2 −−→ Li2CO3 + C2H4 + CO2 + 0.5 O2 (2)

With increasing temperature, an acceleration in the decomposition of metastable SEI
components to stable components can be assumed [31,52,54,55]. The SEI decomposition
has a peak at roughly 100 ◦C. As shown by Richard and Dahn, the self-heating rate slows
down but increases again as new SEI is formed if lithium ions are available in the GIC [52].
As in the initial SEI formation, all reactants (as expressed in Equation (1)) have to come in
contact, which can be at the graphite/electrolyte or SEI/electrolyte interface and can lead
to the increasing growth of the SEI layer even after complete coverage of the graphite [46].
These necessary reaction conditions for the reforming process are mainly managed by
two mechanisms.
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• Cracking of the SEI layer due to the expansion of the graphite during charging leads
to direct contact of lithiated graphite with the electrolyte and thus to the reformation
of metastable SEI [46,54].

• Since the SEI layer is conductive for lithium ions, and with the tunneling effect for
electrons, a new metastable SEI layer can be formed on already existing inorganic
SEI [52].

A parallel occurrence between SEI decomposition and formation could also be ob-
served from about 100 ◦C by the calorimetry experiments [52,56]. This then led to an
equilibrium in the reformation of metastable organic species being set externally over the
inorganic SEI layer, which increasingly reacted to form the stable inorganic layer (Figure 4).

Figure 4. Schematic display of the temperature-dependent stages of the SEI composition and occur-
ring reactions. Based on refs. [31,51].

At high temperatures, these reactions contribute to an irreversible growth of the
stable SEI component (Li2CO3), which passivizes the active material and thus increases the
cell’s resistance, as well as a deactivation of active anode regions [57]. Both the formation
(Equation (1)) and the decomposition (Equation (2)) of the SEI layer are exothermic reactions
which bind of lithium ions and lead to gas evolution [31,51]. When the emission of gases
is compared (Equations (1) and (2)), it is obvious that significantly more gaseous species
are released during the decomposition of the SEI layer, which shows that the measured
pressure increase strongly depends on the onset of the decomposition.

2.3. Sensors

Battery cell degradation due to SEI growth during use manifests itself in changes in
internal resistance and in the decrease in capacity due to loss of lithium inventory (LLI) and
loss of active material (LAM) [58,59]. Depending on the use case, this leads to an unknown
internal state and uncertain thermal stability [18]. To prevent the uncertainty conceptually,
the examined prismatic cell was equipped with a pressure sensor and an FBG sensor on the
rupture disc as a basis for the early detection and monitoring of the degradation progress.

2.3.1. Pressure Sensor

In principle, a pressure sensor can be installed inside or outside the cell [60]. Here,
an external cell sensor with a threaded connection was chosen for its simple installation.
Despite its advantages, the sensor had some drawbacks, including dead volume and
thermal mass, which were not considered in this work due to the large cell size (additional
volume < 1% and mass < 0.5%). The selected piezoresistive ceramic sensor was suitable
for use during the thermal loading of the cell, with a maximum storage temperature of
125 ◦C and a maximum media temperature of up to 135 ◦C. Exhibiting good media stability,
the pressure sensor can measure pressures up to 6 bar relative to atmospheric pressure
and provides an accuracy of ±0.25%. Between the positive pole and the rupture disc, a
welded-on protective cap on top of the sealing pin can be seen on the cell. After removing
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the protective cap, there is an opening sealed with a plastic sealing pin, which is used
during the production process to fill the cell with electrolyte (Figure 2). For attaching the
sensor, an aluminum block with concentric inner threading was positioned over the sealing
pin of the prismatic cell. Using this location for the measurement setup is considered
advantageous due to the following reasons:

• It provides easy access to the opening without the need for drilling, which could
introduce metal shavings into the cell and potentially cause an internal short circuit.

• Remaining uncovered, the rupture disc of the cell preserves its functionality, thus
enabling the authentic behavior that is crucial to the FBG sensor.

• The electrolyte does not flow into the measurement block because of its position
on top of the cell, thereby ensuring that the electrochemical properties of the cell
remain unchanged.

For fixing the aluminum block, an adhesive silicon-based sealing paste (Acc Silicones–Part
No.: 740010640) and epoxy resin (MG Chemicals–Part No.: 832HT-375ML) were utilized
to bond the aluminum block to the cell housing. After hardening, the silicone-based ad-
hesive sealing paste forms a resilient silicone elastomer and can withstand temperatures
up to 300 ◦C. It was used as the outer ring sealant and the electric insulation between the
aluminum block and the cell housing, which was connected to the positive pole.

An 8 mm-long tinned copper tube was fixed into the electrolyte pin opening with
epoxy resin (maximum operating temperature of 200 ◦C) on the inside of the aluminum
block. The chemical stability of the inner cured epoxy resin was tested by exposure to an
electrolyte mixture of ethylene carbonate (EC):dimethyl carbonate (DMC) in a ratio of 1:1
with the conducting salt LiPF6 in the concentration of 1 mol L−1 and had shown no visible
changes over 2 years.

Before the cell was opened by puncturing the seal pin’s final plastic layer, the cell
was transferred into an argon-filled glove box. As the final steps, the pressure sensor was
mounted on the aluminum block together with the silicone O-ring seal (max. operating
temperature 200 ◦C) inside the glove box, and it was cast on the outside with epoxy resin
to ensure complete sealing. The successfully retrofitted sensor was braced against the cell
and can be seen on the right side of Figure 2.

2.3.2. Fiber Bragg Grating Sensor

The fiber optic sensors used were single-mode 800 polyimide-coated glass fibers. In
addition to their mechanical robustness and immunity to electromagnetic interference,
these sensors have a small form factor. Inside this fiber are uniform FBGs inscribed by a
femtosecond laser. Depending on the grating period Λ and the effective refractive index
neff, the FBG reflects a specific Bragg wavelength (λB), as can be seen in Equation (3) [61,62].

λB = 2Λneff (3)

These physical properties of the FBG grating are sensitive not only to mechanical
strain, but also to temperature changes (Equation (4)) [61,62].

∆λB

λB
= (1− ρe)∆ε + (α + η)∆T (4)

The stress-optic coefficient ρe, the thermo-optic coefficient η, and the thermal expan-
sion α describe the effect of strain changes (∆ε), as well as the temperature changes ∆T on
the Bragg wavelength when compared to the initial state of the measurement. The fiber
optic sensor was mounted on the outside of the rupture disc parallel to the long perforation
in the middle (bottom left Figure 2). This designed mechanical weakness as a safety feature
is accessible, and it demonstrates the highest sensor sensitivity to state changes in the cell
compared to other positions on the cell due to its thinness. Because of the orientation of the
fiber on the rupture disc, the FBG was compressed with increasing swelling along the perfo-
ration as a result of the plastic deformation due to high cell pressure. After the irreversible
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deformation, the FBG thus relaxed to a compressed state at reference conditions and was
directly dependent on the degree of the increasing curvature, which led to a reduction in
the grating period Λ and therefore to a decrease in λB (Equation (3)). This compression
made it necessary to apply the fiber under tension during the application; otherwise, no
measurement was possible [63]. To test for the highest sensitivity, a configuration with
the sensor glued on one side and free on the other side along the elongated perforation
(one-sided adhesive), which had an even distribution of the adhesive on both sides of the
elongated perforation (balanced adhesive) for a more symmetrical deformation behavior,
were tested (Figure 5).

Figure 5. Scheme of transition from the initial state of the rupture disc to the state with swellings
around the perforation at 25 ◦C after the thermal abuse test (red). In the one-sided configuration, only
the area around the FBG sensor was glued to the rupture disc (gray box). In the balanced configuration
(yellow boxes), both sides of the elongated perforation were glued for a more symmetric deformation.

To optimize the strain transfer, the fiber was bonded with a cyanoacrylate-based adhe-
sive (Loctite 406) with a high Young modulus for optimal strain transfer (which was stable
up to 120 ◦C and parallel to the center perforation with low adhesive thickness between the
bursting disc and fiber). The bond length was chosen to be as long as the elongated perfo-
ration. To further improve the strain transfer of the FBG sensor, the polyimide coating was
removed from the fiber [63,64]. Before the adhesive was used, the surface was roughened
with 80-grit abrasive paper, which was then afterward cleaned with isopropyl alcohol. The
bonding process took place in two steps. First, the tip of the sensor was glued next to the
end of the elongated perforation that was midway to the wall of the rupture disc. This was
followed by bonding the remaining fiber to the aluminum next to the perforation under
tension. Using this two-step method allowed for the application of sufficient pretension to
the fiber so as to allow the measurement of the increasing compression. For the balanced
glue configuration, the other side of the long perforation was also coated with the same
amount of adhesive to ensure the symmetrical behavior of the rupture disc’s deformation.
In addition to the rupture disc’s surface-applied FBG sensor, there was an additional FBG
sensor in a 3 cm distance along the fiber, which was attached loosely to the cell with a nar-
row adhesive strip that was perpendicular to the fiber course. This free FBG sensor served
as a temperature reference to the bonded FBG sensor and was mechanically decoupled
from the cell.
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2.4. Experimental Method

In Figure 6a, it can be seen that the clamped cell in the climate chamber was electrically
connected to an electric battery test rig (Scienlab–SL60/200/12BT4C, Bochum, Germany),
which controls the electrical load; supports the galvanostatic electrochemical impedance
spectroscopy (GEIS) that operates in a frequency range of 10 mHz to 5 kHz and a maximum
current amplitude of 5 A, as well as logs the pressure sensor, the cell temperature by
a Pt100 sensor on top of the cell, the chamber temperature, current, and voltage of the
cell. Additionally, the fiber with the FBGs was monitored by a commercial FBG measure-
ment system (FiSens–X400, Braunschweig, Germany). Each adhesive configuration on
the rupture disc was tested two times (balanced: B1 and B2 and one-sided: O1 and O2).
Overall, the measurement frequency was 1 Hz. The pressure and free FBG measurement
was performed only for the B1 and O1 configurations due to the high similarity of the
measurement results.

Figure 6. (a): Test setup of the prismatic PHEV2 cell used in the experiment with a pressure sensor
and FBG sensor in the balanced configuration. (b): Gradual temperature increase in 5 ◦C steps
from a range pf 50–120 ◦C or until a measured pressure of 3.6 bar was reached. (c): The electrical
characterization procedure during the reference temperature phases after a 3 h relaxation at 3.95 V.

A climate chamber (Binder–MK720) with a heating rate of 4 K min−1 and a cooling
rate of 4.5 K min−1 was chosen to minimize the transition times between each phase. To
ensure the safety of the test, the experiments were carried out in a safe environment with a
set critical pressure limit that was determined beforehand by heating an identical cell until
the rupture disc burst. The critical pressure limit until test termination was set to 3.6 bar. To
investigate the increasing thermal degradation effects of the cell, a sequence of reference and
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high-temperature phases going from a range of 50–120 ◦C in 5 ◦C increments were applied
to the cell (Figure 6b). The test was finished when the 120 ◦C high-temperature phase was
concluded, or it was ended prematurely when the critical pressure limit was reached.

After each 3 h high-temperature phase, the cell was electrically characterized during a
20 h-long reference temperature phase at 25 ◦C by a procedure comprising a GEIS before and
after a capacity test to monitor the change in cell impedance after every high-temperature
phase (Figure 6c). The complete electrical procedure from the start of the cooling from a
high-temperature phase to the start of the next is listed below. There were two cells in the
climate chamber for each experiment. Steps 2 and 3, as well as 6 and 7, were swapped for
the cells in the O1 and O2 configuration to perform GEIS on only one cell at a time, thereby
avoiding interference.

1. Hold voltage at 3.95 V for 4 h once the reference temperature of 25 ◦C is reached;
2. GEIS at 5 A from 5 kHz to 10 mHz for 10 sine periods;
3. Rest 1 h;
4. Capacity check at 1 C (2×)

(a) Discharge at 1 C until 3 V;
(b) Rest 1 h;
(c) Charge at 1 C until 4.2 V;
(d) Hold voltage 4.2 V until C-rate drops to 0.05 C;
(e) Rest 1 h.

5. Discharge at 1 C to the desired 80% SOC;
6. Rest 1 h;
7. GEIS at 5 A from 5 kHz to 10 mHz for 10 sine periods;
8. Hold voltage at 3.95 V during the next high-temperature phase.

Before the start of the abuse test, the SOC of the cell was charged to 100% by a 1 C
constant current (CC) charge and a 4.2 V constant voltage (CV) phase; this phase ended
when the current dropped to 0.05 C, and it was then set to 80% SOC by a 1 C CC discharge
phase. The cell was held at a constant 3.95 V (80% SOC) during the high-temperature phase
to keep the boundary conditions for the SEI reactions constant. Thus, the experiments were
conducted at a higher SOC close to the upper operation limit of commercially used cells [65].
Increasing the SOC any further would result in intensified gas emissions due to higher
cell voltage, which are not related to the degradation phenomena under investigation [30].
After the end of the abuse test, the cells were cycled two times at 20 ◦C and in a CC phase
at 0.05 C. These measured voltage responses were used for incremental capacity analysis
(ICA) and were compared against cells without thermal abuse (Section 3.2).

3. Results and Discussion

All the temperature abuse tests were finished within a complete temperature range of
50–120 ◦C (Table 2). The overview of the capacity fade, ORI, maximum pressure increase
(only B1 and O1), as well as the maximum FBG wavelength change compared to before the
abuse, can be seen in Table 2. The capacity fade after the experiment was approximately
6% of the initial capacity. The resistance increases were around 25% except for the test O2,
which had shown a problem with the GEIS measurement. A maximum pressure of 3.4 bar
was reached during the 120 ◦C phase for the B1 and O1 tests. The start-to-end change in
the wavelength change (at 1 Hz with an accuracy of ±2 pm) of each fixed FBG adhesive
configuration was spread from a 0.74–1.20 nm range, thereby showing that there was
potential for improving the quality of application methodology to reach more consistent
results. The trends of all the tabulated characteristics over the thermal abuse can be seen in
Appendix A.2.



Batteries 2024, 10, 92 11 of 26

Table 2. Degradation overview of the capacity fade, FBG wavelength change at reference conditions,
pressure, and ORI after completion of the thermal abuse test. Additionally, the temperature-specific
wavelength change of the fixed FBG sensors at 50 ◦C are displayed.

Property Value

ID O1 O2 B1 B2
Max pressure/bar 3.40 - 3.44 -
FBG hub/nm −1.02 −0.74 −0.86 −1.20
Capacity decrease/% 5.32 6.15 5.00 7.09
ORI/% 26.29 134.92 26.77 27.45

∆λfix/∆T/pm K−1—before until end of 50 ◦C phase 21.2 19.1 13.2 18.4
∆λfix/∆T/pm K−1—cycle after 50 ◦C phase 36.8 43.4 37.4 36.1

3.1. State Development during Thermal Degradation

The test performance of the conducted tests proceeded in a very similar fashion. The
following describes the results of experiment B1. It can be seen in Figure 7a that, in each
phase of increased temperature, the wavelength change of the free FBG sensor was found
to be directly proportional to the cell temperature. By comparison, the reversibility of
the Bragg wavelength of the fixed FBG was equal to the free FBG up to the maximum
storage temperature of 70 ◦C (Figure 7b). Thus, up to this temperature, the deformations
of the rupture disc were exclusively elastic. Exceeding this temperature led to a plastic
bulging in the perforations on the rupture disc during the high-temperature phase, which
was shown as an irreversible wavelength decrease due to the resulting compression of the
fixed FBG in the following phase at reference temperature. However, like the free FBG,
the relative signal change of the fixed FBG can be directly correlated with the temperature
rise during the high-temperature phase, thereby allowing for temperature monitoring.
While the sensitivity for the free FBG was based on the thermal part of Equation (4), and
showed an effective sensitivity of 8 pm K−1, the sensitivity of the fixed FBG during the high-
temperature phase was three times higher (Table 2). As the complete fiber was assumed to
be at an ambient temperature, the additional wavelength shift could be attributed to the
thermal expansion of the host material. In contrast to the increasingly visible irreversible
changes in the FBG that were fixed on the thin rupture disc, the expansion-induced higher
temperature sensitivity could also be shown for other fixed FBG measuring points on the
robust aluminum housing of the prismatic cell in the preliminary experiments.

Before starting the experiment, the pressure at the reference conditions inside the cell
was at a slight over-pressure at a constant 160 mbar (Figure 7b). The pressure exhibited
purely reversible pressure increases due to thermal expansions up to 75 ◦C. An irreversible
pressure rise became apparent within the following high-temperature phases. In the
closed cell, the increase in pressure at reference conditions could only be related to the
gas evolution inside the cell due to the onset of the SEI degradation reactions. These
irreversible contributions of both the pressure and the fixed FBG sensor were superimposed
with the thermal expansion at elevated temperatures. As the deformation state was directly
dependent on the cell pressure due to the design of the rupture disc, the measurable
compression of the fixed FBG was found to be dependent upon the significantly larger
pressure increase from the thermal expansion rather than the additional gas generation.

In addition to the increasing irreversible changes in the sensor signals, the GEIS
performed also showed an ORI of the cell. The repeated GEIS measurements at 80% SOC
and at the reference conditions showed a high reproducibility between the measurements
before and after the determination of the discharge capacity. Therefore, only the first
impedance spectrum after the high-temperature phases at 50, 85, and 120 ◦C can be seen in
Figure 7c. The GEIS measurements showed an ORI leading to a shift along the real-axis in
the characteristic impedance spectrum (at 50 ◦C) that saw increasing temperature.

In Figure 7d, the current (I < 0 is a discharge) of the capacity measurement with
two discharge cycles at 1 C is shown at 50 ◦C. The second discharge ∆Qdis,2 was used as a
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reference for capacity determination. With the measurement after 50 ◦C taken as a reference
measurement with 38.82 Ah, the discharge capacity decreased to 36.89 Ah after the 120 ◦C
phase. On the secondary axis of this plot, the measured temperature of the Pt100 sensor on
top of the cell showed a temperature increase of 1.5 ◦C at the end of the discharge phase.

Figure 7. Overview of the results of experiment B1. (a): The free FBG wavelength change and
temperature profile of the Pt100 sensor on top of the cell during test time. (b): Progression of
the pressure and fixed FBG signals over the test duration and high-temperature phases that saw
initial reversible changes up to 70 ◦C and which accumulated irreversible changes with increasing
temperature. (c): Impedance spectroscopy spectra after 50, 85, and 120 ◦C temperature phases before
capacity determination at 25 ◦C. (d): Current profile for the capacity determination and measured
temperature at 25 ◦C after the 50 ◦C phase. (e): Sensor performance of the pressure, as well as the
free and fixed FBG sensor during cycling after 50 ◦C. The wavelength change of the free FBG sensor
was multiplied by four to create a comparable signal level to the fixed FBG sensor.

The cyclic load with changes in the SOC, which led to minimal cell temperature
increase, was particularly interesting for the applied sensors to test their sensitivity during
normal operation at the constant ambient temperature of 25 ◦C. Therefore, the optical
wavelength shift of the fixed and free FBG sensor and the pressure, which were obtained
during the same procedure, are displayed in Figure 7e. While dependent on the gas
temperature inside the cell, the equilibrium pressure was directly proportional to the SOC
of the cell, which can be seen during the relaxation phases in between the charge and
discharge phases. This was in line with other results found in the literature, and it can be
explained by the different states of the volumetric expansion of the electrodes depending
on the SOC [66,67].

Looking at the FBGs, the results for the free FBG were corrected accordingly in the
plot to allow for a comparison of trends (Figure 7e). The direct proportionality of the
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free FBG to the temperature profile became less accurate during cycling due to the low
sensitivity. In addition, between hours 3 and 4, there was a steep decrease in λB. This
irregular effect can be observed on average 2 to 3 times a day, and it was related to the
mechanical disturbances outside the described test environment that were due to other
activities in the lab environment to which the free FBGs sensors were susceptible.

The temperature profile was captured more precisely by the fixed FBG sensor as it
displays a sensitivity over 35 pm K−1 (Table 2), which was averaged by the temperature
difference at 150 mbar ± 10 mbar during the discharge between hours 1 and 2, as well
as 5 and 6 (Figure 7e). By comparing the sensitivity of the fixed sensor during the high-
temperature phase and cycling, it became evident that the pressure increase led to a
compression in the FBG (Table 2). This became especially apparent when we compared the
sensitivities to the temperature during cycling with small pressure changes of ≈70 mbar
and the 50 ◦C phase with increased pressures at ≈270 mbar in Table 2. The apparent
sensitivity to even minor pressure changes in the performed tests could be seen at the start
of the charge phase for cell B1 (just after hours 3 and 7), where the charge led to a steep
increase in pressure due to the parallel temperature and SOC increase. During the start of
the charge, it could thus be seen that the fixed FBG signal decreased despite the increase in
temperature. Later, during the charge, the pressure gradient decreased, which led to an
increase in Bragg wavelength until the temperature reached a constant of 27 ◦C. Overall,
the fixed FBG sensitivity to temperature predominated due to the thermal expansion of the
material, while the SOC dependency was only noticeable under certain conditions due to
the minimal changes in pressure in the SOC range.

The small elastic geometry changes of the rupture disc leading to the elastic compres-
sion of the fiber show an increasing wavelength change after the completion of the test due
to an increase in the sensitivity of 30–80% at the last cycle depending on the test (Figure 7b).
The sensitivity toward these small pressure changes seemed to vary between each test and
was most likely highly susceptible to minor changes in the fiber positioning and adhesive
geometry on the whole rupture disc.

A lower sensitivity toward pressure changes and a more direct proportionality of the
fixed FBG to the temperatures during these cycling conditions can be seen in the analog
figures of the experiments O1 (Figure A1), B2 (Figure A2), and O2 (Figure A3).

The development of the start-to-end normalized state changes of pressure, ORI, and
capacity at reference conditions before the start of the next high-temperature phase showed
an exponential deterioration over the intensified thermal abuse (Figure 8). The normalized
measurement profiles of the irreversible wavelength changes in the first experimental
test, which exemplified the differences in the fixed FBG adhesive configurations, are also
depicted in this figure. These profiles did not exhibit an exponential dependence on the
temperature level of the preceding phase.

After each high-temperature phase, there was an increasing change in the Ohmic
resistance and discharge capacity (Figures A4 and A5). However, the irreversible rise of
pressure only started after the high-temperature phase at 75 ◦C (Figure A6). Reaching the
onset temperature of the SEI decomposition led to gas emissions that increased exponen-
tially with increasing temperatures due to the decomposition reaction rate (Figure 8) [51].
This was also consistent with the measurable plastic deformation of the rupture disc by the
fiber optic sensor system after the high-temperature step in the setup, which was conducted
with a balanced distribution of adhesive on both sides of the middle perforation. However,
this did not develop exponentially but correlated linearly in a range of 75–115 ◦C for B1 and
a range of 85–115 ◦C for B2, which saw increasing temperatures in the high-temperature
phases (Figure A7).
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Figure 8. Progression start-end that was normalized in terms of the discharge capacity fade, ORI,
pressure increase, and Bragg wavelength decrease in the fixed FBG, which was configured with an
adhesive applied to one side (O), as well as both of the sides (B) of the middle rupture disc perforation
after each high-temperature phase at 25 ◦C.

Because of the designed structural weakness to a plastic deformation of the aluminum
rupture disc, the FBG sensor used here showed a clearer signal change compared to the
pressure sensor. As the pressure approached the critical pressure limit, the linearity of
the decline in the relaxed wavelength change decreased. This is an indication that the
tensile strength of the aluminum of the bulging rupture disc had been reached and that
the mechanical failure of the rupture disc had begun. Due to its direct dependence on the
internal pressure, the deviation from linearity was a good indicator of the coming failure of
the rupture disc, which thus enabled reactions to be made. Therefore, the early detection
of critical rupture disc deformations due to critical pressure developments was directly
enabled by monitoring the intentionally weakest point of the cell housing.

In contrast, the results of the one-sided configuration exhibited no reproducibility
in the λB change during the high-temperature abuse. Particularly striking was, before
the period of the expected decrease in the λB after 110 ◦C, the increase in wavelength in
the O2 configuration. A positive wavelength change indicates an elongation. This can
be explained by the non-parallel fixation of the FBG sensor near the center perforation,
whose increasing curvature on the side of the FBG sensor explained the increase in λB
from a range of 90–110 ◦C (Figure A7). When increasing the pressure, depending on the
adhesive geometry on the rupture disc, there were variations in the extent of deformation.
The use of a symmetric adhesive geometry resulted in a more homogeneous resistance
behavior against deformation on the rupture disc. This led to a balanced configuration on
the sensor side detecting (linear) changes significantly earlier. On the other hand, in the
one-sided configuration, the adhesive-reinforced side, along with the sensor perforation,
caused a higher mechanical resistance on the sensor side, thus resulting in lower sensitivity
to pressure changes.

Thus, the sensor in the one-sided configuration effectively showed a less significant sig-
nal at slightly elevated temperatures, as well as drastic increases in the plastic deformation
above 110 ◦C (Figure 8). The non-linearity and lower signal expression of this application
alternative thus reduced the easily accessible informative value for state detection.
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3.2. Incremental Capacity Analysis

Due to the good suitability of the ICA for the investigation of various significant
degradation phenomena like the loss of mobile lithium inventory (LLI), loss of active
material (LAM), and changes in ORI, the change in incremental capacity (dQ/dU) due
to the thermal abuse test of the damaged cells was considered [59,68]. To evaluate the
degradation effects, the results of the two cycles at a current rate of 0.05 C at a 20 ◦C ambient
temperature on the cells after the high-temperature step test, as well as two undamaged
cells, were compared to each other. Before the determination of the incremental capacity of
each of these cells, the final charge and discharge curve of the voltage was smoothed with a
Gaussian filter for a window of 400 s to improve the curve feature visibility. Figure 9 shows
the dQ/dU curves of the undamaged cells, as well as the B1 and O1 cells as a function of
the cell voltage for charge (dQ/dU > 0) and discharge (dQ/dU < 0).
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Figure 9. Incremental capacity analysis of the two reference cells without thermal degradation
and the two cells after the thermal abuse test (B1 and O1) at a constant SOC of 80% during charge
(dQ/dU > 0) and discharge (dQ/dU < 0). The features of interest during the charge phase are
annotated by 1 to 4 .

The incremental capacity curves of the damaged cells and the reference cells showed
good agreement, which indicates good cell quality and high reproducibility in the thermal
step tests concerning the degradation state. Significant features of interest (FOI) for the
NMC111/GIC cell chemistry are shown in Figure 9 by 1 to 4 . These FOI enabled
assessments of the degradation phenomena [59]. Each feature was a combination of
the electrochemical reactions at the positive and negative electrodes depending on the
material [68]. The peaks identifiable in the NMC111/GIC results are largely dependent on
the graphite [59,68,69]. There are further smaller peaks that are identifiable; these have been,
however, disregarded due to their uncertain meaning [59]. Due to the oversized capacity
for lithium ions after formation, the LAM was only detectable with a delay (incubation
time) [58,59,70]. Any LAM may, therefore, be masked by the LLI accordingly [58,70].

For the NMC111/GIC chemistry, the effects can be interpreted according to Table 3,
which lists the individual contributions of delithiated LAM (deNMC111 and deGIC), lithi-
ated LAM (liNMC111 and liGIC), LLI, and ORI that have been studied by Dubarry et al. [59].
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Table 3. Interpretation of the prominent feature shift of the NMC111/GIC cell chemistry due to
different degradation effects. Multiple arrows correspond to the multiple positions that are dependent
on the progression of degradation. The table is based on degradation maps for NMC111/GIC [59].

Property 1 2 3 4

LLI → ↘ = =↘↗
LAMdeNMC111 ←↙ ↙ ↙↗ ↓
LAMliNMC111 ↘ ↓ = ↓
LAMdeGIC = = ↙↖ =↘↗
LAMliGIC → ↘ = =↘↗
ORI → → → →

The increase in the ORI by about 25% led to no constant shifts in the peaks in the
charging or discharging directions to higher or lower potentials, respectively (Figure 9),
which quantitatively corresponded to the degradation map by Dubarry et al. [59]. The shift
of the feature 1 for the NMC111/GIC material system was found to be suitable for deter-
mining whether the positive electrode was limiting. In this case, the peak would shift to the
left (←) until it disappeared (↙) [59]. A shift to↘ was observed at 1 , this corresponded
to the LLI, which would include the loss of lithiated active material (LAMliGIC and/or
LAMliNMC111) and could not be distinguished in this full cell ICA (Table 3). However,
due to the continuous SEI formation, the LLI can be assumed in that case. Feature 3
(=) fits the degradation mode while 4 (↓) remains rather inconclusive as the position of
this feature varies a great deal depending on the progression of the LLI [59]. Interestingly,
feature 2 showed only the slightest decrease in potential and incremental capacity, and it
was found to be unusually independent of the combination of degradation phenomena
compared to the other literature data [58,59]. Overall, the ICA supported the LLI and
showed no detectable LAM that corresponded to the expected degradation phenomena in
this temperature range (Figure 3).

3.3. Pre-Critical Thermal Abuse Correlations

When the onset of the irreversible pressure increase was examined, the exothermic
decomposition of the SEI layer began after the 80 ◦C phase (Figure A6). The ensuing
reformation reactions of the SEI layer contributed to an irreversible growth in the stable
SEI components. Subsequent increments in temperature beyond 100 ◦C did not result in a
further acceleration of the SEI layer decomposition and reformation, and this was evident
through a linearization that commenced from this temperature phase during pressure rise,
as depicted in Figure A6. This behavior, indicative of the kinetic limitations on the involved
reactions, aligns with documented evidence in the literature [31]. This limited reaction
equilibrium binds an increasing number of lithium ions and further passivates the GIC.
The resulting SEI recomposition causes—in addition to the irreversible pressure increase
due to gas evolution (as expressed by Equations (1) and (2))—increasing ORI (Figure 7b)
and LLI, as shown by the ICA (Figure 9), which is also reflected in the increasing loss
of capacity. As these effects are based on the same reactions at the tested temperature
range, a strong correlation between them can be shown (Figure 8). The wavelength shift
of the FBG sensor on the rupture disc at reference conditions was directly dependent on
the plastic deformations on the rupture disc. In comparing the one-sided and balanced
configuration, it was found that the development of the plastic deformations was strongly
dependent on the glue distribution and correlates with the maximum pressure, which
is a result of thermal expansion during the high-temperature phase. Therefore, it was
not directly connected to the changes in the SEI layer composition. For the balanced
configuration, the linear correlation to the reversible pressure increase was preserved due
to the symmetric deformation behavior of the rupture disc. In the one-sided configuration,
the plastic deformations of the glue-reinforced rupture disc side were only unambiguous at
temperatures over 110 ◦C. The correlation of the degradation phenomena in the pre-critical
thermal abuse can be summarized as shown in Figure 10.
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Figure 10. Correlation map of the degradation phenomena due to irreversible changes in measurable
cell characteristics with an onset of SEI decomposition due to measurable gas formation over 75 ◦C.

4. Conclusions

Analysis of the experimental results showed that exceeding the maximum storage
temperature during high-temperature phases contributes to the expected recomposition of
the SEI layer, thus leading to increasing passivization (ORI), irreversible pressure increase,
and capacity fade due to LLI, which was shown by ICA. The presented instrumentation of
the standard rupture disc by fixed FBG sensors was shown to be reliable up to a temperature
of 120 ◦C in terms of allowing temperature and rupture disc deformation surveillance.

A one-sided and balanced configuration of glue was tested for the FBG fixation. The
balanced adhesive configuration displayed optimal conditions for a cell-specific, combined
sensitive temperature sensor, as well as for reliable rupture disc monitoring due to the linear
trend for plastic deformation that was shown. In contrast, the one-sided configuration failed
to present a reproducible trend and unambiguous progression toward critical pressures.
This showed the individual optimization potential for monitoring solutions, which depends
on the exact location and application of the fixed FBG sensor.

The key features displayed by the fixed FBG sensor during these thermal abuse
experiments were as follows:

• On the rupture disc, the fixed FBG sensors showed highly sensitive proportionality to
temperature, as well as an inverse proportionality to the cell pressure.

• The fixed FBG application displayed regardless of the adhesive configuration sufficient
sensitivity for cell temperature monitoring, and it also showed potential for the in
operando detection of critical cell states.

• The direct correlation of the plastic deformations to the pressure via the mechanical
properties of the rupture disc allowed for the determination of cell-specific critical
states within a battery system, as well as ensured early warnings for the cell rup-
ture event.

These sensor properties, thus, showed a robust baseline as a sensor in both normal
operation and critical stress. Therefore, they also showed a feasible extension with favorable
properties such as the small form factor and reliability in the monitoring of large format
prismatic cells. However, it is important to investigate the potential for the early fault
detection of developing local defects in large format prismatic cells with the proposed
concept to establish a minimal severity in developing cell faults in future work.
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Appendix A

Appendix A.1. Experimental Results

Figure A1. Overview of the results of experiment O1. (a): The free FBG wavelength change and
temperature profile of the Pt100 sensor on top of the cell during test time. In comparison, the contact
of the free FBG sensor with tape was realized worse than in the B1 experiment that led to less
stable wavelength changes. (b): The progression of pressure and fixed FBG signals over the test
duration and high-temperature phases with initial reversible changes to 70 ◦C and accumulating
irreversible changes with increasing temperature. (c): Impedance spectroscopy spectra after 50,
85, and 120 ◦C temperature phases before a capacity determination at 25 ◦C. (d): Current profile
for capacity determination and measured temperatures at 25 ◦C after the 50 ◦C phase. (e): Sensor
performance of the pressure, as well as the free and fixed FBG sensor during cycling after 50 ◦C. The
wavelength change of the free FBG sensor was multiplied by four to create a comparable signal level
to the fixed FBG sensor.
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Figure A2. Overview of the results of experiment B2. (a): Temperature profile of the Pt100 sensor on
top of the cell during test time. Due to an error, the 120 ◦C rest was prolonged from the usual duration
of 3 h to 4.5 h, and the contact loosening of the Pt100 sensor on top of the cell after 110 ◦C, which
resulted in an insufficient temperature measurement during cycling. (b): Progression of the fixed FBG
signals over the test duration and high-temperature phases with initial reversible changes to 70 ◦C,
as well as the accumulation of irreversible changes with increasing temperature. (c): Impedance
spectroscopy spectra after 50, 85, and 120 ◦C temperature phases before capacity determination at
25 ◦C. (d): Current profile for capacity determination and the measured temperature at 25 ◦C after
the 50 ◦C phase. (e): Sensor performance of the fixed FBG sensor during cycling.
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Figure A3. Overview of the results of experiment O2. (a): Temperature profile of the Pt100 sensor on
top of the cell during test time. Due to an error, the 120 ◦C rest was prolonged from the usual duration
of 3 h to 4.5 h. (b): Progression of the fixed FBG signal over the test duration and high-temperature
phases with initial reversible changes to 70 ◦C, as well as the accumulation of irreversible changes
with increasing temperature. (c): Impedance spectroscopy spectra after 50, 85, and 120 ◦C temperature
phases before capacity determination at 25 ◦C. (d): Current profile for the capacity determination
and measured temperature at 25 ◦C after the 50 ◦C phase. (e): Sensor performance of the fixed FBG
sensor during cycling.
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Appendix A.2. Characteristic Trends
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Figure A4. Decrease in the cell capacity at 25 ◦C after the high-temperature phase for each cell at the
time before the start of the next high-temperature phase.
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Figure A5. Increase in the Ohmic cell resistance at 25 ◦C after the high-temperature phase for each
cell at the time before the start of the next high-temperature phase. The result of the O2 setup is not
displayed due to an error during GEIS measurement.
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Figure A6. Increase in cell pressure at 25 ◦C after the high-temperature phase for each cell at rest
before the start of the next high-temperature phase, as marked in Figures 7b and A1b.
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Figure A7. Change in the Bragg wavelength in the FBG sensor that was fixed on the rupture disc
at 25 ◦C after the high-temperature phase for each cell at the time before the start of the next high-
temperature phase relative to the measurement after the 50 ◦C phase. Inset picture of the fixed FBG
position on the rupture disc for the experiments O1 (before abuse test) and O2 (after abuse test).
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