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Abstract

Trigger selection underpins thermal runaway (TR) and thermal propagation (TP) testing
of lithium-ion batteries, yet its influence on the TR response is rarely quantified, and data
for a cell with manganese-based composite cathode (MCC) material are scarce. Here, a
fully charged 130 Ah prismatic cell using MCC was driven into TR by high-frequency
electromagnetic induction heating and by lateral plate heating in identical fixtures, and
each response was resolved into four stages. A 12-s induction pulse initiated TR from a local
nucleus: flame ejection followed venting by 9 s, the trigger-point temperature peaked at
682.6 ◦C, and the voltage collapsed in two stages with a ~3.0-V, ~14-s plateau, the signature
of an expanding local short circuit. Lateral heating required 273 s of whole-cell preheating
and produced a faster, hotter event: a jet flame ~20 s after venting, whole-cell involvement
within 10.4 s, a 775.4 ◦C peak, and a single-stage ~20-s collapse. Induction heating thus
provides rapid, position-selectable initiation with minimal additional energy input, which
is well suited to propagation testing, whereas standard-compliant lateral heating represents
external-fire abuse; these results provide the first cell-level reference data for MCC thermal
runaway, quantify how the triggering method alone alters the TR response, and identify
the voltage-collapse morphology as a diagnostic of the initiation mode.

Keywords: lithium-ion battery; manganese-based composite cathode material; thermal
runaway; triggering method; electromagnetic induction heating; lateral heating

1. Introduction
After three decades of development, lithium-ion batteries (LIBs) have become the

dominant power source for electric vehicles and stationary energy storage [1]. The pursuit
of higher energy density, however, is accompanied by growing safety concerns. Under
mechanical, electrical, or thermal abuse, a cell may enter thermal runaway (TR), a self-
accelerating cascade of exothermic reactions accompanied by rapid temperature rise, gas
venting, jet flames, and even explosion [2–4]. For large-format cells the consequences are
particularly severe: the two-phase ejecta vented during TR are explosive [5–7], fires can
spread multidimensionally in energy-storage configurations [8,9], and the failure behavior
depends strongly on both the abuse mode and the cell chemistry [10]. Within a module or
pack, the heat released by one failed cell can drive its neighbors into TR, so that a single-cell
fault escalates into system-level thermal propagation (TP) [11].
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Cathode chemistry largely determines the TR hazard level. High-nickel layered oxides
offer high specific energy but exhibit low TR onset temperatures and violent exothermic
behavior, whereas olivine-structured lithium iron phosphate (LFP) is thermally milder and
currently dominates stationary storage, although large-format LFP systems can still burn
and explode under abuse [8,9]. Manganese-based composite cathode (MCC), composed of
lithium nickel cobalt manganese oxide (NCM), lithium manganese iron phosphate (LMFP),
and lithium manganese oxide (LMO), has recently entered mass production: the higher
voltage plateau of the Mn2+/Mn3+ couple raises the energy density by roughly 15–20%
relative to LFP [12]. However, the safety performance of such batteries remains unclear. In
contrast to the extensive TR literature on NCM and LFP, cell-level TR data for MCC cells
remain scarce, and materials-level safety strategies [13–15] cannot substitute for full-cell
characterization. Dedicated TR tests on large-format MCC cells are therefore needed to
support their safety design and qualification [16].

Thermal propagation testing is now embedded in safety regulations and standards
worldwide, including IEC 62619 [17], UL 9540A [18], GB 38031-2020 [19], SAE J2464 [20],
and ISO 6469-1 [21], all of which require one cell in the system to be deliberately driven
into TR [22]. The validity of such tests hinges on the triggering method, which is expected
to initiate TR reliably and reproducibly while introducing minimal additional energy
and minimal disturbance to the surrounding cells [23,24]. At the same time, the trigger
itself shapes the outcome: the heating power and energy affect the TR and propagation
characteristics of the module [16,23], and the same cell can exhibit different TR severities
under different triggering methods [25]. How a given chemistry responds to different
triggers is therefore both a scientific question and a prerequisite for test standardization.

Commonly used triggering methods each have limitations. Film or plate heaters must
heat an entire cell face through the casing, which typically takes hundreds of seconds,
preheats the whole cell as well as its neighbors, and adds a considerable amount of external
energy before TR begins [23,25]. Nail penetration introduces a mechanical short circuit and
breaches the casing, and overcharge alters the electrochemical state of the cell [2,3]. Kriston
et al. [26] demonstrated inductive initiation of TR in lithium-ion cells, and electromagnetic
induction heating offers an attractive alternative [27–29]: a coil driven by a high-frequency
alternating current generates an alternating magnetic field that induces eddy currents in the
metallic casing of the cell; owing to the skin effect, the dissipated Joule heat concentrates
in a small spot facing the coil, enabling contactless, position-selectable initiation within
seconds. Our previous work employed high-frequency induction heating to trigger and
visualize TR propagation in battery electrodes in situ [30].

Nevertheless, a direct comparison between induction triggering and the standard-
compliant lateral (plate) heating on identical large-format Mn-based cells has not been
reported, and how the trigger mode shapes the TR staging, temperature levels, voltage
signature, and fire behavior of this emerging chemistry remains unquantified. In this work,
we triggered TR in fully charged 130 Ah MCC prismatic cells using (i) high-frequency
electromagnetic induction heating and (ii) lateral plate heating, with identical clamping
fixtures and instrumentation. Combining synchronized temperature and voltage records
with visible and infrared imaging, we resolve the TR process of each mode into four stages,
quantify the trigger-dependent differences in triggering time, staging, peak temperatures,
and voltage-collapse morphology, and discuss the implications for trigger selection in TR
and TP testing of manganese-based batteries.

The contributions of this work are threefold. First, it provides the first cell-level TR
characterization of large-format (130 Ah) MCC cells, including the staged temperature–
voltage evolution, peak temperatures, venting-to-ignition delays and fire behavior, and
places the MCC chemistry between LFP and high-nickel NCM on the basis of a litera-
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ture compilation. Second, by applying two triggering methods to identical cells under
identical fixtures, it isolates the effect of the trigger itself: the same chemistry exhibits a
93 ◦C difference in peak temperature, a two-fold difference in venting-to-ignition delay
and qualitatively different voltage-collapse morphologies depending only on how TR is
initiated, which has direct consequences for the comparability of published TR data and for
test standardization. Third, it identifies the two-stage voltage collapse with an intermediate
plateau as a signature of TR initiated from a localized nucleus, in contrast to the single-stage
collapse of a whole-face onset, providing a simple electrical criterion for diagnosing how a
TR event was initiated.

2. Methods and Experiments
2.1. Battery Samples

Large-format manganese-based lithium-ion prismatic cells with an aluminum casing
(wall thickness about 0.7 mm), a nominal capacity of 130 Ah and overall dimensions of
300 mm × 150 mm × 30 mm were used in this study. The cathode was a composite
manganese-based electrode consisting of NCM, LMFP and LMO (MCC) active materi-
als, Super P carbon black, carbon nanotubes (CNTs), binder and a lithium aluminum
titanium phosphate (LATP) solid-electrolyte additive, in a mass ratio of MCC:Super
P:CNT:binder:LATP = 94:0.5:1:1.5:3, at a single-side areal loading of 221.3 g/m2. The
anode was graphite-based, consisting of graphite, Super P carbon black, LA133 binder,
and SFC (sisal fiber carbon) in a mass ratio of 95:0.5:4.2:0.3, at a single-side loading of
124.4 g/m2. Each cell contained 450 g of electrolyte. The operating voltage window of the
cells is 2.7–4.3 V, with 1.0C charging permitted at temperatures above 0 ◦C. Prior to the
thermal runaway tests, each cell was fully charged to 100% state of charge (SOC; upper
cut-off 4.3 V) and then rested at open circuit for more than 10 h before the test; the relaxed
open-circuit voltage at the start of the tests was approximately 4.2–4.3 V. Two nominally
identical cells were tested, one for each triggering method.

2.2. Thermal Runaway Triggering Methods

The two triggering configurations are illustrated in Figure 1. In both tests the cell
was sandwiched in a steel clamping fixture, with mica plates and mica sheets providing
thermal and electrical insulation between the cell and the fixture (Figure 1a). The fixtures
and clamping conditions were identical for the two methods; only the heat source differed.

For electromagnetic induction triggering, a hairpin induction coil driven by a high-
frequency power supply [31] was placed facing the large face of the cell through the fixture
window (Figure 1a, left). The alternating magnetic field induces eddy currents in the
aluminum casing of the prismatic cell, whose aluminum wall is only about 0.7 mm thick.
At the operating frequency the skin depth in aluminum is a few tenths of a millimeter,
smaller than the wall thickness, so the eddy currents are confined to the casing wall and
the Joule heat is generated primarily in the casing, in a small region facing the coil, from
which it is conducted into the adjacent electrode stack (Figure 1b). The local temperature
rises rapidly, driving the adjacent anode/separator/cathode stack into a local TR nucleus,
which subsequently propagates through the whole cell (Figure 1c). The induction power
was applied for 12 s in this study.

For lateral heating triggering, a plate heater (1000 W) covering the large face of the
cell was clamped against the cell inside the same fixture (Figure 1a, right). Joule heat
generated in the heater conducts through the casing and establishes a through-thickness
temperature gradient across the anode/separator/cathode stack (Figure 1d), gradually
heating the whole cell toward its TR onset temperature (Figure 1e). The heater was powered
continuously until TR initiated, i.e., for 273 s in this test, and was switched off at TR onset.
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This configuration corresponds to the external-heating trigger prescribed in current safety
standards such as GB 38031-2020 [19].

Figure 1. Schematics of the two thermal runaway (TR) triggering methods. (a) Exploded views
of the clamping fixtures: the target cell is sandwiched between mica plates in a steel fixture; left—
electromagnetic induction triggering, with the induction heating coils facing the cell through the
fixture window (a mica sheet in between); right—lateral heating triggering, with a plate heater
covering one large face of the cell. (b) Principle of induction triggering: the high-frequency alternating
current (AC) in the coils generates an alternating magnetic field that induces eddy currents in the
~0.7-mm aluminum casing of the prismatic cell, and the Joule heat generated in the casing drives the
adjacent anode/separator/cathode (An/Sep/Ca) stack into a local TR nucleus. (c) Sensor layout of
the induction test: thermocouple TI beside the trigger point and T1–T5 along the centerline of the
back face. (d) Principle of lateral heating triggering: Joule heat from the plate heater establishes a
through-thickness temperature gradient that heats the whole cell toward TR. (e) Sensor layout of the
lateral heating test: Th on the plate heater, Tc on the cell face adjacent to the heater, and T1–T5 on the
back face.
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2.3. Instrumentation and Test Procedure

Temperatures were measured with K-type thermocouples (Omega GG-K-30; measur-
ing range up to 1300 ◦C; accuracy ±1.5 ◦C or ±0.4%) arranged as shown in Figure 1c,e.
In both tests, five thermocouples (T1–T5) were evenly distributed along the centerline of
the back face of the cell, i.e., the face opposite to the heat source. In the induction test, an
additional thermocouple TI was attached to the front face beside the trigger point; in the
lateral heating test, Tc was attached to the front face of the cell adjacent to the heater and Th
to the heater surface. The cell terminal voltage was recorded together with all temperature
channels at a sampling rate of 10 Hz. The tests were documented by a visible-light video
camera and an infrared thermal camera (FLIR T450).

The induction-triggered cell (in its fixture) was tested in the open on a fire blanket,
whereas the laterally heated cell was additionally enclosed in a sealed steel box; the
influence of this enclosure on the observed fire behavior is noted in the results. The ambient
temperature was approximately 30 ◦C. The tests were carried out at a semi-open test site:
the space on the left of the cell and fixture was open to the outdoors, no exhaust extraction
was used, and the smoke released during TR drifted outdoors naturally. After mounting
and instrumentation, data recording was started, the trigger was applied, and recording
continued until the cell had cooled down after TR.

3. Results and Discussion
3.1. Thermal Runaway Characteristics Under Electromagnetic Induction Heating

Figure 2 shows the temperature and voltage records of the induction-triggered test,
and Figure 3 the corresponding visible and infrared image sequences; the two figures share
the same timeline, in which induction heating starts at 20 s. A single 12-s induction pulse
reliably initiated TR: the cell casing ruptured 3 s after the power was switched off, and
a jet flame erupted 9 s after that, without any further external energy input. It is worth
noting that during the heating window the measured voltage rose anomalously to about
4.36 V (Figure 2b, stage I); this is an electromagnetic-interference artifact of the alternating
magnetic field on the voltage measurement leads rather than a real change of the cell
voltage, and it disappeared immediately at power-off. Voltage readings taken during an
induction pulse should therefore be interpreted with caution.

Figure 2. Temperature and voltage responses of the MCC cell triggered by electromagnetic induction
heating. (a) Overall record: back-face temperatures T1–T5, trigger-point temperature TI, and cell
voltage V; the inset shows the thermocouple and induction-coil layout. (b) Enlarged view of the TR
window, divided into four stages: I—induction heating (12 s); II—venting (9 s); III—jet fire (27 s);
IV—decay; the inset shows the cell and fixture after the test. The elevated voltage reading in stage I is
an electromagnetic-interference artifact of the induction field on the voltage measurement.
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Figure 3. Visible (upper) and infrared (lower) image sequences of the induction-triggered TR (timeline
shared with Figure 2; t = 20 s at the start of induction heating): induction heating starts at t = 20 and
stops at 32 s; the battery casing ruptures at 35 s; gas generation continues at 40 s; flame ejection begins
at 41 s; the jet flame is sustained during 45–60 s, transitions to small flames at 70 s, and extinguishes
at 260 s.

The four stages were delimited by the following criteria, applied identically to both
tests. Stage I is the period during which the triggering method is in operation (induction
power on, or plate heater on). Stage II begins when TR is identified at the trigger location,
i.e., when the temperature-rise rate of the trigger-side thermocouple (TI or Tc) changes
abruptly and the cell voltage starts to drop suddenly; venting of the cell accompanies
this stage. Stage III is the period during which TR propagates through the interior of the
cell, accompanied by the jet fire and by the successive rise of the back-face thermocouples.
Stage IV is the period of steady heat transfer after the reactions have ceased, in which all
temperatures pass through their maxima and decay.

The TR process can be divided into four stages (Figure 2b). In stage I (induction
heating, 12 s, 20–32 s), the trigger-point temperature TI rose from ambient to only about
90 ◦C at power-off, while the five back-face thermocouples remained essentially at ambient
temperature, confirming that the induction energy was deposited locally at the trigger spot.
In stage II (venting, 9 s, 32–41 s), the casing ruptured at 35 s (Figure 3), gas generation
continued, and TI accelerated sharply as the local TR nucleus formed. In stage III (jet fire,
27 s, 41–68 s), flame ejection began at 41 s, at which moment TI had reached 554.9 ◦C,
and the ejected gases burned as approximately six successive pulsed fireballs (Figure 3,
frames at 45–60 s); the infrared camera saturated its 670 ◦C measurement range during this
stage. In stage IV (decay, after 68 s), the jet fire subsided to small flames by 70 s and the
flames extinguished at about 260 s; TI reached its maximum of 682.6 ◦C shortly after the
jet-fire stage as heat redistributed through the cell, and the back-face temperatures peaked
at 440–620 ◦C.
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The voltage collapse was distinctly two-staged (Figure 2b): the terminal voltage first
dropped from about 4.2 V to a plateau of approximately 3.0 V that persisted for about 14 s,
and then collapsed to 0 V at a maximum rate of about 4.7 V/s. The plateau indicates that
the internal short circuit was initially confined to the triggered zone while the remainder of
the electrode stack stayed intact, and the final collapse marks the spread of the short circuit
through the whole cell. A plateau at an intermediate voltage rather than at 0 V is expected
for a short circuit of finite resistance whose area is small compared with the total electrode
area: the cell discharges through the local short while the separator outside the nucleus
remains intact, and the terminal voltage settles at a level set by the ratio of the resistance of
the intact stack to that of the short. Consistently, the back-face thermocouples responded
sequentially outward from the trigger location: T3 and T4, which face the coil position,
started rising first, followed by T2, then T1, and finally T5, spanning roughly 25 s in total.
Both the staged voltage collapse and the sequential thermocouple response demonstrate
that induction triggering produces a point-like TR nucleus that propagates across the cell,
rather than a simultaneous whole-cell event.

3.2. Thermal Runaway Characteristics Under Lateral Heating

Figure 4 shows the temperature and voltage records of the lateral heating test, and
Figure 5 the corresponding visible and infrared sequences (in Figures 4 and 5, t = 0 is the
start of data recording and heating starts at t = 20 s). In contrast to the 12-s induction pulse,
the plate heater was powered from t = 20 s to t = 293 s, for 273 s, before TR initiated. During
this preheating stage (stage I in Figure 4b), the heater temperature Th rose steadily to about
360–370 ◦C, the adjacent cell face Tc followed to about 315 ◦C at TR onset, and the back face
of the cell reached up to about 90 ◦C; the whole cell was thus substantially preheated before
TR began. The heater was switched off at TR initiation, and the subsequent TR evolved
without further external energy input.

Figure 4. Temperature and voltage responses of the MCC cell triggered by lateral heating. (a) Overall
record: back-face temperatures T1–T5, cell-face temperature Tc, heater temperature Th, and cell
voltage V; the inset shows the thermocouple layout. (b) Enlarged view of the TR window, divided
into four stages: I—lateral preheating (heating from t = 20 s to t = 293 s, i.e., 273 s); II—venting (19 s);
III—jet fire (14 s); IV—decay.
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Figure 5. Visible (upper) and infrared (lower) image sequences of the lateral-heating-triggered TR
(times counted from the start of data recording): external heating starts at 20 s and stops at 293 s; the
cell starts venting at 298 s and continues venting during 306–310 s; black smoke is emitted at 314 s; a
jet flame suddenly erupts at 318 s and is sustained at 322 s; the flame transitions to small flames at
326 s and gradually ceases by 370 s.

The subsequent evolution again falls into four stages (Figure 4b), delimited by the
same criteria as in Section 3.1. In stage II (venting, 19 s), Tc surged from about 315 ◦C to
above 600 ◦C as TR nucleated at the heated face; the cell started venting white smoke at 298 s
and continued venting through 306–310 s, turning to black smoke at 314 s (Figure 5). The
terminal voltage began to decline at the same time and fell monotonically, in a single stage
without any plateau, reaching 0 V about 20 s after the onset of decline. The absence of a
plateau is attributed to the state of the heated face, which had already reached about 315 ◦C,
far above the shutdown and melting range of the separator, so that the separator failed over
a large area at once. In stage III (jet fire, 14 s), a sudden jet flame erupted at 318 s (Figure 5,
318 s frame), and all five back-face thermocouples surged in rapid succession—in the order
T5, T4, T3, T1, T2—within a window of only 10.4 s, with local heating rates up to about
142 ◦C/s, indicating that the reaction swept through the entire cell almost simultaneously.
In stage IV (decay), the jet flame subsided to small flames within about 8 s (Figure 5, 326 s)
and the flames gradually ceased by about 370 s. The cell-face temperature Tc continued to
rise after the flames subsided and peaked at 775.4 ◦C, the back-face temperatures peaked at
586–663 ◦C, and the heater, in turn heated by the cell, reached about 630 ◦C.

Because the laterally heated cell was enclosed in a sealed steel box, the fire behavior
outside the box was strongly attenuated: open flames above the box persisted for only
about 50 s, and the outer wall of the box stayed below about 310 ◦C throughout the test.
The enclosure limits the oxygen supply and shields the jet, so the external fire appears
milder than in the open induction test even though the internal TR was more severe in all

https://doi.org/10.3390/batteries12100418

https://doi.org/10.3390/batteries12100418


Batteries 2026, 12, 418 9 of 15

measured temperatures. This difference in boundary conditions should be kept in mind
when comparing the flame behavior of the two tests.

3.3. Comparison of the Two Triggering Methods

Table 1 summarizes the comparison. The most direct difference lies in the triggering
duration and its effect on the initial cell state: induction heating initiated TR with a single
12-s localized pulse, leaving the bulk of the cell at ambient temperature at TR onset, whereas
lateral heating required 273 s—more than twenty times longer—and preheated the entire
cell (front face about 315 ◦C, back face up to about 90 ◦C) before TR began. For thermal
propagation testing this difference has two consequences: the long preheating of a plate
heater inevitably transfers heat to neighboring cells and thermal barriers, altering the initial
conditions of the propagation process that the test is intended to characterize, whereas the
localized induction pulse leaves the surroundings essentially undisturbed [16,23,26].

Table 1. Comparison of the thermal runaway triggering characteristics of the two methods on the
MCC cells.

Item Electromagnetic Induction Heating Lateral Heating

Heating duration until TR initiation 12 s 273 s

Heated region Local spot on the casing facing the
coil Entire large face of the cell

Cell state at TR onset Bulk near ambient; TI about 90 ◦C at
power-off

Whole cell preheated; Tc about
315 ◦C, back face up to about 90 ◦C

Venting behavior Casing rupture 3 s after power-off White smoke to black smoke over
about 20 s

Venting to flame ejection 9 s About 20 s

Jet-fire stage 27 s, about 6 pulsed fireballs 14 s, single sustained jet

Peak temperature (hottest TC) 682.6 ◦C (TI, trigger point) 775.4 ◦C (Tc, heated face)

Back-face peak temperatures 440–620 ◦C 586–663 ◦C

Back-face onset spread About 25 s, sequential (T3/T4, then
T2, T1, T5)

10.4 s, near-simultaneous (T5, T4, T3,
T1, T2)

Voltage collapse Two-stage; plateau at about 3.0 V for
about 14 s Single-stage; about 20 s to 0 V

Test enclosure Open fixture on a fire blanket Fixture in a sealed steel box (outer
wall below about 310 ◦C)

Both methods produced a four-stage TR process (triggering/preheating, venting,
jet fire, and decay), but the staging and severity differed systematically. The induction-
triggered cell vented 3 s after power-off and ignited 9 s later, then released its energy as
about six pulsed fireballs over a 27-s jet-fire stage; its hottest measured temperature was
682.6 ◦C at the trigger point, and the back-face onsets spread sequentially over roughly
25 s—the signature of a TR front propagating from a point nucleus. The laterally heated cell,
once triggered, developed faster and reached higher temperatures: venting was followed
by a jet flame within about 20 s, the whole cell became involved within 10.4 s, and the
peak temperatures were higher both at the heated face (775.4 ◦C) and on the back face
(586–663 ◦C). The higher severity is consistent with the substantial thermal energy stored in
the cell during the 273-s preheat, which brings the entire electrode stack close to its reaction
onset so that TR, once nucleated, involves the entire cell almost simultaneously; the sealed
enclosure may additionally have reduced convective heat losses. These peak temperatures
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are compared with literature data for NCM/NMC and LFP cells in Section 3.4, where the
resulting positioning of the MCC chemistry is discussed.

The terminal voltage clearly reflects the triggering mode: a two-stage collapse with a
~3.0-V, ~14-s plateau under induction (a local short circuit that subsequently spreads) versus
a single-stage ~20-s collapse under lateral heating (a whole-face onset). The voltage trace
alone can thus indicate how localized the initiating fault was, which is a useful diagnostic for
post-test analysis and field failure investigation. Regarding method selection: electromagnetic
induction heating provides rapid, contactless, position-selectable initiation with minimal
additional energy input, making it well suited to system-level thermal propagation tests in
which the initial conditions of neighboring cells must remain undisturbed; its main caveats
are the electromagnetic interference on voltage measurements during the pulse and the fact
that it has not yet been included in test standards. Lateral plate heating conforms to existing
standards such as GB 38031-2020 [19] and emulates the practically relevant scenario of a cell
heated by an external fire or a failed neighbor, at the cost of long preheating, high added
energy, and a modified initial cell state. The two methods are therefore complementary:
induction heating for propagation-oriented testing, and lateral heating for standard-compliant,
worst-case severity assessment of manganese-based batteries.

3.4. Discussion

The two tests demonstrate that the triggering method strongly affects the TR response:
it determines the initial thermal state of the cell and thereby shapes the entire TR event.
Induction heating delivered its energy to a spot on the casing within 12 s, so TR started
from a localized nucleus in an otherwise cold cell and had to propagate across the electrode
stack, which is reflected in the sequential back-face temperature onsets spanning roughly
25 s and in the two-stage voltage collapse. Lateral heating, by contrast, heated the whole
cell toward its reaction onset over 273 s, so that once TR nucleated, the remaining material
followed within about 10 s, producing a hotter and more synchronized event. Reported TR
characteristics of nominally identical cells therefore depend on the trigger, and cross-study
comparisons of peak temperatures or venting-to-ignition delays [16,23,25] should always
be interpreted together with the triggering conditions.

The results position the TR hazard of the MCC chemistry between the two established
cathode families, as summarized in Figure 6, which compiles reported peak cell-surface
temperatures under lateral heating triggering together with the present measurements. At
full charge, large-format high-nickel layered-oxide cells reach the highest temperatures—
in particular, a 75 Ah NCM811 pouch cell tested by the same group averaged about
1018 ◦C [32]—and NCM/NCA cells of other formats cluster at about 690–800 ◦C [33–36].
Fully charged large-format LFP cells, by contrast, peak at only 581–594 ◦C [37,38], and
lower states of charge reduce the peak temperatures further in every family. The present
Mn-based cells fall between the two families: 682.6 ◦C under induction triggering and
775.4 ◦C under lateral heating—roughly 240–340 ◦C below the NCM811 benchmark, yet
about 100–180 ◦C above the large-format LFP level, and, unlike the LFP cells, above the
melting point of aluminum (660 ◦C), a threshold relevant to the integrity of aluminum
casings and busbars. The incorporation of NCM and LMO into the composite cathode
raises the energy density but carries a measurable thermal penalty relative to LFP, while the
phosphate component still provides a substantial margin relative to high-nickel chemistries.
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Figure 6. Peak cell-surface temperatures during TR under lateral heating triggering: literature data
for NCM/NMC and LFP cells compared with the present Mn-based (MCC) results. Each point is
annotated with the peak temperature, the cell format and SOC, and the source (first author and
year). Green stars—this work (130 Ah MCC prismatic cells, 100% SOC); filled circles—100% SOC (or
SOC unspecified); open circles—lower SOC; shaded bands—the span of each chemistry family. The
75 Ah NCM811 pouch cell [32] was tested by the same group and provides the closest large-format
benchmark (about 1018 ◦C versus 682.6–775.4 ◦C). Literature sources: Huang et al. 2024 [32]; Shelke
et al. 2022 [33]; Liu et al. 2024 [34]; Mahdy et al. 2025 [35]; Shen et al. 2023 [36]; Song et al. 2023 [37];
Mao et al. 2021 [38].

The comparison in Figure 6 is necessarily indicative rather than exact, because the com-
piled cells differ in capacity (from 18650/21700 cells of a few ampere-hours to 280–300 Ah
prismatic cells), format, venting design, test enclosure, and thermocouple location, all of
which influence the measured peak surface temperature independently of the cathode
chemistry. Larger cells generally reach higher peak temperatures because their thermal
mass grows faster than their heat-dissipating surface, and enclosed tests retain more heat
than open ones. These effects, however, act against rather than in favor of the ordering
inferred here: the 130 Ah MCC cells peaked 240–340 ◦C below a smaller (75 Ah) NCM811
cell tested by the same group and 100–180 ◦C above much larger (280–300 Ah) LFP cells,
so the ordering NCM ≥ MCC > LFP is unlikely to be an artifact of cell size. The absolute
differences should nevertheless not be read as chemistry-only values, and the same-group
NCM811 benchmark carries the most weight.

More importantly, both tests ended in violent jet fires with multi-second flame ejection:
the composite cathode moderates, but does not eliminate, the fire hazard of a fully charged
large-format cell. The venting-to-ignition delays of 9 s (induction) and about 20 s (lateral
heating) constitute a short but usable window for early warning and suppression measures
at the system level [13–15].

The electrical and thermal signatures carry mechanistic information beyond the tests
themselves. The two-stage voltage collapse under induction—a ~3.0-V plateau sustained
for ~14 s before the final drop—indicates an internal short circuit initially confined to the
triggered zone, whereas the single-stage ~20-s collapse under lateral heating indicates a
whole-face onset; the voltage trace alone thus reveals the locality of the initiating fault.
The back-face onset spread (about 25 s versus 10.4 s) provides a complementary thermal
measure of in-cell propagation. Both signatures are consistent with our earlier in-situ
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imaging of induction-triggered electrodes, in which the reaction front nucleates at the
heated spot and then sweeps across the electrode plane [30]. Such signatures could also
be useful in post-incident analysis: the shape of the recorded voltage collapse may help
distinguish a localized internal fault from bulk external heating.

Several limitations of this study should be noted. Each cell-level triggering mode
was tested on one cell; although the four-stage structure and the key timings are mutually
consistent across the temperature, voltage, and imaging records, replicate tests are needed
to establish reproducibility [24]. In addition, the tests were limited to 100% SOC, the surface
thermocouples underestimate the internal temperatures, the gas composition and mass
loss were not measured, and the cells have a specific composite-cathode design with an
LATP additive, so the results may not transfer directly to MCC cells of other designs. The
enclosures differed—the induction test was run in an open fixture while the laterally heated
cell was enclosed in a sealed steel box—which mainly affects the visible fire behavior and
convective losses rather than the triggering itself; tests with matched enclosures would
make the severity comparison more rigorous. The energy delivered by each trigger was
not metered, and the induction pulse distorts the voltage reading during heating, so future
work should add power metering and a short measurement blanking window.

Future work will therefore (i) repeat both tests under matched enclosures with at least
three cells per method to establish reproducibility; (ii) meter the triggering energy so that the
parasitic energy input of each method can be compared quantitatively; (iii) extend the tests
to lower states of charge and to MCC cells of other capacities, formats and designs, which
will also clarify the influence of cell capacity and format on the peak temperature; (iv) add
gas analysis and mass-loss measurements; and (v) apply the induction trigger in module-
and system-level thermal propagation tests, where its rapid, low-energy initiation leaves
neighboring cells undisturbed [16–23,26]. Combining such tests with in-situ observation
of the reaction front [30] would allow the relation between the initiation mode, the front
propagation speed and the voltage-collapse morphology to be established quantitatively.

4. Conclusions
This study compared two methods of triggering thermal runaway in fully charged

130 Ah manganese-based composite cathode (MCC) prismatic cells—high-frequency elec-
tromagnetic induction heating and lateral plate heating—under identical clamping fixtures
and instrumentation, and resolved each event into four stages (triggering/preheating,
venting, jet fire, and decay) using synchronized temperature/voltage records together with
visible and infrared imaging. The main conclusions are as follows.

First, both methods triggered TR reliably in a single attempt, but with markedly
different characteristics. Induction heating initiated TR with a 12-s localized pulse that
left the bulk of the cell at ambient temperature: the casing ruptured 3 s after power-off,
flames ejected 9 s later, about six pulsed fireballs developed over a 27-s jet-fire stage, the
trigger-point temperature peaked at 682.6 ◦C, and the voltage collapsed in two stages with
a ~3.0-V plateau lasting ~14 s. Lateral heating required 273 s of whole-face preheating,
with the heated cell face at about 315 ◦C at TR onset: venting was followed by a sudden jet
flame within about 20 s, all five back-face thermocouples surged within 10.4 s, the hottest
temperature reached 775.4 ◦C, and the voltage collapsed in a single ~20-s stage.

Second, the trigger mode governs the locality of TR initiation and can be identified
directly from the measured signals: a point-like nucleus with sequential in-cell propagation
and a two-stage voltage collapse under induction, versus near-simultaneous whole-cell
involvement with a single-stage collapse after bulk preheating. For test practice the two
methods are complementary. Induction heating provides rapid, position-selectable initia-
tion with minimal additional energy input that leaves neighboring cells undisturbed and is
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therefore well suited to thermal propagation testing; lateral heating conforms to current
standards such as GB 38031-2020 and represents the external-fire or failed-neighbor abuse
scenario, at the cost of long preheating and a modified initial cell state.

Finally, the results provide cell-level reference data for the TR behavior of the emerging
MCC chemistry: milder in peak temperature than high-nickel systems but still capable
of sustained jet fires, with maximum measured temperatures of 682.6–775.4 ◦C at 100%
SOC and venting-to-ignition delays of 9–20 s that define the window available for early
warning and suppression. These data and the documented trigger dependence support
trigger selection, comparability assessment, and the development of standardized TR and
thermal propagation test protocols for manganese-based batteries.
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