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In brief

Lithium nitrate-rich non-eutectic molten
salt functions as a phase-change-
material heat shield that melts within the
critical thermal runaway window and
prevents propagation. Choi et al.
demonstrate a passive high-latent-heat-
capacity solution that replaces aerogel
and enhances safety in next-generation
EV battery packs.
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SUMMARY

Thermal runaway (TR) and TR propagation (TRP) in lithium-ion batteries (LIBs) pose critical safety risks. Here,
we report a dual-function heat shield based on a molten-salt phase-change material (PCM) that concurrently
manages TR and prevents TRP. The optimized LiNO3-KCI blend (LK90) begins melting at 142°C and absorbs
308 J g ! of latent heat within the critical 130°C-190°C safety window. Encapsulated in a stainless-steel
pouch, the PCM heat shield outperforms a commercial aerogel sheet of equal thickness, delaying the rise
of critical temperatures by more than 500 s in rapid heating tests. During a 90-min thermal soak at 130°C,
it successfully prevents a fully charged cell from entering TR. This work provides a passive single layer
that can be retrofitted into existing electric vehicle modules, enhancing safety without added volume or active

control.

INTRODUCTION

Lithium-ion batteries (LIBs) are indispensable in applications
ranging from portable electronics to electric vehicles (EVs),
thanks to their high energy density and reliable electrochemical
performance.'™ For pack-level use, numerous cells are assem-
bled in close proximity to satisfy demanding energy and power
requirements,” a configuration that intensifies thermal safety
concerns.””’

Thermal runaway (TR) is an uncontrolled exothermic sequence
that releases flames, pressure, and flammable gases.®'" It can
be triggered by mechanical impact or penetration, '>'* electrical
abuse such as over-charge or internal short circuit,'*' and
external heating.'®'” Interfacial breakdowns, gas evolution,
and redox heat reinforce each other in a positive-feedback
loop.'®' Figure 1 highlights three temperature landmarks:
solid-electrolyte-interphase decomposition starts near 80°C,
rapid self-heating begins above about 130°C, and ceramic-
coated separators melt close to 190°C, after which flames are
likely to appear.?°~? The interval from 130°C to 190°C is there-
fore a TR-management window, whereas temperatures beyond
190°C demand a propagation heat shield.

TR propagation (TRP), in which a failing cell ignites its neigh-
bors, is equally critical.>>** Flame temperatures in high-nickel
cathodes can exceed 1,100°C, overwhelming conventional safe-
guards.?® Most battery packs position a thin insulating sheet be-
tween neighboring cells. Any such inter-cell spacer is termed a
heat shield in this study. Commercial aerogel sheets perform
this duty by slowing the heat conduction, but they store almost

no latent heat and cannot buffer the 130°C-190°C TR window
or halt propagation once the temperature climbs above 190°C.
A single material that can fulfill both roles has remained unknown
and is still missing.

Silica aerogel sheets, hereafter aerogel heat shields (aerogel-
HSs), are widely installed as intercell spacers because their
thermal conductivity is about 0.02 W m~" K=" and their density
is below 0.12 g cm 2.2 They act as insulation and store less
than 2 J g~ of latent heat, so they cannot buffer a 130°C—
190°C management window. This limitation motivates phase-
change materials (PCMs) that absorb heat while melting in the
TR-management window and, once molten, also limit heat trans-
fer during TRP.

Battery PCMs are commonly grouped into organic, inorganic,
and composite classes. Organic PCMs such as paraffins are
easy to process and cycle well, but they melt below the abuse win-
dow, have low thermal conductivity, and can be flammable, so
they do not protect against both TR and TRP.?” Mixed molten-
salt PCMs allow composition-based tuning of melting onset and
latent heat; nitrates contribute high latent heat and chlorides
help adjust the melting point. These mixtures are nonflammable,
typically melt within 130°C-300°C, deliver 200 J g~ of latent
heat, and have moderate thermal conductivity on the order of
0.6 W m~" K~ 1.8 Composite PCMs with expanded graphite or
ceramic scaffolds improve shape stability and heat spreading,
but they dilute latent heat and add mass. The remaining gap is a
thin single layer that activates inside the safety window and ab-
sorbs enough heat to manage both TR and TRP; this motivates
the LiNOs-rich strategy pursued here.
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Figure 1. Temperature window of TR and
schematic of a PCM-HS

(A) Temperature landmarks during lithium-ion cell
abuse.

> (B) Conceptual schematic of a PCM-HS prevent-
ing a cell in TR from raising its neighbor above
190°C.
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Recent studies report that pure PCMs often delay TRP,° while
coupling a PCM with an auxiliary flow path can further suppress
propagation under aggressive loads.*>*" This supports opti-
mizing latent heat and onset first and then considering hybridiza-
tion only where needed. For example, a serpentine composite
PCM plate combined with forced-air convection reduced peak
temperatures and improved thermal uniformity in a cylindrical
cell module, but it added mass and complexity compared with
a single passive layer.**** Composite PCMs with oriented car-
bon fibers raise effective thermal conductivity while retaining
useful latent heat, although some dilution of energy density is
typical and must be balanced against weight and volume tar-
gets.** Demand for compact and nonflammable PCMs is rising
across EV battery safety; stationary energy storage and grid
thermal storage; building heating, ventilation, and air condition-
ing (HVAC); electronics cooling; and aerospace, where passive
buffering within a narrow window is preferred over added hard-
ware. Table 1 summarizes representative options in this focused
space and sets the targets for our LiNO3-based selection.

Among various candidates, lithium nitrate (LINO3) is especially
promising. It offers one of the highest latent heats, typically
above 200.0 J g~', exhibits excellent thermal stability up to
500°C, has a suitable intrinsic onset temperature, and remains
chemically stable with only moderate corrosivity. These charac-
teristics make it a strong foundation for a single layer that fulfills
both TR-management and propagation heat-shield roles.*’
Furthermore, the addition of potassium chloride (KCI) to LiNO3
has been shown in previous research to effectively lower the mix-
ture’s melting point, making LiNO3-KCI systems particularly
interesting for achieving the desired thermal properties within
the TR-management window.

To identify an optimal LiNOz-based PCM, 12 formulations
were prepared and screened by differential scanning calorimetry
(DSC). Three parent systems were examined. LiINO3:NaNO3:KCl
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tio 55.4:4.5:40.1 wt %. LiNO3:KCI (LK)
started from the eutectic 58.1:41.9
wt %. LiINOs:NaCl (LNA) started from
the eutectic 87:13 wt %.%*** In each
system, the LINO; fraction was then
changed. In the LK series, the eutectic
shows an onset temperature of 133°C
and a latent heat of 212 J g~', while a
non-eutectic 90:10 wt % blend, referred
to as LK90, raises the onset to 142°C
and the latent heat to 308 J g~'. LNA
shows only modest latent-heat changes
when LiNOs is raised, and LNK behaves
in between. Because earlier work
focused on eutectic mixtures, LK90 represents a new LiNO;z-
KCI formulation deliberately tuned for the TR-management win-
dow yet still capable of acting as a heat shield beyond 190°C.

Production EV modules apply several kN of compression to
maintain cell alignment and to limit swelling. Thus, the same
pressure is recreated in every thermal test reported in this
research, as detailed in the methods section.

LK90, sealed in stainless-steel (SUS) pouches, was evaluated
by four complementary experiments: (1) DSC confirmed onset
and latent heat, (2) a film-heater ramp test measured delay
time and real-time latent uptake under a rising heat pulse, (3) a
constant-flux hot-plate dwell quantified total heat absorbed
below 190°C, and (4) a 130°C oven soak, extended to 90 min,
was performed to satisfy the thermal stability criteria demanded
by international battery-safety certifications and to quantify self-
heating suppression under those conditions. Aerogel-HS served
as the industry reference in (2) film-heater test and (4) thermal
stability test.

Prior studies on PCM-based battery cooling have mainly tar-
geted routine charge and discharge at low temperature. These
approaches slow conduction but rarely prevent TR or its propa-
gation because they melt far below the abuse window and store
little latent heat.*> What is missing is a single passive layer that
activates inside the safety window and absorbs enough heat to
stop both the onset of runaway and the spread to adjacent cells.

Here, we present a dual-function heat-shield design using an
LiINO3; and potassium chloride mixture (LK90) that strategically
moves away from the eutectic point to maximize latent heat.
This approach directly addresses the critical 130°C-190°C TR-
management window. Encapsulated in a stainless-steel pouch,
the LK90 heat shield significantly outperforms a commercial
aerogel sheet: in a film-heater ramp test, it delays critical temper-
ature rise by over 500 s, and, in 2 90-min thermal soak at 130°C, it
successfully prevents a fully charged cell from entering TR while
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Table 1. Thermophysical comparison that motivates the choice of a LINO3;-based molten-salt PCM

Representative

Family composition Melting T/°C  AH/AJ g~ '  Fit for battery?  Key reason Reference
Insulation baseline silica aerogel sheet - <2 yes blocks conduction; Xiong et al.*®
(aerogel-HS) no latent buffer
Organic PCM n-octadecane 28 236 no high AH but melts Chen et al.*®
(C1gHsg) below 130°C;
flammable
Chloride MgCl,-NaCl 459 333 no melts far above Myers and
(43.1/57.9 wt %) 190°C Goswami®’
Carbonate Na,CO5-Li,CO3 498 330 no melts far above Jiang et al.*®
(58742 wt %) 190°C
Mixed nitrate NaNO3z-KNO4 220 142 no industrial heat Orozco et al.*°
(reference) (60/40 wt %, storage benchmark
Solar salt)
Low-melt nitrate LiNO3-NaNO3-KNO3 1238 140 no meets melting Pereira da Cunha
(30/18/52 wt %) window but AH still and Eames®®
modest
Li-nitrate base salt pure LiNO3 254 372 no highest latent heat Alario et al.*°
among nitrates;
nonflammable and
non-corrosive
Li-nitrate + halide LiNO3-NaNO3-KCl 145 (onset) 159 no onset acceptable; AH  this work
(55.4/4.5/40.1 wt %) below 200 J g~
Li-nitrate + halide LiNO3-KClI 133 (onset) 212 yes window 130°C- this work
(58.1/41.9 wt %) 190°C & AH >
200Jg"
Li-nitrate + halide LiNO3-NaCl 204 (onset) 327 no excellent AH but this work
(87/13 wt %) Tm>190°C
Li-nitrate tuned LK90 LiINOs—KCI 142 (onset) 308 yes onset & AH tuned for  this work
(this work) (90/10) TR window

Compositions are in wt % unless otherwise stated. AH > 200 J g’1 and 130 < T,,, < 190°C are considered “yes.”

the aerogel assembly fails. By integrating materials selection,
encapsulation, and validation against industry-relevant proto-
cols, this work establishes a framework for designing passive,
single-layer phase-change heat shields that effectively prevent
both TR and its propagation.

RESULTS AND DISCUSSION

DSC screening identifies LK90 as the optimal
composition

DSC analysis was carried out on four compositions for each
parent salt system. Each set comprised the eutectic and three
non-eutectic variants prepared with LINO; mass fractions of
70, 80, and 90 wt %. For every formulation, the onset tempera-
ture, defined by the baseline-intersection method, and the latent
heat of fusion were extracted from scans recorded at 20°C
min~". Five repeats per sample yielded an onset scatter
of £3°C and a latent-heat repeatability of +7%. Table 2 compiles
the numerical results.

Figure 2A confirms that changing the LiNOg fraction shifts the
onset temperature by only a few degrees in every system, which
keeps the activation window centered near 130°C except LNA
systems. Figure 2B reveals a different trend in latent heat. The

LNK and LK series exhibit a monotonic rise as LiNO3 increases,
whereas the LNA series remains flat because its eutectic is
already LiNOg rich.

Within the LK family, the 90 wt % mixture (LK90) combines the
promising onset temperature of about 142°C with the highest
enthalpy of fusion, 308 J g, which is 45% higher than the
eutectic. This balance of activation temperature and energy den-
sity makes LK90 the prime candidate for TR management and
propagation shielding, making subsequent pouch studies
focused on this composition.

Figure 2C overlays DSC curves of the eutectic LK and LK90.
LK90 initiates heat uptake just above 140°C and continues to
absorb until roughly 260°C. A battery pack is designed to
tolerate temperatures up to about 130°C without damage, so
setting the PCM onset near 140°C prevents parasitic heat stor-
age during normal operation yet responds immediately once
cells exceed their safe limit. The broad 120°C endothermic
span acts as a thermal buffer: the pouch face in contact with a
runaway cell climbs rapidly, while the inner PCM remains cooler
and draws heat away. Model calculations in next section show
that this buffer keeps the opposite face of the pouch below the
190°C propagation threshold, thereby blocking TRP without re-
sorting to overengineering the latent-heat capacity.

Cell Reports Physical Science 6, 102920, November 19, 2025 3
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Table 2. Onset temperature and latent heat of LiNOs-based
eutectic (eut.) and non-eutectic PCM mixtures

System LiNOz/wt % Onset/°C Latent heat/J g~
LNK 55.4 (eut.) 145 159
LNK70 70 137 207
LNK80 80 150 246
LNK90 90 159 299
LK 58.1 (eut.) 133 212
LK70 70 130 269
LK80 80 130 277
LK90 90 142 308
LNA 87 (eut.) 204 327
LNA70 70 201 235
LNA8O 80 209 288
LNA90 90 203 319

In practice, heat flux varies from cell to cell. Because the LK90
plateau covers almost the full 140°C-260°C interval, the material
continues to absorb energy even when one cell runs hundreds of
degrees hotter than its neighbor, providing a margin against
spatial non-uniformity while preserving pack efficiency.

Film-heater ramp test shows extended protection over
aerogel
The stepped-voltage protocol imposes an identical heat-flux pro-
file on all heat-shield specimens. Figure 3 compares the thermal
response of the silica aerogel-HS and the PCM heat shield
(PCM-HS). Figure 3A overlays front- and back-side temperatures
for both shields (solid = front, dashed = back). Figure 3B plots the
back-side heating rate, dT.c/dt, versus the average laminate
temperature, T4, for the PCM-HS; the gray band in Figure 3B
spans 140°C-260°C and corresponds to the latent-heat window
determined by DSC. Traces are plotted to 1,150 s, the last instant
before electrical pick-up distorts the thermocouple signals.

The electrical power delivered to the film heater is

Pin(t) = sV ()I(t),n = 0.70. (Equation 1)

Surface losses occur mainly by natural convection and edge
radiation because both faces are clamped between insulation
boards. They are estimated by

Pioss(£) = MA| [Tag(t) — Tar |+ £0A) | (Targ+278)* — (Tur+273)"]
(Equation 2)

where h; = 38 Wm 2K~ A = 8.49 x 107*m?, & = 0.50 for the
aerogel sheet and 0.30 for the SUS pouch, and T,,g=(Tsont +
Track)/2. Direct radiation from the large faces is blocked by the
insulation boards and is therefore omitted. Sensible storage
follows

dTayg

Psens(t) = mtoth,ang7

(Equation 3)

and the instantaneous endothermic rate follows from an energy
balance
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Pendo(t) = Pin - Psens - P/oss- (Equation 4)

Time integration provides the cumulative energies summa-
rized in Table 3.

In Figure 3A, the two front-side curves rise together for the first
200 s. Once the heater exceeds 20 V, the aerogel-HS acceler-
ates sharply, surpassing 550°C at 1,150 s. The PCM-HS climbs
more slowly and remains below 390°C. The back-side curves
coincide up to about 800 s; thereafter, the PCM-HS bends,
signaling the start of latent-heat absorption, and stays below
160°C. aerogel-HS crosses the 190°C propagation limit at
1,031 s; a linear extrapolation suggests that PCM-HS would
need about 1,500 s to reach the same temperature.

Figure 3B corroborates this trend. The aerogel-HS derivative
rises steadily to 0.70°C s~', whereas the PCM-HS derivative
dips to 0.12°C s~ within the gray band. Over the same interval,
the PCM-HS T, traverses 140°C-260°C, matching the latent-
heat uptake seen in the DSC scan. The average temperature of
aerogel-HS is omitted because it rises monotonically and con-
veys no information beyond the front- and back-side curves
already shown in Figure 3A.

Only the front face is heated, soO Txont — Tpack €XCeeds 200°C
by the end of the ramp. Even with this large gradient, the simple
average T,,q is a useful proxy for the bulk PCM temperature.
Latent melting spreads the heat almost uniformly inside the
3-mm layer, and the moment when T, crosses 140°C and
260°C coincides with the trough in dTp.c/dt in Figure 3B. The
match confirms that the average marks the beginning and end
of the latent-heat uptake window for the geometry tested here.

LK90 moderates the front-side temperature rise from the
outset and, once its phase transition initiates, restricts the
back-side increase as well. The trace never forms a true plateau
because the heater power keeps climbing, yet the clear flat-
tening inside the latent-heat window shows that the salt is still
absorbing heat. The enthalpy recovered in situ, 309 J g~',
matches the DSC value to within 1%. aerogel-HS, by contrast,
stores only sensible heat: almost all input power leaves through
the exposed edges and Q. is effectively zero. Consequently,
PCM-HS keeps its back side below the 190°C propagation limit,
whereas the conductive aerogel-HS cannot.

Constant-flux hot-plate dwell confirms heat absorption
within the safety window

The dynamic ramp proved that the PCM-HS slows a rapidly ris-
ing heat source. A complementary test evaluated its ability to
absorb a steady flux. One face of the PCM-HS was pressed
against a flat, ceramic-coated plate maintained at 250°C, while
the opposite face was insulated on the back with an insulation
board and fitted with type-K thermocouples. A 10-kg load
ensured intimate contact and removed air gaps. Temperature
was recorded at 10 Hz and then smoothed with a Savitzky-
Golay filter that used a 401-point window, followed by a
101-point moving average.

Figure 4A displays the back-side temperature. Vertical gray
bars mark 130°C and 190°C, the separator safety window identi-
fied earlier. The back side reaches the lower limit after 520 s. Dur-
ing the next 940 s, the curve bends steadily and climbs only 60°C.
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Figure 2. DSC screening of LiNO3-based PCM systems

(A) Onset temperatures of LNK, LK, and LNA series at varying LiNO; fractions (mean + SD, n = 5; onset SD = 1.4°C-1.7°C across compositions).
(B) Latent heat of fusion for the same systems (mean + SD, n = 5; latent-heat SD = 3.3%-3.9% of the mean).
(C) Representative DSC scans recorded at 20°C min~", which show the broader endothermic plateau of LK90 relative to the eutectic.

Figure 4B plots the heating rate of the back side. Within the
shaded band, the average temperature (Tson: + Tpack)/2 stays be-
tween 140°C and 260°C. Inside this band, the derivative falls
to —0.001°C s~", matching the latent-heat interval seen in DSC.

At 2,400 s the back side reaches 220°C, which exceeds the
separator melt threshold. The heating rate, however, stays below
0.1°C s™". Latent absorption is largely exhausted, and the resid-
ualrise is driven mainly by sensible heating. Quantitative markers
are summarized in Table 4.

Oven-soak thermal-stability test demonstrates
prevention of TR

The ramp test proved that a PCM-HS postpones a sudden heat
surge, and the constant-flux test showed that the delay persists

when one face sits at 250°C. The final step examines whether the
PCM-HS can stop a cell from igniting while environment temper-
ature remains at 130°C for 90 min.

A mini prismatic cell with a 90% nickel cathode was installed
in two identical stacks. The reference stack placed an aerogel-
HS on both broad faces of the cell. The comparison stack used
a PCM-HS in those positions. Each heat shield contacted an
aluminum plate that simulated the adjacent cell. Insulation
boards and outer aluminum partitions enclosed the assembly,
which was clamped with a compressive load representative
of production modules. The convection oven rose from ambient
to 130°C at 5°C min~" and then held that level for 90 min. Three
type-K thermocouples logged one reading per second: Tcenter
at the midpoint of the broad face of the cell, Tgqe at the

Cell Reports Physical Science 6, 102920, November 19, 2025 5
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(B) Back-side heating rate dTpac/dt with T,,, of PCM-HS. The gray band marks the latent-heat window (140°C-260°C).

midpoint of the narrow face of the cell, and T,y pien: in the air
beside the stack.

Figure 5A shows the aerogel-HS result. Teenter and Tjge follow
Tampient during the ramp but cross above it at 3,623 s. The differ-
ence keeps growing until 5,506 s when Tepnter passes 190°C and
battery TR begins. Core temperature climbs beyond 800°C a few
seconds later. The inset enlarges the interval from 3,000 to
5,000 s where battery self-heating accelerates.

Figure 5B gives the PCM-HS result. Toepte, drifts above T,mpient
just before 3,857 s and then settles near 131°C. Tg;qe Stays about
1°C cooler. No gas release or flame appears during the entire
dwell. The inset confirms that every trace remains grouped while
the oven holds at 130°C.

Figure 5C plots AT = Teenter — Tampient TOr both stacks. The
aerogel-HS trace rises steadily, surpasses 35°C at 5,414 s,
and continues upward until battery TR. In contrast, the PCM-
HS trace tops out at only 4°C at 6,477 s and then declines,
showing that the latent melting of LK90 removes almost all inter-
nally generated heat.

When the oven was opened and the clamp released, the cell
next to the PCM-HS appeared visibly swollen. This swelling con-
firms that self-heating continued under confinement, while the
molten-salt shield absorbed the heat and limited the surface
temperature during the 130°C soak.

These three experiments paint a coherent picture. The power
ramp quantifies the delay against a fast surge, and the hot-plate
test measures sustained buffering under a fixed load. The stabil-
ity test shows that a single 3-mm PCM-HS keeps a cell below the
separator limit for the full 90 min required by transport regula-
tions. This protection holds even when the module environment
remains at 130°C. A conduction-only aerogel-HS cannot absorb
the internal heat, so self-heating escalates and TR follows.

In summary, this study demonstrates that a single thin layer of
LiNO3-KCI molten-salt PCM, formulated as LK90 and encapsu-
lated in a stainless-steel pouch, delivers both TR management
and propagation shielding. LK90 acts in two stages: below its
melting onset it contributes sensible thermal mass, and above
142°C its latent-heat throttles incoming flux up to 260°C,
ensuring effective buffering within the 130°C-190°C safety win-
dow. This passive layer replaces separate insulators and heat
sinks with a single multifunctional component that can be inte-
grated into existing module hardware, offering a practical path
toward lighter and safer EVs and energy-storage batteries.
Future work will address durability under repeated melting and
solidification, corrosion and leakage qualification, detailed ther-
mal property measurements, and full module-scale propagation
tests under representative conditions.

METHODS

PCM synthesis and pouch encapsulation

LiINOs (Samchun Chemicals, >99%), sodium nitrate (NaNOs;
Junsei Chemical, >99%), sodium chloride (NaCl; Samchun
Chemicals, >99%), and potassium chloride (KCI; Junsei Chem-
ical, >99%) were dried in a convection oven at 110°C for 24 h.
Each salt was weighed to +0.1 mg, combined according to the
target mass ratios (compositions in Table 2), and thoroughly
hand mixed in a sealed polypropylene jar.

To enhance thermal performance, specifically to delay battery
TR while suppressing TRP, mixtures were tuned above their
eutectic points to raise the latent heat and widen the heat-ab-
sorption window. Three parent systems were examined: LNK,
LK, and LNA. For each system, the eutectic composition served
as a baseline (55.4:4.5:40.1 wt % for LNK, 58.1:41.9 wt % for LK,

Table 3. Quantitative metrics from the stepped-voltage film-heater ramp test

SPeCimen tWSO,back (S) t1 90,back (5) Qm (kJ) Qsens (kJ) Qloss (kJ) Qlatent (k‘J) QIatem (J 9 1)
Aerogel-HS 897 1,031 55.2 4.8 50.4 0.0 0.0
PCM-HS 987 >1,200 55.2 14.9 31.4 9.0 309
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and 87:13 wt % for LNA); the LiINO3 content was then adjusted
stepwise to find a composition that offer a suitable onset temper-
ature and the highest latent heat. LNK and LK were prepared at
70, 80, and 90 wt % LiNO3 in addition to their eutectics, while
LNA was prepared at 70, 80, the eutectic 87, and 90 wt %
LiNO3. The LiNO3-rich LK90 (LiNO3:KCI = 90:10 wt %) combined
an onset of 142°C with a latent heat of 308 J g~' and was
selected for further testing.

Each 30-g batch was fused in alumina dishes at 450°C for
30 min (muffle furnace, SH-FU-3MGE) and allowed to furnace
cool. The solid cakes were ground (<100 pm) and redried at
110°C for 24 h. Because LiNOj is strongly hygroscopic, all pow-
der handling took place in a dry atmosphere, and the samples
were sealed immediately after drying.

For performance tests, the melt was cast into 3-mm-thick
plates, cooled, and radiofrequency (10 kHz, 2 s) sealed between
50-pm stainless-steel (SUS 304) films. A finished pouch weighing
29 g (LK90) + 8 g (SUS) is hereafter termed a PCM-HS. The full
preparation route appears in Figure 6A.

Differential scanning calorimetry

DSC analysis was used to characterize the thermal properties of
the PCM mixtures described above. Samples included the
eutectic compositions of LNK, LK, and LNA together with non-
eutectic formulations spanning several LINO; mass fractions.

Table 4. Key hot-plate soak metrics for the LK90 PCM-HS

Metric Value Meaning

t130,back 520 s latency to reach
lower safety limit

t190,back 1,460 s latency to reach
upper safety limit

Minimum dT/dt —0.001°C s’ deepest part of

inside window latent valley

Dwell time t190-t130 940s duration inside

safety window

Each composition was analyzed at least five times to ensure
reproducibility.

Immediately after removal from the 110°C drying oven, 5-
10 mg of powder was weighed to +0.01 mg and sealed within
40-pL aluminum crucibles fitted with a vent pin no later than
1 min after weighing to minimize moisture uptake. DSC measure-
ments were performed on a DSC 3+ (Mettler Toledo) under nitro-
gen flowing at 40 mL min~". The temperature was ramped from
30°C to 400°C at 20°C min~". Baseline linearity between 50°C
and 300°C was confirmed following ISO 11357-1. A virtual base-
line drawn between the extrapolated onset and end of the tran-
sition (endset), as specified by ISO 11357 and ASTM E794, was
used for enthalpy integration.

In this study, the onset temperature was determined as the
point where the extrapolated baseline intersects the leading
edge of the endothermic peak in the DSC curve, while the endset
temperature was identified where the baseline intersects the
trailing edge of the peak. The latent heat was calculated by inte-
grating the area under the heat-flow curve between these onset
and endset temperatures.

A single heating rate was used to ensure consistent compari-
son with battery-durability protocols. Because the PCMs are in-
tended for external placement, they were tested in sealed pans
without electrolyte, isolating intrinsic phase-change behavior.
This approach allowed us to focus on two critical parameters
of the PCMs phase-change behavior: the onset temperature,
where significant heat absorption begins, and the latent heat,
which quantifies total heat-absorption capacity. By testing the
PCMs in sealed aluminum crucibles without any additional mate-
rials, we isolated their inherent thermal characteristics under uni-
form heating conditions, ensuring the results reflect only the
properties of the PCMs themselves.

The DSC instrument was calibrated using standard materials
such as indium, zinc, and aluminum. The uncertainty in temper-
ature measurement was maintained within +0.2°C and the error
in heat-flow rate was within +2%. The thermal analysis results
provided critical insights into the suitability of each PCM compo-
sition for battery thermal-management applications.
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declines, confirming that latent melting suppresses internal heat generation.

Film-heater ramp test

A rapid-heating protocol that emulates the first seconds of bat-
tery ignition was designed to quantify the simultaneous heat ab-
sorption and rear-face heat shielding. A polyimide film heater,
surface resistance 50 Q, was bonded to the exposed face of
each heat-shield specimen. The heater was driven in constant-
voltage mode by a programmable supply UPL3000-5H (UNI).
The supply started at 0 V and increased at 6 V min~", raising
the electrical input by about 120 W min~" and reproducing the
characteristic power ramp of TR conditions without using a
real battery cell.

Each specimen formed the core of a symmetric stack:
aluminum plate, insulation board, film heater, heat shield, insula-
tion board, aluminum plate. The insulation board, bulk conduc-
tivity near 0.1 Wm~" K, confined heat flow through the shield.
The stack was compressed to match the clamping pressure
used in commercial EV battery modules.

Type-K thermocouples, wire diameter 0.5 mm, were soldered
at the geometric centers of the front surface (TC1) and back sur-
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face (TC2). Signals were sampled at 10 Hz by a cDAQ-9174 (Na-
tional Instruments) linked to LabVIEW. Raw temperatures
were smoothed with a third-order Savitzky-Golay polynomial fil-
ter that used a 40-s symmetric window. A subsequent 10-s
moving average removed residual high-frequency noise before
differentiation.

Two heat shields were evaluated: the PCM-HS, thickness
3 mm, and an aerogel-HS of equal thickness. Every configuration
was repeated three times. The largest run-to-run deviation in any
temperature trace did not exceed +5°C.

Figure 6B presents the full apparatus and the locations of TC1
and TC2. The processed data delivered the front-side and back-
side temperature histories, their time derivatives, and the cumu-
lative heat terms that appear in Table 3 of the results and
discussion section.

Hot-plate dwell test
A constant-boundary experiment quantified the heat-absorption
capacity of the PCM-HS under a steady flux. A laboratory
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Figure 6. Preparation and experimental setups

(A) Preparation workflow for LiINO3-based PCM-HSs: salt mixing, fusing, grinding, drying, casting, and pouch encapsulation.

(B) Film-heater ramp-test setup and thermocouple positions, showing alumi
ments.

num plates, insulation boards, film heater, heat shields, and thermocouple place-

(C) Hot-plate constant-temperature test setup for applying a 250°C boundary, with thermocouple positions on front and back faces of the PCM-HS.
(D) Thermal-stability oven-soak setup, including cell, PCM-HS or aerogel-HS, aluminum plates, insulation boards, and thermocouple positions.

hot plate DH.WHP04020 (DAIHAN Scientific,

eliminate air gaps.

plate area
200 x 200 mm) was stabilized at 250°C and checked with a cali-
brated surface probe. The PCM-HS, thickness 3 mm, was
placed flat on the plate and loaded with a 10-kg steel block to

The measuring stack, from the plate upward, consisted of the
hot-plate surface, the PCM-HS, and an insulation board of the
same footprint. Two type-K thermocouples with 0.5-mm wire
diameter were bonded using Kapton tape. One sensor was fixed
at the geometric center of the interface between the plate and
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PCM-HS and served as the front-side temperature. The other
was attached at the center of the opposite face and served as
the back-side temperature. Temperature signals were recorded
at 10 Hz with a cDAQ 9174 (National Instruments) controlled by
LabVIEW for a total of 40 min.

Raw temperatures were processed with a third-order
Savitzky-Golay polynomial filter that used a symmetric window
of 401 points. A subsequent 101-point moving average removed
residual high-frequency noise. Back-side derivatives were then
obtained by central differencing of the smoothed data.

Key metrics extracted were the times required for the
back-side temperature to reach 130°C and 190°C, the mini-
mum derivative within the 140°C-260°C latent-heat absorp-
tion interval determined from the DSC curve, and the dwell
time between the two safety limits. All measurements were
repeated three times, and the variation between runs did
not exceed +3°C.

Figure 6C shows the test assembly and the thermocouple
positions.

Oven-soak thermal-stability test

This thermal-stability protocol drew its structure from IEC
62133-2 and UL 1642. Both standards expose lithium-ion cells
to an oven that rises at 5°C min~" until the air reaches 130°C =+
2°C. IEC62133-2 then holds the temperature for 30 min and UL
1642 holds for 10 min. This work extended the dwell to 90 min
so that the full TR-management window between 130°C and
190°C could be probed. The aim was to compare a PCM-HS
with an aerogel-HS and to determine which design maintains
the cell below the separator melting threshold when every sur-
rounding surface is fixed at 130°C.

Each specimen formed a symmetric stack. From the hot side to
the cold side, the layers were an aluminum partition (100 x
80 x 10 mm), aninsulation board (100 x 80 x 10 mm), an aluminum
plate representing the face of a neighboring cell (100 x 80 x
10 mm), the heat shield (80 x 60 x 3 mm), a fully charged mini pris-
matic nickel-cobalt-aluminum oxide (NCA) cell (80 x 60 x 10 mm;
nominal capacity 7.5 Ah; nominal voltage 4.2 V; nickel 90%), a sec-
ond heat shield (80 x 60 x 3 mm), a second aluminum plate
(100 x 80 x 10 mm), a second insulation board (100 x 80 x
10 mm), and a second aluminum partition (100 x 80 x 10 mm).
The reference shield was a commercial silica aerogel-HS with a
planform of 80 x 60 mm and thickness 3 mm. The comparison
shield was a stainless-steel pouch containing the LK90 mixture
with the same planform and thickness, which is PCM-HS. A con-
stant mechanical clamp reproduced the compression found in
production battery modules.

Three type-K thermocouples with wire diameter 0.5 mm were
fixed with high-temperature ceramic adhesive. One probe
touched the geometric center of the wide face of the cell. A sec-
ond probe contacted the middle of the long edge of the cell. A
third probe measured the oven air 10 mm above the specimen.
Signals were recorded with a memory HILOGGER (LR 8400,
HIOKI) at 1 Hz with an accuracy of 1°C.

The convection oven (ENEX science) temperature increased at
5°C min~" until it reached 130°C and then remained constant for
90 min. No current flowed in or out of the cell during the test. TR
was declared when a vent rupture occurred. At that moment the
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oven power turned off and the specimen remained inside until its
temperature fell below 50°C.

The recorded profiles of cell center temperature, cell side tem-
perature, and ambient temperature were compared afterward.
The difference between center and ambient temperatures
served as the main indicator of self-heating and therefore of
the capability of each heat shield to manage battery TR.

Figure 6D shows the stack assembly for the thermal-stabil-
ity test.
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