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Abstract. To address the thermal runaway risk of lithium-ion batteries in new energy vehicles, this study developed a
basalt fiber reinforced aerogel composite thermal insulation pad using an atmospheric pressure drying process. Methods By
regulating the concentration of tetraethyl orthosilicate (TEOS), the ambient-temperature properties of the composites were
optimized, and the high-temperature performance was investigated via heating treatment and flame exposure experiments.
Results TEOS molarity exerted substantial influence on aerogel architectural and functional attributes. At 1.00 mol/L
precursor concentration, the composite achieved superior ambient-condition performance: thermal conductivity minimized
to 0.0254 W/(m * K), compressive resistance of 121 kPa, and complete elastic recovery upon load removal. Elevated-
temperature behavior was equally remarkable: thermal conductivity remained merely 0.0494 W/(m * K) at 500° C;
following 700° C exposure for 24 h, abundant mesoporosity was preserved; after 1090° C butane flame impingement for
20 min, sintering remained confined to a superficial 2 mm stratum.Conclusion The composite material developed in this
study offers a low-cost, high-performance solution for the passive thermal protection of power batteries.
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1 Introduction

Lithium-ion power batteries are favored for their high energy density; however, they are susceptible to thermal
runaway induced by external mechanical abuse or overcharging, leading to fire and explosion that can propagate
throughout the battery pack, causing property damage and threatening lives [1]. Passive thermal protection
systems represent one of the most economical, simple, and effective strategies to prevent thermal runaway and
its propagation [2]. The surface temperature of mainstream ternary lithium batteries during thermal runaway
can reach 700°C, posing severe challenges to the high-temperature stability of insulation materials. Conventional
thermal barrier materials, exemplified by mica laminates and ceramic fiber batting, demonstrate inadequate
efficacy in suppressing thermal runaway cascade propagation. Fiber-reinforced aerogel felts have emerged as a
primary choice for passive thermal protection in batteries due to their non-combustibility, excellent thermal
insulation [3], and compressibility [4], effectively blocking thermal propagation [5]. The superior insulation
performance of these materials stems from their core component—silica aerogel. Silica aerogel possesses a
three-dimensional networked nanoporous structure composed of secondary silica particles, achieving a porosity
of up to 99.8% and a specific surface area of 500—1500 m?%g, making it one of the lowest density solid materials
known [6-9]. Its unique nanoporous structure confers multi-scale heat transfer suppression mechanisms: the
pore size is smaller than the mean free path of air molecules, effectively blocking convective heat transfer; the
porous structure significantly extends the solid heat conduction path; and the high specific surface area of the
pore walls effectively inhibits infrared radiative heat transfer [10]. The synergy of these mechanisms makes it
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one of the solids with the lowest thermal conductivity (ca. 0.014 W/(m-K)) [11-13].

However, silica aerogels consist of microscopic porous structures, suffering from low mechanical strength,
fragility, and dusting issues, which restrict their practical application. Fiber incorporation has emerged as a viable
strategy to circumvent these constraints, demonstrably enhancing mechanical integrity and operational
durability [14-16]. Peng et al. [17] synthesized mullite fiber-reinforced alumina-silica aerogel composites through
supercritical desiccation, which retained minimal shrinkage and thermal insulating capacity under 1500°C flame
exposure. Li et al. [18] developed flexible aramid fiber-reinforced silica aerogel composites via ambient-pressure
drying, attaining thermal conductivity of 0.023 W/(m-K) alongside flexural modulus of 1.42 MPa and strength of
0.18 MPa. Wu et al. [19] engineered a stratified aerogel architecture comprising silica fibers, silicon carbide
nanowires, and silica aerogel matrix, achieving thermal conductivity of 0.017 W/(m-K) at 25°C, tensile capacity
of 0.75 MPa, and dimensional stability following 1000°C thermal treatment for 30 min. However, current fiber-
reinforced aerogel materials face challenges: organic fibers (e.g., aramid) cannot meet the thermal protection
demands of high-temperature batteries; high-performance ceramic fibers (e.g., mullite, SiC) are expensive and
complex to process; and while commercial glass fiber reinforced aerogel felts are low-cost, their high-
temperature performance is insufficient. Conversely, basalt fiber represents an innovative inorganic
reinforcement distinguished by superior tensile strength, elevated elastic modulus, thermal resilience, chemical
inertness, ecological compatibility, and economic viability, thereby presenting extensive industrial applicability
[20]. Therefore, adopting relatively low-cost basalt fiber as a reinforcing material is an excellent alternative. Ge
et al. [21] indicated that basalt fiber felt reinforced aerogel materials prepared via supercritical drying exhibit
superior high-temperature insulation performance compared to glass fiber counterparts. Notably, most existing
fiber-reinforced aerogel products are prepared via supercritical drying, a technique limited by expensive
equipment, high working pressure, and operational complexity [22], hindering large-scale production. In contrast,
atmospheric pressure drying offers prominent advantages, including simple equipment, easy operation, good
safety, and low process cost, representing a research hotspot with greater industrial potential.

To develop an insulation pad suitable for the thermal protection of new energy vehicle power batteries—
combining excellent insulation performance, good mechanical properties, and cost advantages—this work
utilized low-cost basalt fiber as the reinforcing material. Basalt fiber needle-punched felt reinforced aerogel
composites (BF/SAC) with different TEOS concentrations were prepared via a low-cost and simple atmospheric
pressure drying process. The structural characteristics and ambient-temperature properties were systematically
investigated, and the sample with the best ambient performance was selected to further explore the morphology,
structure, and high-temperature performance after heating treatment.

2. Experimental Section

2.1 Materials and Substrate Preparation

Basalt fiber needle-punched felt (thickness 6 mm, nominal density 100 kg/m?3), Chongging Zhiduo New Materials
Technology Co., Ltd.; Tetraethyl orthosilicate (TEOS) and Hydrochloric acid (HCl), analytically pure, Sinopharm
Chemical Reagent Co., Ltd.; Trimethylchlorosilane (TMCS), analytical grade, Beijing Myriad Scientific Co., Ltd.;
Absolute ethanol (EtOH), analytical grade, Modern Oriental (Beijing) Technology Development Co., Ltd.; n-
Hexane, analytical grade, Shanghai Titan Scientific Co., Ltd.; Ammonium hydroxide solution (NHs-H,0), analytical
grade, Shanghai YiEn Chemical Technology Co., Ltd.

2.2 Material Preparation

TEOS and deionized water were mixed at molar concentration ratios x:4.5x, where x=0.67,0.83,1.00,1.17mol/L,
and stirred uniformly. A hydrolysis catalyst was prepared by dissolving 30 pL concentrated hydrochloric acid in
20 mL absolute ethanol, then introducing this solution into the TEOS/deionized water blend under 15 min
agitation to facilitate alkoxide hydrolysis. Concurrently, 75 uL ammonium hydroxide was diluted with absolute
ethanol to a final volume of 90 mL. The ammonia-alcohol solution was added dropwise to the beaker, stirred for
5 min, and then poured into a mold containing basalt fiber needle-punched felt (6 mm). Sealed with polyethylene
film, the mixture underwent gelation and aging in a 40°C water bath for 12 h. The gelled samples were demolded
and transferred to ethanol for continued aging at 40°C for 12 h. Subsequently, they were immersed in 1000 mL
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of n-hexane with 20 mL of TMCS for modification for 12 h. After modification, they were cleaned in n-hexane for
12 h (with solvent replacement once). After cleaning, samples were dried at 60°C for 4 h, 100°C for 3 h, and
140°C for 2 h to obtain basalt fiber needle-punched felt reinforced aerogel composites. Samples with TEOS
concentrations of 0.67, 0.83, 1.00, and 1.17 mol/L were designated BF/SAC-1, BF/SAC-2, BF/SAC-3, and BF/SAC-
4, respectively.

2.3 Sample Characterization

Microstructural morphology was examined via Scanning Electron Microscopy (ZEISS Crossbeam 350) following
90 s gold metallization. Thermal transport properties were quantified using a Thermal Constant Analyzer
(HotDisk 25008S). Simultaneous thermogravimetric and calorimetric analysis was conducted on a NETZSCH STA
449 F3 from ambient temperature to 1000°C in oxidative atmosphere at 10 K/min heating rate. Porosity
characteristics were assessed via nitrogen sorption (BELSORP Max II) after 10 h degassing at 120°C. Vibrational
spectroscopy was performed on a Shimadzu IRTracer 100 in attenuated total reflectance mode (400-4000 cm™).
Mechanical compression behavior was evaluated on an electromechanical universal testing frame at 2 mm/min
displacement rate using 40 mm x 40 mm x 6 mm specimens. Practical service performance was evaluated by
heating the bottom surface of a 100 mm x 100 mm x 6 mm composite to 600°C and measuring the temperature
rise on the backside cold plate over 10 min. Flame resistance under extreme conditions was tested by exposing
the sample to a butane flame for 20 min or until burnout; the nozzle was positioned 8 cm from the sample, with
a flame temperature of (1090 + 20)°C. A schematic of sample clamping and the flame test is shown in Figure 1.

(a) Sample clamping diagram (b) Flame burn test diagram

Figure 1 Schematic illustration of sample clamping and flame ignition experiment

3. Results and Discussion

3.1 Effect of TEOS Concentration on BF/SAC
3.1.1 Surface Morphology and Structure

Figure 2 shows the macro- and microscopic morphology of BF/SAC samples prepared via atmospheric drying with
different TEOS concentrations. At 0.67 mol/L, the aerogel in sample BF/SAC-1 could not fully fill the gaps between
fibers, appearing mostly as blocky attachments on the fiber surface with weak matrix strength. It could not
withstand the capillary pressure during drying, resulting in significant shrinkage and visible cracks [23]. Increasing
the TEOS concentration resulted in a more continuous and complete aerogel matrix [24], with a crack-free
surface and most fibers embedded within the matrix, showing no large pores. When the TEOS concentration
exceeded 0.83 mol/L, the aerogel structural strength increased, and the dried samples exhibited complete
surfaces without obvious cracks.

Table 1 lists the basic physical parameters of BF/SAC with different TEOS concentrations. With TEOS molarity
escalating from 0.67 to 1.17 mol/L, both the composite bulk density (pcom) and neat aerogel density (paero)
exhibited progressive augmentation. Specifically, pcom rose from 0.148 to 0.182 g/cm?3, while paero increased
from 0.062 to 0.102 g/cm3. The porosity (¢dbcom), calculated by Equation (1), slightly decreased from 93.9% to
92.3%. Higher precursor concentrations led to denser SiO; skeletons. The sample BF/SAC-3 (TEOS 1.00 mol/L)
exhibited the lowest shrinkage rate, with pcom =0.159g/cm? and paero=0.08g/cm?3, which are relatively low [25].
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Where psis the bulk density of SiO,, taken as p s=2.2g/cm3; pBF is the density of basalt fiber, taken as pBF

=2.8g/cm?3.

I cm

(a) Macroscopic morphology (b) Microscopic morphology
of sample BF/SAC-1 of sample BF/SAC-1

I cm

(d) Microscopic morphology
of sample BF/SAC-2

(¢) Macroscopic morphology
of sample BF/SAC-2

20 um

(e) Macroscopic morphology (f) Microscopic morphology
of sample BF/SAC-3 of sample BF/SAC-3

(g) Macroscopic morphology (h) Microscopic morphology
of sample BF/SAC-4 of sample BF/SAC-4

Figure 2 Morphology of BF/SAC with different TEOS concentrations

Figure 3 and Figure 4 illustrate the pore structure characteristics of BF/SAC with different TEOS concentrations.
Per IUPAC nomenclature, the BF/SAC sorption isotherms conform to Type IV classification with H3 hysteresis
profiles, characteristic of agglomerated particle assemblies possessing extensive mesoporosity and elevated
specific surface area [26]. The BET specific surface area increased with TEOS concentration, reaching a maximum
of 465.7 m?%g. The average pore size and pore volume decreased with increasing TEOS concentration, suggesting
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that higher concentrations improved the retention of fine pores during drying, shifting the average pore size
toward smaller diameters.

Table 1 Basic parameters of BF/SAC with different TEOS concentrations

CTEOS/ (mol-L™) pcom/ (g:cm™3)  paero/ (g:cm3)

pg/ (grem™)

Shrinkage /% d¢com/ %

0.67 0.148 0.062 0.091 56.2 93.9
0.83 0.168 0.083 0.090 66.1 93.0
1.00 0.159 0.080 0.085 33.3 93.3
1.17 0.182 0.102 0.087 45.7 92.3
§ 1000 —0—0.67 mol/L s —0O— 0.67 mol/L
£ g0 | —#—0.83 mol/L o 28 —©— 0.83 mol/L
S0 —4—1.00 mol/L on —A— 1.00 mol/L
£ —%— 1.17 mol/L e 201 J— 1.17 mol/L
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Figure 3 N2 adsorption—desorption curves and pore size distribution curves of BF/SAC with different
TEOS concentrations
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Figure 4 Pore parameters of BF/SAC with different TEOS concentrations

3.1.2 Ambient-Temperature Insulation and Mechanical Properties
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Figure 5 Thermal conductivity and cold side temperature of BF/SAC with different TEOS
concentrations

Figure 5 shows the thermal conductivity and cold-side temperature of BF/SAC samples with different TEOS
concentrations. At 0.67 mol/L, the aerogel failed to fill the fiber interstices, resulting in large pores within the
sample. These pore dimensions surpassed the molecular mean free path of air (69 nm), consequently elevating
thermal conductivity to 0.0274 W/(m-K). As TEOS concentration increased, the aerogel matrix became complete
and non-fragmented, and the samples were dominated by mesoporous structures, which significantly blocked
gas convection and reduced thermal conductivity. Nevertheless, pore architectural refinement remained
constrained; although specific surface area expanded, mean pore diameter contracted [27]. Additionally,
elevated bulk density augmented solid-phase thermal transport, maintaining BF/SAC thermal conductivity near
0.0250 W/(m-K).

Figure 5b shows that all samples possessed good insulation effects, with cold-side temperatures below 120°C.
Samples BF/SAC-3 and BF/SAC-4 exhibited the lowest cold-side temperatures; after heating the hot side to 600°C
for 10 min, the center temperature stabilized around 106°C, consistent with thermal conductivity results,
demonstrating excellent insulation performance [28].
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Figure 6 Compressive properties of BF/SAC with different TEOS concentrations
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Figure 6 shows the compression properties of BF/SAC samples prepared via atmospheric drying. The compressive
stress-strain curves exhibit three-stage characteristics: elastic compression, densification, and compaction [29].
As TEOS concentration increased, the pore wall structural strength of the aerogel increased, leading to higher
compressive modulus and strength. Sample BF/SAC-4 showed the highest values: 625.4 kPa and 178.6 kPa,
respectively. The basalt fiber needle-punched felt primarily bore the load, resulting in no significant difference
in compression rates among samples. The high compression ratio of BF/SAC indicates good cushioning and
energy absorption.

3.2 Effect of Heating on Sample BF/SAC-3

3.2.1 Surface Morphology and Structure

Since the gelation speed of sample BF/SAC-4 was too fast during the preparation process, which is unfavorable
for industrial production, sample BF/SAC-3 was selected for heating treatments at 300 °C, 500 °C, and 700 °C for
24 h. The macroscopic and microscopic morphology after heating treatment is shown in Figure 7.

I cm - ) 1 cm
(a) Macroscopic morphology  (b) Microscopic morphology (c) Macroscopic morphology  (d) Microscopic morphology
of BF/SAC-3 after heat of BF/SAC-3 after heat of BF/SAC-3 after heat of BF/SAC-3 after heat
treatment at 25 C treatment at 25 C treatment at 300 'C treatment at 300 C

1 cm 50 um 1cm
—_ —_ —
(e) Macroscopic morphology () Microscopic morphology (g) Macroscopic morphology  (h) Microscopic morphology
of BF/SAC-3 after heat of BF/SAC-3 after heat of BF/SAC-3 after heat of BF/SAC-3 after heat
treatment at 500 C treatment at 500 C treatment at 700 C treatment at 700 C

Figure 7 Surface morphology of sample BF/SAC-3 after heat treatment at different temperatures

As shown in Figure 7, heating treatment at 300 °C had no significant effect on sample BF/SAC-3. Heating at 500 °C
caused the surface aerogel of sample BF/SAC-3 to shrink and crack [30], failing to maintain a complete blocky
structure; the aerogel bulk partially fractured into granular particles. Influenced by the oxidation of Fe?* in the
basalt fibers to Fe** at high temperatures, sample BF/SAC-3 turned reddish-brown after 700 ° C treatment.
Most of the aerogel matrix broke into small particles, making the sample more prone to dusting, but dimensional
shrinkage remained minimal [31].

The pore structure of sample BF/SAC-3 after heat preservation for 24 h at different temperatures is shown in
Figures 8 and 9. As shown in Figures 8 and 9, the isotherms of the heated sample BF/SAC-3 remain Type IV
according to IUPAC classification, indicating that the sample retained abundant mesoporous structures.
Moreover, the isotherm of the sample treated at 300 °C exhibited a distinct desorption platform, suggesting that
the pore structure of the aerogel matrix became more regular during the heating process under the influence of
surface energy. As organic groups in the sample (e.g., sizing agents on the fiber surface and hydrophobic
modification groups on the aerogel surface) underwent oxidative decomposition around 300 °C, the specific
surface area of BF/SAC-3 increased from 439.0 m%g to 581.5 m%g. However, changes in the pore shape led to a
decrease in pore volume from 1.34 cm3/g to 1.10 cm¥g and a reduction in average pore size from 12.17 nm to
7.56 nm. After treatment at higher temperatures, the aerogel pore structure contracted further, with small pores
fusing into fewer large ones, causing a continuous decrease in pore volume. However, the sample still retained
part of the mesoporous structure even after 700 °C [32-33], indicating good structural stability.
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Figure 8 N2 adsorption and desorption curves and pore size distribution curves of sample BF/SAC-3
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Figure 9 Pore parameters of sample BF/SAC-3 after heat treatment at different temperatures

Figure 10 shows the TG-DSC curves and FTIR spectra at different temperatures for sample BF/SAC-3. As shown in
Figure 10a, the atmospheric pressure dried sample BF/SAC-3 possesses high thermal stability. Consistent with
literature [34], the total mass loss at 1000 °C is 10%. However, within 300 °C, the mass loss of BF/SAC-3 is minor,
at 1.6%; this stage primarily involves the desorption of adsorbed substances. At 321 °C, there is a mass loss step
in the TGA curve of BF/SAC-3, and an exothermic peak appears in the DSC curve. At this temperature, organic
components in BF/SAC-3—including sizing agents on the fiber surface and hydrophobic groups on the aerogel
surface—undergo oxidative decomposition, causing a significant drop in sample mass [35]. This also verifies the
reason for the increase in specific surface area of BF/SAC-3 after 300 °C treatment. Above 350 °C, the mass of
BF/SAC-3 continues to decline, and the DSC curve generally exhibits endothermic characteristics; this stage
mainly involves the decomposition of carbonates and further oxidation of organic residues. When the
temperature exceeds 700 °C, the weight loss of BF/SAC-3 slows slightly. At this point, the oxidation of basalt
fibers in BF/SAC-3 offsets some of the mass loss caused by carbide decomposition, and the color shifts from
yellowish-brown to reddish-brown.
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Figure 10 TG-DSC curves and FTIR at different temperatures of sample BF/SAC-3

As depicted in Figure 10b, the absorption band at 2962.3 cm™ is assigned to asymmetric C—H stretching in Si—
CHs moieties, while 1256.9 cm™ corresponds to methyl deformation. The intense feature at 1070.2 cm™ arises
from asymmetric Si—-O-Si stretching, with 846.2 cm™ attributable to Si—CHs rocking. Bands at 757.8 cm™ and
554.2 cm™ represent symmetric Si—-O-Si stretching and Si—O bending or SiO, lattice modes, respectively. The
450.0 cm™ peak is associated with Si—O-Si skeletal deformation or low-frequency SiO, vibrations [36—-37]. At
room temperature, the atmospherically dried sample BF/SAC-3 shows high absorption peaks for Si - CHs and
virtually no absorption peaks for Si — OH, indicating that hydroxyl groups on the sample surface have been largely
replaced by methyl groups. The Si—CHs absorption band intensity progressively diminished with increasing
thermal exposure, signifying oxidative degradation of surface-grafted hydrophobic methyl functionalities under
elevated temperatures, corroborating thermogravimetric observations. Absorption peaks at other positions
reflect the Si—-0-Si skeletal structure of the aerogel in BF/SAC-3. After heating at 300 °C, the structure underwent
certain changes; after higher temperature treatment, structural contraction occurred, and peak intensities
decreased, consistent with BET test results.

3.2.2 High-Temperature Insulation and Mechanical Properties

Figure 11 shows the relationship between thermal conductivity and temperature for BF/SAC-3. Thermal
conductivity exhibited linear temperature dependence yet remained remarkably suppressed at 0.0494 W/(m-K)
under 500°C conditions, attesting to superior elevated-temperature insulating performance. Comparative
thermal transport data for fiber-reinforced aerogel composites are presented in Table 2. BF/SAC-3 exhibits
insulation performance comparable to composites relying on high-cost supercritical drying, confirming its stable
and efficient insulation capability over a wide temperature range.

Table 2 Comparison of thermal conductivity of Fiber-reinforced aerogel composite

Composite/ . Thermal conductivity/ .
M h Enh h D h
Source density/(g-cm™) atrix phase Enhanced phase (W-m™-K-) rying method Cost
Alumina-silica 4pum Mullite fiber o . . .
[17] 0.27-0.39 aerogel 0.128 g/cm? 0.040-0.050 (500°C) Supercritical drying High
Al,03-Si0O; . . o . . .
[34] 0.275-0.354 aerogels Al;05-Si0; fiber  0.0403-0.0545 (25°C) Supercritical drying High
Al,03-Si0,  Alumi ilicat - . .
38]  0.1549-0.1612 203tz AUMINUM STICALE -, 762-0.264 (25°C) Supercritical drying High
aerogel nanofibers
. 2.5-3.0um Gl . )
[39] — Si0O, aerogels ﬁ:;;nr ass 0.038 (25°C) Freeze-drying Low
[26] — 5i0; aerogels  O1ass fiber 0.018(25°C)  Supercritical drying High
2 & 100kg/m3 ’ P yingHile
i i 0.025 (25°C) i
This 0.159 50, aerogels 7um basalt flts)er Atmospher!c
work 0.085 g/cm 0.049 (500°C) pressure drying
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0.040
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Thermal Conductivity/(W-m™-K™)
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Temperature/C

Figure 11 Thermal conductivity of sample BF/SAC-3 at different temperatures

49



Preparation and High-Temperature Properties of Low-Cost Basalt Fiber Reinforced Aerogel Composites
DOI:

Post-thermal conditioning compression behavior is illustrated in Figure 12. The stress-strain profiles preserved
their triphasic deformation characteristics. Compressive stiffness initially rose with heating temperature before
undergoing subsequent decline. Heat treatment homogenized the pore structure, reducing stress concentration
during compression, increasing the modulus of BF/SAC-3 after 300°C treatment from 360.1 kPa to 1135.5 kPa,
validating BET results. Compressive strength also improved significantly, from 121.0 kPa to 399.9 kPa. At 500°C,
aerogel matrix cracking reduced the modulus to 544 kPa, but overall strength remained improved. After 700°C
treatment, basalt fibers underwent phase transformation [40], drastically reducing structural strength; although
the sample remained intact, mechanical properties dropped significantly (modulus 397 kPa, strength 289 kPa).
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Figure 12 Compressive properties of sample BF/SAC-3 after heat treatment at different temperatures
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Figure 13 Morphology of sample BF/SAC-3 before and after flame exposure

Figure 13 shows the morphology of BF/SAC-3 before and after butane flame exposure. After 20 min of flame
exposure, the surface cracked, and white particles sintered from SiO, aerogel appeared at the flame center. The
heat-affected zone turned red-brown due to fiber oxidation, but the outermost region showed no significant
change. As burning progressed, aerogel shrank into blocks covering lower fibers, and surface basalt fibers fused
into a shell layer, inhibiting further flame damage. Benefiting from the high thermal stability of basalt fiber,
although the surface layer weakened due to sintering, internal fibers remained intact. Severe sintering and
shrinkage occurred only within a depth of about 2 mm (1/3 of the thickness) from the surface, while the middle
layer changed color but retained structural integrity.

This study establishes a cost—performance—processability nexus for basalt fiber reinforced silica aerogel
composites (BF/SAC) tailored to lithium-ion battery thermal runaway protection, resolving longstanding trade-
offs between thermal insulation, mechanical robustness, and manufacturing scalability. By systematically tuning
tetraethyl orthosilicate (TEOS) precursor concentration, the work identifies 1.00 mol/L as a critical formulation
threshold that optimizes the silica sol-gel network while avoiding the overly rapid gelation observed at higher
concentrations, which hinders industrial impregnation and mold filling. At this optimum, the composite achieves
alow aerogel skeleton density of 0.08 g/cm? and a mesoporous-dominated architecture (BET surface area: 439.0
m%g), synergistically suppressing gaseous convection, solid conduction, and radiative heat transfer to deliver a
room-temperature thermal conductivity of 0.0254 W/(m-K). This performance matches or exceeds that of glass
fiber or aramid-reinforced aerogels produced via expensive supercritical drying, yet is realized here through an
atmospheric pressure drying route that reduces equipment cost, operational hazard, and energy demand.
Equally important, the basalt fiber needle-punched felt provides a three-dimensional load-bearing scaffold that
compensates for the intrinsic brittleness of silica aerogels, yielding a compressive strength of 121 kPa and full
elastic recovery—attributes essential for accommodating battery swelling, vibration, and assembly tolerances in
electric vehicle packs. The successful substitution of low-cost basalt fiber for high-performance ceramic fibers
(e.g., mullite, SiC) without sacrificing high-temperature stability marks a pivotal advance in materials selection,
aligning with the economic constraints of automotive mass production.
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High-temperature evaluations further demonstrate that BF/SAC-3 retains functional integrity under conditions
mimicking severe battery thermal runaway. After 24 h at 500 °C, the composite sustains a thermal conductivity
of only 0.0494 W/(m-K), outperforming many commercial insulation felts, while compressive strength nearly
quadruples due to pore-structure homogenization and partial sintering-induced stiffening. Even at 700 °C—
approaching the surface temperature of runaway ternary lithium batteries—the basalt fiber skeleton prevents
catastrophic disintegration, maintaining structural continuity despite aerogel granulation and a modest 10% total
mass loss. Extreme flame exposure (1090 °C butane flame, 20 min) confirms the formation of a self-limiting
protective layer: surface sintering of silica aerogel and partial vitrification of basalt fibers create a dense,
thermally resistive crust that confines damage to a shallow ~2 mm depth, leaving the interior intact and thermally
insulative. These findings highlight a crucial safety feature—progressive rather than abrupt failure—which is
indispensable for passive thermal barriers. While organic hydrophobic groups decompose above 300 °C, the
inorganic Si—O-Si backbone remains stable to 1000 °C, and mesoporosity is largely preserved, ensuring continued
insulation. Future work should focus on hybridizing the aerogel matrix with infrared opacifiers (e.g., TiO,, SiC
nanoparticles) to further suppress radiative heat transfer at >600 ° C, and on scaling the atmospheric drying
process to continuous roll-to-roll production. Overall, this work delivers a commercially viable, high-performance
thermal protection pad that reconciles ultra-low thermal conductivity, mechanical compliance, extreme heat
resistance, and low manufacturing cost—directly addressing a key safety bottleneck in new energy vehicles.

4. Conclusion

This work successfully prepared basalt fiber needle-punched felt reinforced silica aerogel composites via an
atmospheric pressure drying process and systematically studied their thermal protection and mechanical
properties. The main conclusions are as follows: TEOS concentration significantly affected structural integrity. At
1.00 mol/L, the aerogel matrix density was as low as 0.08 g/cm? with minimal shrinkage (33.3%), forming a
continuous mesoporous structure (specific surface area 439.0 m%g). This endowed the material with excellent
insulation performance (room-temperature thermal conductivity 0.0254 W/(m-K), cold-side temperature of
106°C under a 600°C hot surface) and mechanical properties (compression modulus 360 kPa, compression
strength 121 kPa). The material maintained functional stability under high-temperature environments. After
500°C treatment, thermal conductivity was only 0.0494 W/(m-K), and compressive strength increased to 484 kPa
due to pore structure homogenization. At 700°C, although aerogel granulation occurred, the basalt fiber skeleton
maintained structural integrity, with a mass loss rate of only 10% at 1000°C. Butane flame exposure for 20 min
verified excellent flame resistance. A mixed sintering protective layer of aerogel and fiber formed on the surface,
effectively blocking heat penetration. The sample did not burn through, with sintering confined to a shallow
depth of about 2 mm, while the internal structure remained intact.
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