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Abstract. The aerospace industry requires materials that are not only lightweight but also
exhibit superior mechanical performance, durability, hydrophobicity, and resistance to solvents
and environmental conditions. This study presents the development and characterization of
silica aerogels synthesized via sol-gel processing and hybridized with epoxy and silicone resins.
The primary goal was to optimize the physical and mechanical properties of these aerogels for
aerospace use. The materials were produced using ambient pressure drying (APD), a safer and
more cost-effective alternative to supercritical drying. Microstructural analysis revealed a
transition from open-pore to closed-pore architectures due to resin doping, resulting in
significantly improved mechanical strength. The hybrid aerogels exhibited densities between
0.20 and 0.35 g/cm® compressive strengths of approximately 620 kPa, and excellent
hydrophobicity. These results demonstrate the suitability of such materials for aerospace
applications, particularly in drone structures, offering competitive advantages in weight
reduction and volume efficiency.
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1. Introduction

Silica  aerogels are  nanostructured
materials renowned for their extraordinary
properties, including high specific surface area
(500-1200 m?/g), extreme porosity (80-99.8%),
ultralow density (~0.003 g/cm?), and exceptional
thermal insulation (~0.005 W/m:-K) [3-5]. These
characteristics make them highly attractive for
aerospace applications, where reducing weight
without compromising performance is critical. The
sol-gel process, involving the hydrolysis and
condensation of silica precursors, has been
extensively used to fabricate these materials.

However, conventional silica aerogels are
limited by their intrinsic brittleness and poor
mechanical resilience. To address these challenges,
this study explores the hybridization of silica
aerogels with epoxy and silicone resins. The
modified sol-gel method, combined with ambient

pressure drying, enables the production of
mechanically reinforced aerogels while preserving
their low-density nature.

2. Research Methods

2.1 Preparation Process

Silica aerogels were synthesized via the
sol-gel process using micrometric silica dissolved in
alcohols such as methanol or ethanol. To minimize
capillary stress during drying, low surface tension
solvents (e.g., hexane and heptane) were introduced
[2]. During gelation, epoxy resins were added to the
colloidal system to initiate polymeric crosslinking,
thereby enhancing the physicochemical integrity of
the gel matrix.

2.2 Aging and Drying



Following gel formation, the samples
underwent an aging process to promote silanol bond
development and reinforce the silica network,
thereby preventing fracture during drying. The gels
were dried under ambient pressure, which offers a
safer and more economical alternative to
supercritical methods. Prior to drying, silylation was
performed to chemically modify surface hydroxyl
groups (Si-OH) into hydrophobic alkoxide groups
(Si-OR), as illustrated in Figure 1 [6].
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Figure 1: Silane agent in silica gel [Brinker]

2.3 Characterization

Microstructural properties were
investigated using scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy
(EDS). Mechanical properties were evaluated
through uniaxial compression testing according to
ASTM D695-10 standards. Aerogel density was
determined using the Archimedes method, and
hydrophobicity was assessed via immersion tests.

3. Results and Discussion

Microstructural analysis showed a clear
evolution from open-pore to closed-pore
configurations in hybrid aerogels, driven by the
incorporation of epoxy and silicone resins. This
densification led to improved mechanical integrity
through enhanced network interconnectivity. The
synthesized aerogels exhibited densities between
0.20 and 0.35 g/cm® and compressive strength
values averaging 620 kPa (Figure 2).
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Figure 2: Stress vs. Specific Strain Graph [1]

Their  hydrophobic  character  was
demonstrated by prolonged flotation in water.
Furthermore, the closed-pore = morphology
contributed not only to mechanical enhancement
but also to improved thermal insulation and surface
repellency, confirming the potential of these
materials for aerospace applications (Figure 3).
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Figure 3: Microstructure image of the material at a
100 um scale. (Source: author’s own)

The results validate the effectiveness of
hybridization in enhancing the multifunctional
properties of silica aerogels for high-performance
engineering uses.

4. Conclusions

This work presents substantial progress in
the fabrication of mechanically enhanced silica
aerogels tailored for aerospace applications.
Hybridization with epoxy resins and the adoption of
ambient pressure drying led to notable
improvements in structural performance while
preserving lightweight characteristics. The shift to a
closed-pore structure further = augmented
mechanical resilience, rendering these aerogels
promising candidates for integration into drone
components and other aerospace structures.

The simplified manufacturing approach—utilizing
low-temperature drying (~110°C) and moldable
precursors—offers a scalable and cost-effective
route. The favorable weight-to-performance ratio
positions these materials as viable alternatives not
only for aerospace but also for automotive and
marine applications.
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