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Weight increase in

Hydrophobing Contact aerogel after keeping for ThCITAHAaI 0
agent angle/(°) 3 months in water/% stability/'C
MTMS 94 7% 2717
DMCS 100 13% 275
DMDC 119 7% 298
TMCS Hydrophobie powder 290
TMSCA Hydrophobie powder 300
TMBS 9% 300
TMMS 123 9% 295
TMES 100 12 300
T™MS 0 >100% <100
HMDZ 133 5% 300
HDMS 136 300
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Table 2 Preparation and properties of water-tolerant aerogel materials

[55, 70-76]

Water-tolerance aerogel type Method WCA/(°) Hti?r:s:rl:zziz e T(h\;r'r?neﬂ legzll(;uct1V1ty/ D(anlr;}i/g) Application References
Co-sol HSAC Precursor 152.8 <450 0.020 0.088 Wet insulation [55]
MTMS
SiO,/PTFE Precursor 140 340 0.064 43 0.0874 Wet insulation [71]
MTMS
SiO, Precursor MTES  145.6 350 0.0338 0.092-0.107  Petroleum pipeline [72]
Surface BN-modified CVD 144.3 700 0.09 [57]
post-treatment  SiO, aerogel
AL O3/ZrO, Fluorinated 140 0.021.6 0.003 4 Petroleum pipeline [73]
coating
ANFs aerogel TF coating 122.3 -30~200 0.034 0.049 Wearable thermal [74]
protection devices
PSBA Surface 145 0.038 0.05047  Self-cleaning electronic [75]
modification skin
G-STA Surface 143.7 0.024 0.074 Petroleum pipeline [76]
modification
Hydrothermal SiO, HAD 0.08507 0.20 Aircraft [70]

assisted drying
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Extended Abstract

Novel high-temperature thermal insulation materials (i.e., ceramic fiber insulation materials and aerogels) become research
hotspots due to their low density, low thermal conductivity, and superior thermal insulation properties. Ceramic thermal insulation
materials can be classified into two categories, i.e., rigid ceramic thermal insulation tiles and flexible ceramic fiber thermal insulation
blankets. Ceramic thermal insulation materials serve as one of the primary thermal protection materials on the surfaces of aerospace
equipment due to their superior characteristics such as porosity, low thermal conductivity, high-temperature stability, and excellent
mechanical properties. Aerogel is a lightweight material with a nano-porous structure. At atmospheric pressure, silica aerogel has the
lowest thermal conductivity among any other insulators. In various applications, aerogel increasingly replaces more conventional
materials. The skeleton and porous morphology of aerogel can be controlled in a nanoscale to provide various remarkable physical
properties, such as ultra-low density, intense adsorption capacity, ultrahigh specific surface area, and ultralow thermal conductivity.

However, the most existing thermal insulation materials are generally isotropic and hydrophilic, significantly limiting their
applications in humid environments. The widely used high-temperature thermal insulation materials are typically porous structures,
and their nanopores and high specific surface areas contribute to reducing thermal conductivity through a gas-phase heat transfer, thus
having superior thermal insulation performance. Nevertheless, their thermal conductivity increases, and this trend intensifies with
increasing ambient humidity when porous materials absorb moisture in humid environments, leading to a degraded thermal insulation
performance. Moreover, in a direct contact with water, the nanoporous structure of the materials can collapse under capillary forces,
causing a significant increase in thermal conductivity.

This review comprehensively represents the implementation methods and performance aspects of water resistance for three
commonly used high-temperature thermal insulation materials, i.e., ceramic fiber thermal insulation tiles, ceramic fiber thermal
insulation blankets, and silica aerogel. The ceramic fiber thermal insulation tiles enhance their high-temperature stability and water
resistance through the application of high-emissivity coatings. The ceramic fiber thermal insulation blankets achieve a water
resistance via electrostatic spinning and surface modification techniques. For silica aerogel thermal insulation materials, their water
resistance is improved via modifying their surfaces with organic hydrophobic groups and adopting hydrothermal-assisted drying
methods. This review also identifies some challenges for the improvement of the existing materials and provides an outlook on the
future development directions.
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Summary and Prospects This review represents the research advancements in high-temperature insulation materials (i.e.,
water-resistant ceramic fiber insulation tiles, insulation blankets, and aerogels). Some strategies for enhancing their water resistance,
such as the application of high-emissivity coatings, chemical vapor deposition, and modification with organic hydrophobic groups, are
described. These materials possess a significant application potential at multiple fields due to their low density, robust water
resistance, and efficient thermal insulation properties. Nevertheless, some challenges persist in maintaining water resistance at high
temperatures, simplifying manufacturing processes, and developing novel materials. A future research should prioritize enhancing the
water resistance of materials at elevated temperatures, streamlining production processes, and innovating novel materials. In addition,
the stability and durability of these materials in practical applications also need to be further investigated to facilitate the technological
advancements and industrial upgrading.

Keywords water-tolerance; thermal insulation; ceramic tile; ceramic blankets; aerogel insulation material



