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Abstract: Lightweight, high-temperature thermal insulation materials play a critical role
in aerospace applications, where extreme temperature conditions necessitate lightweight,
high-performance solutions. This paper explores advancements in lightweight, high-
temperature insulation materials specifically designed for aerospace environments, fo-
cusing on innovative flexible ceramic fiber felts, thermal insulation tiles, nano-insulation
materials (aerogels), and multilayer insulations (MLIs). These materials exhibit superior
thermal resistance, low density, and durability under dynamic and harsh conditions. Key
developments include the integration of nanostructures to enhance thermal conductiv-
ity control and improve mechanical stability. This paper also highlights applications in
spacecraft thermal protection systems, providing insights into the challenges of future ma-
terial design strategies. These advancements underscore the growing potential of thermal
insulations to improve energy efficiency, safety, and performance in aerospace missions.

Keywords: lightweight high-temperature thermal insulation materials; flexible ceramic
fiber felts; thermal insulation tiles; aerogels; multilayer insulations

1. Introduction
Lightweight, high-temperature thermal insulation materials are a category of advanced

materials specifically engineered to meet rigorous performance standards [1–7]. They
effectively reduce heat transfer at elevated temperatures while maintaining minimal weight
and spatial requirements, thereby facilitating efficient energy use and providing reliable
thermal protection for equipment [8,9]. This ensures the stable and efficient operation of
systems, rendering these materials essential in critical sectors such as aerospace, marine
engineering, and nuclear energy [10–13]. Moreover, they represent a significant focus of
global research in advanced material technologies.

Practical heat transfer involves solid conduction, gas conduction, convection, and
radiation. To address these complex heat transfer mechanisms, high-porosity, lightweight,
ceramic porous materials are widely utilized worldwide [14–17]. These materials are
particularly effective in minimizing solid phase heat transfer, while their designs vary
mainly in their capacity to reduce gas phase and radiative heat transfer. Notable examples
include flexible ceramic fiber felts, thermal insulation tiles, nano-insulation materials
(aerogels), and high-temperature multilayer insulation (MLI) systems. In this paper, based
on the reported applications and developments of these materials in the aerospace field,
the characteristics and research of these four materials will be introduced, followed by a
discussion on the development prospects of lightweight materials, and an outlook on the
development of lightweight, high-temperature thermal insulation materials for aerospace
applications will be presented.
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2. Flexible Ceramic Fiber Felts
Fiber insulation structures are widely used in flexible thermal protection sys-

tems [18–20], consisting of layered, stitched configurations of fiber insulation mats, fabrics,
and threads [21–24]. These structures are primarily applied in low-load thermal regions
of aerospace vehicles, such as upper wing surfaces, tail fin sections, elevator controls,
and braking mechanisms, providing effective thermal management while maintaining
structural flexibility and durability [25,26].

During the initial development of flexible thermal protection systems, the United States
pioneered the use of Nomex felt as a flexible thermal insulation material for aerospace
applications, with an effective temperature range limited to below 370 ◦C. With subsequent
advancements in technology, U.S. researchers developed the Flexible Reusable Surface
Insulation (FRSI) structure [27] (Figure 1). This design utilized fused silica fibers as the
primary material, featuring a construction in which silica fiber mats were encapsulated
by silica fiber fabric and secured through stitching with silica fiber threads. Due to the
exceptional thermal properties of silica fibers, the temperature resistance of aerospace
vehicles was significantly enhanced, reaching up to 815 ◦C [28].

Figure 1. Structure of Flexible Reusable Surface Insulation.

The NASA Ames Research Center has introduced an innovative advancement by
enhancing the design of Flexible Reusable Surface Insulation (FRSI). This improvement
incorporates borosilicate aluminum-based fiber threads and fabrics, resulting in the devel-
opment of Advanced Flexible Reusable Surface Insulation (AFRSI, as shown in Figure 2).
The AFRSI structure exhibits an exceptionally low thermal conductivity of approximately
0.033 W·m−1·K−1 under standard temperature and pressure conditions, allowing aerospace
vehicles to endure temperatures as high as 1037 ◦C [29]. Due to its superior thermal insula-
tion performance, AFRSI has been widely utilized in the X-51A hypersonic vehicle, which
achieved flight speeds of up to Mach 10 [30]. Building on this foundation, researchers
subsequently developed two novel thermal protection materials: Carbon Fiber Blanket Insu-
lation (CFBI) and Tailorable Advanced Blanket Insulation (TABI) [31,32]. CFBI, constructed
using silicon carbide fiber threads and mats, and TABI, which employs borosilicate alu-
minum or silicon carbide fiber mats, further enhance the thermal resistance and operational
temperature thresholds of aerospace vehicles.

Figure 2. Structure of Advanced Flexible Reusable Surface Insulation [33].
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In the 21st century, the United States made significant advancements in flexible thermal
protection materials by developing a novel conformal reusable insulation (CRI, as shown
in Figure 3) material [34]. This insulation is composed of ceramic fibers, including silica,
alumina, and boron oxide, which form the intermediate fiber mats. To meet the specific
environmental requirements of high- and low-temperature surfaces, borosilicate aluminum
fiber fabric is applied to the high-temperature side, while quartz fiber fabric is utilized on
the low-temperature side. Furthermore, building on existing flexible thermal protection
materials, CRI incorporates a ceramic coating on the outermost layer, enhancing both its
thermal and erosion resistance. As a result, the temperature tolerance of aerospace vehicles
is increased to 1204 ◦C, and CRI has been successfully deployed on the windward surfaces
of the X-37A and X-37B orbital test vehicles [35]. The parameters of some flexible ceramic
fiber felts are provided in Table 1.

Figure 3. Structure of conformal reusable insulation [33].

In addition to the United States, several other countries have initiated research on
fiber insulation mat materials. The European aerospace and defense group Astrium has
developed a flexible external insulation (FEI) suitable for spacecraft surfaces [36]. This
material is created by sewing silica or glass fabrics, which offer a high radiation coefficient.
Meanwhile, Nanjing University of Aeronautics and Astronautics has developed a composite
insulation mat made of hollow microspheres as the matrix, with glass fibers as the primary
component. The thermal insulation mechanism of this composite mat relies on infrared
absorption, demonstrating high strength and excellent dimensional stability. Langbo New
Materials Technology Co., Ltd. (Shanghai, China) has produced an oxidation-resistant
carbon fiber insulation mat using chopped carbon fibers as the matrix. This insulation mat
not only provides effective thermal insulation and oxidation resistance but also features
strong fiber retention, minimizing the risk of fiber shedding.

Table 1. Parameters of the Flexible Ceramic Fiber Felts [31,37,38].

Materials Density/(g·cm3) Using Temperature Range/◦C

AFRSI 0.128 650
TABI Adjustable 800~1200
CFBI 0.174 ~1300
CRI ~0.2 ~1200

Overall, flexible fiber felts exhibit advantages such as low density, high flexibility,
excellent high-temperature resistance, and low thermal conductivity, making them widely
utilized in spacecraft thermal protection systems. However, limitations in mechanical
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strength and long-term stability restrict their applicability in extreme environments. Fur-
thermore, with the continuous advancement of thermal protection materials, the thermal
insulation performance of flexible fiber felts is gradually becoming insufficient for prac-
tical applications. Future research and development efforts should focus on material
composition optimization, the application of nanomodification technologies, and multi-
functional integrated design to further enhance thermal insulation performance, durability,
and environmental adaptability, thereby meeting the stringent requirements of deep-space
exploration and reusable spacecraft.

3. Thermal Insulation Tiles
Thermal insulation tiles are a crucial component of spacecraft thermal protection

systems (TPSs), especially on the windward surfaces where heat shielding is most crit-
ical. These tiles fulfill their primary function by integrating two essential elements: a
high-emissivity surface coating and a porous rigid substrate [39–43] (as shown in Figure 4).
The high-emissivity surface coating, designed with a dense and robust structure, effec-
tively radiates the majority of absorbed heat back into the surrounding environment
while withstanding aerodynamic forces. Beneath this coating lies a porous rigid substrate,
a microstructure formed by interwoven, high-temperature-resistant short fibers with a
porosity exceeding 90%. This configuration imparts key advantages, such as lightweight
construction, exceptional thermal resistance, and low thermal conductivity, making it an
outstanding thermal insulation material. Over the past half-century, thermal insulation
tiles have been widely used in the windward surfaces and other areas of various types
of spacecraft.

Figure 4. Typical structure of thermal insulation tiles [33].

Despite these advantages, the inherent rigidity and brittleness of the tiles render them
susceptible to fractures resulting from deformation or impact [44]. Consequently, direct
bonding to the metallic skin of spacecraft is not feasible. To address this limitation, strain
isolation pads are employed for attachment, and precisely engineered gaps between the
tiles accommodate deformation mismatches between the metallic skin and the external
thermal protection layer, while also facilitating ventilation (as shown in Figure 5) [45].
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Figure 5. Connection method between the thermal protection tiles and the spacecraft.

The practicality of this design was first demonstrated in April 1981 during the maiden
flight of the Columbia space shuttle (as shown in Figure 6), which featured over 24,000 in-
sulation tiles [46]. This landmark event underscored the effectiveness of these tiles as the
primary thermal protection system (TPS) for space shuttles. Over the following decades,
insulation tiles continued to be the material of choice for large-scale thermal shielding on
windward surfaces, contributing to the successful completion of more than 130 missions.
The development of insulation tiles, initiated in the United States during the 1960s, has
since established and maintained a leading global position in thermal protection technol-
ogy [47,48].

 

Figure 6. Columbia space shuttle [49].

The space shuttle program in the United States utilized five types of rigid ceramic
tiles: LI-900, LI-2200, FRCI-12, AETB-8, and BRI-18, which can be broadly classified into
three generations.

The first-generation thermal insulation tiles, LI-900 and LI-2200 [50], were developed
by Lockheed in the 1970s and are composed of pure quartz fibers. Among these, LI-900
became the most widely utilized material in the space shuttle program due to its lightweight
and low thermal conductivity. In contrast, LI-2200, which shares a similar composition
with LI-900, was primarily employed in areas requiring greater strength, such as the
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forward windows and cabin doors, although it had the disadvantage of a higher density.
Additionally, the poor compatibility between the pure quartz substrate of the LI series tiles
and the later-developed TUF-1 impact-resistant coating led to unresolved impact resistance
issues. This challenge significantly restricted the application of these thermal insulation
tiles in the external thermal protection systems of subsequent reusable spacecraft.

FRCI-12 [51], a second-generation ceramic thermal insulation tile, is composed of
a binary system of quartz fibers and borosilicate aluminum fibers, which have a higher
softening temperature and sintering temperature. Developed by NASA’s Ames Research
Center in the 1980s, it was primarily designed to address the high-density issue found in
LI-2200. FRCI-12 exhibits a significant increase in maximum operating temperature, raising
it by nearly 100 ◦C. However, its thermal shock resistance is lower than that of the pure
quartz fiber-based LI tiles, and its thermal conductivity is higher than that of LI-900, which
somewhat limits its suitability for large-scale applications.

AETB-8 tiles [52], developed by NASA’s Ames Research Center in the 1990s, represent
a third generation of rigid thermal insulation tiles, serving as an improved version of
the FRCI tiles. These tiles are composed of borosilicate aluminum fibers with smaller
diameters, which results in a more uniform fiber distribution during the manufacturing
process. This refinement significantly enhances both the strength and thermal resistance
of the tiles. Additionally, AETB tiles incorporate alumina fibers to partially replace the
borosilicate aluminum fibers, further improving their temperature resistance. However, this
enhancement is accompanied by a slight reduction in the mechanical strength of the tiles.

In addition to the three previously mentioned thermal insulation tiles, Boeing de-
veloped the BRI-18 tile in the early 2000s [53]. This tile features a binary fiber system
composed of 60% to 80% quartz fibers and 20% to 40% alumina fibers. It includes 0.1% to
1% boron-containing powder as a sintering agent, along with a small quantity of silicon
carbide powder to enhance radiation resistance. Compared to the AETB tiles developed by
NASA’s Ames Research Center, the BRI-18 demonstrates lower thermal conductivity. The
performance parameters of some thermal insulation tiles are provided in Table 2.

Table 2. Parameters of the Thermal Insulation Tiles [52–56].

Materials Density (g·cm3)
Tensile Strength

XY-Direction/MPa
Z-Direction/MPa

Thermal
Conductivity/W·m−1·K−1

LI-900 0.144 0.47
0.17 0.036

LI-2200 0.352 1.27
0.53 0.052

FRCI-12 0.192 1.81
0.57 0.046

AETB-8 0.128 0.38
0.69 0.064

BRI-18 0.288 0.96
0.41 0.03

Rigid thermal insulation tiles provide numerous advantages, including lightweight
construction, high-temperature resistance, exceptional thermal insulation properties, and
reusability. However, they also present significant challenges, such as brittleness, com-
plex assembly processes, prolonged maintenance and repair cycles, high costs, and a
propensity to crack and detach due to ice formation after water absorption. These issues
resulted in considerable operational difficulties during the later stages of space shuttle
missions. Specifically, each maintenance cycle of the thermal protection system demanded
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nearly 40,000 man-hours, which significantly extended launch intervals and diminished
mission efficiency.

Overall, thermal insulation tiles exhibit excellent high-temperature resistance, low
thermal conductivity, and strong ablation resistance, making them a key material for
spacecraft reentry thermal protection systems. However, their high brittleness, limited
impact resistance, and high manufacturing and maintenance costs constrain their efficiency
in reusable spacecraft applications. Future development efforts should focus on the re-
search and development of high-toughness ceramic matrix composites, the integration of
nanostructured thermal insulation materials, and the application of intelligent self-healing
technologies to enhance mechanical performance, service life, and adaptability to complex
environments, thereby meeting the demands of next-generation spacecraft.

4. Aerogels
Aerogels are highly dispersed solid materials characterized by a nanoporous network

structure composed of nanometer-scale colloidal particles, with a gaseous medium filling
the pores (as shown in Figure 7a) [57–61]. Aerogel materials possess characteristics such as
extremely low density, ultra-low thermal conductivity, high specific surface area, and high
porosity, which have led to their widespread application in the aerospace field in recent
years. First synthesized in the 1930s by Kistler [62], aerogels were produced using water
glass through a sol-gel process combined with supercritical drying techniques. Kistler rec-
ognized their potential for applications such as catalysis and thermal insulation. However,
technological constraints at the time hindered significant progress in aerogel research for
several decades. A breakthrough occurred in the 1970s when Stanislaus Teichner [63] and
collaborators, while investigating porous materials for oxygen storage and rocket fuel ap-
plications, replaced sodium silicate with tetramethyl orthosilicate (TMOS). By hydrolyzing
TMOS in methanol to produce alcogels, they successfully fabricated SiO2 aerogels through
controlled drying processes (as shown in Figure 7b). This innovation marked the beginning
of rapid advancements in aerogel science and manufacturing.

Figure 7. (a) Aerogels. (b) Preparation process of aerogels [64].

In the past two decades, research into aerogels has accelerated, resulting in significant
improvements in fabrication methods, material properties, and potential applications. SiO2

aerogels, in particular, have become a focal point due to their exceptional thermal, optical,
and mechanical properties [65–67]. Notable applications include their use by the Swedish
company Airglass as a medium in Cherenkov detectors for measuring the mass and energy
of high-energy particles [68]. Similarly, NASA has utilized SiO2 aerogels in space shuttle
missions to capture and analyze high-velocity cosmic dust from comets and interstellar
space (as shown in Figure 8) [69]. These advancements highlight the growing versatility
and importance of aerogels in both scientific and industrial fields.
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Figure 8. (a) Concept illustration of the Stardust mission. (b) Aerogel collector for comet dust.
(c) Trajectory diagram of the comet dust captured by the aerogel [64].

Low-density SiO2 aerogel-based thermal insulation composites are increasingly recog-
nized for their ability to provide thermal protection comparable to traditional materials
while significantly reducing weight and volume. This unique advantage is particularly
critical for thermal protection systems in aerospace applications [70–75]. Among global
advancements, fiber-reinforced SiO2 aerogel composites developed by the U.S. company
ASPEN stand out, exhibiting exceptional performance with thermal conductivities ranging
from 0.013 to 0.016 W/m·K at room temperature and 0.033 W/m·K at 500 ◦C. Compared to
conventional inorganic insulation materials, SiO2 aerogels demonstrate superior thermal
insulation efficiency and a slower rate of increase in thermal conductivity with temperature.
Additionally, unlike organic insulation materials, SiO2 aerogels offer outstanding high-
temperature resistance, further solidifying their role in aerospace and military applications.

NASA has successfully demonstrated the potential of these materials in space explo-
ration. For instance, SiO2 aerogel composites were utilized as insulation layers in the Mars
Rover, allowing the spacecraft to withstand extreme low temperatures below −100 ◦C
(as shown in Figure 9) [76,77]. At the NASA Ames Research Center, aluminum silicate
fiber-reinforced SiO2 aerogels were developed for use in space shuttles. These composites
feature a refractory aluminum silicate fiber framework filled with nanoporous aerogel,
resulting in improved thermal insulation performance and reduced thermal conductivity
compared to traditional refractory materials.
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Figure 9. (a) Concept illustration of the NASA Mars rover. (b) Aerogel thermal insulation material
for Mars rovers [64].

China has made significant advancements in the research and application of aerogel
materials. SiO2 aerogels have been utilized as thermal protection materials in prominent
spacecraft, including Tianwen-1 and Long March 5. In terms of research, the National
University of Defense Technology has developed silica aerogel composites by integrating
ceramic fibers with silica sol and utilizing supercritical drying techniques. These composites
demonstrated thermal conductivities of 0.017 W/(m·K) at 200 ◦C and 0.042 W/(m·K) at
800 ◦C, along with mechanical properties such as compressive strength (0.98 MPa at 10%
strain), tensile strength (1.44 MPa), and flexural strength (1.31 MPa) [78].

Despite these advancements, studies have identified a significant limitation: SiO2

aerogels experience considerable sintering and pore structure collapse at temperatures
ranging from 600 ◦C to 1000 ◦C, which severely compromises their thermal insulation
performance [79–81]. This limitation restricts their use in environments exceeding 1000 ◦C,
presenting a challenge that requires further research and innovation to fully realize the
potential of these materials for high-temperature applications.

To enhance the thermal stability of silica aerogels, researchers have incorporated
alumina into the silica matrix, resulting in alumina–silica aerogels that exhibit improved
thermal resistance and can withstand temperatures exceeding 1200 ◦C [82]. Studies indicate
that these alumina–silica aerogels maintain a high specific surface area even after heat
treatment at temperatures ranging from 1100 ◦C to 1300 ◦C. For instance, Yu et al. [83]
fabricated a porous framework by sintering chopped quartz fibers with a binder, followed
by impregnation with alumina–silica sol. After ambient pressure drying, the resulting
alumina–silica aerogel composite demonstrated a thermal conductivity of 0.049 W/(m·K) at
room temperature. Following heat treatment at 1100 ◦C, the thermal conductivity increased
slightly to 0.057 W/(m·K), with no significant shrinkage observed along the length of
the material.

Similarly, Li et al. [84] developed alumina–silica aerogel composites by utilizing a
carbon fiber porous framework as a reinforcing phase. These composites exhibited a density
of 0.376 g/cm3 and achieved a compressive strength of 5.44 MPa. In an argon atmosphere,
the thermal conductivities were measured at 0.081 W/(m·K) at room temperature and
0.330 W/(m·K) at 1000 ◦C. In contrast, Xu et al. [85] employed a different method by
impregnating mullite fibers with a polycarbosilane solution, followed by high-temperature
pyrolysis to create a silicon carbide (SiC) coating on the fibers. This SiC coating significantly
enhanced the extinction coefficient of the fibers in the 2.5–7.5 µm wavelength range, leading
to a further reduction in the high-temperature thermal conductivity of the composites. At
1000 ◦C, the thermal conductivity was as low as 0.049 W/(m·K).
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While alumina–silica aerogels demonstrate improved thermal stability, they still expe-
rience sintering at temperatures exceeding 1200 ◦C. Furthermore, their thermal conductivity
at high temperatures increases with rising temperatures, which restricts their use in ex-
treme environments. Currently, there are no documented applications of these aerogels
in the aerospace industry, underscoring the necessity for further research to address these
challenges and enhance their performance at elevated temperatures.

In summary, aerogel materials possess extremely low thermal conductivity and low
density, making them highly promising for spacecraft thermal protection and insulation
applications. However, their high production costs, and degradation in thermal stability
and insulation performance at elevated temperatures limit their widespread application.
Future research efforts should focus on enhancing their high-temperature stability, thermal
insulation capability, environmental adaptability, and engineering reliability to meet the
increasingly stringent requirements of deep space exploration, crewed space missions, and
reusable spacecraft.

5. Multilayer Insulation System
The concept of multilayer insulation (MLI, as shown in Figure 10) was introduced

by Swedish researchers in 1951 [86]. In terms of heat transfer mechanisms, when solid
conduction and heat transfer through gaseous media are minimized to a certain extent,
radiation becomes the predominant mode of heat transfer. Consequently, the combination
of thin films with high-reflectivity and low-thermal-conductivity spacer materials results
in effective thermal insulation. The thermal conductivity of these materials in a vacuum
at room temperature typically falls within the range of 10−3 to 10−4 W/(m·K) [87–89].
Over the years, MLI materials have been extensively applied in aerospace, space energy,
and various other industries worldwide. Depending on their operating conditions, these
materials can be categorized into low-temperature and high-temperature MLI materials.

Low-temperature multilayer insulation (MLI) materials are typically utilized at tem-
peratures below 300 ◦C. In these relatively mild environments, these materials often consist
of polyester or polyimide films coated with gold or aluminum, combined with low-density
spacer layers such as loose fibers, fabrics, or mesh. The application of thin metal coatings
on low-density films, which weigh significantly less than pure metal foils of the same thick-
ness, enables the achievement of both lightweight construction and high thermal insulation
efficiency. These materials have been widely adopted in deep space satellites (as shown
in Figure 11), cryogenic storage tanks, and various other applications, with thermal con-
ductivities in a vacuum at room temperature reaching values around 10−4 W/(m·K) [90].

 

Figure 10. Schematic diagram of MLI [91].



Materials 2025, 18, 2383 11 of 18

Figure 11. MLI on the satellite surface [92].

In contrast, high-temperature multilayer insulation (MLI) materials, designed for use
at temperatures exceeding 600 ◦C, have developed at a slower pace. As the operating
temperature rises, gold-coated metal films become unsuitable due to their limited thermal
stability, making high-temperature-resistant pure metal foils the preferred choice. How-
ever, this preference results in a significant increase in weight. Additionally, at elevated
temperatures, the emissivity of metal surfaces increases substantially, leading to a greater
number of metal foil layers required, which further contributes to the overall weight of
the material. While low-temperature MLI structures remain stable and maintain excellent
insulation properties in cold environments, high temperatures introduce several challenges.
Even pure metal foils, when subjected to prolonged exposure to high temperatures, may
experience softening, creep, or other forms of thermal degradation. These issues can lead
to interlayer metal bonding or high-temperature diffusion and melting, resulting in and
a marked reduction in insulation performance. Therefore, compared to low-temperature
MLI materials, high-temperature multilayer insulation presents greater challenges and
complexities in terms of material design for effective high-temperature thermal protection.

Currently, high-temperature multilayer insulation (MLI) materials are most commonly
used in applications such as space nuclear power systems, thermal protection for hypersonic
vehicles, and engine insulation.

Space nuclear power systems are essential for deep space exploration, particularly
in areas such as the Moon, Mars, and asteroids, where solar energy is inadequate. These
systems are recognized for their stability, long-term operation, and reliable energy supply.
The fundamental principle of these systems is to capture the substantial heat produced
by nuclear reactions and convert it into electrical or mechanical energy. To optimize the
utilization of heat released by the high-temperature reactor core, insulation materials are
utilized to regulate heat flow and minimize thermal losses. Given the significant advantages
of multilayer insulation (MLI) structures in high-vacuum environments, high-temperature
MLI materials are typically the preferred choice for these applications.

In the field of space nuclear power technology, the most advanced application is the use
of radioisotope thermoelectric generators (RTGs, as shown in Figure 12) developed by the
United States. By 2020, nearly 50 RTG systems had powered approximately 27 spacecraft,
including Voyager 1 and 2, Galileo, Curiosity, and Opportunity, contributing to the devel-
opment of a general-purpose RTG. The RTG systems used in the Voyager 1/2 and Galileo
missions exemplify effective thermal insulation materials, utilizing molybdenum/quartz
fiber cloth products [93]. This solution utilizes molybdenum foil as the reflective layer
and quartz fiber cloth as the spacer layer for high-temperature multilayer insulation. The
system comprises 60 layers of insulation, with a total thickness of approximately 18 mm
and a bulk density of about 0.52 g/cm3. The molybdenum foil has a thickness of approxi-
mately 8 microns and is custom-manufactured by local suppliers, approaching the limits
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of current fabrication processes. This thickness enables it to endure long-term operating
temperatures of around 1700 ◦C. The quartz fiber cloth, with a thickness ranging from
50 to 120 microns, is sourced from JPS Composite Materials’ Astroquartz series, which
has a long-term temperature tolerance of approximately 1050 ◦C, thereby meeting the
requirements for environments up to 1000 ◦C. Testing has demonstrated that the thermal
conductivity of this material in a high-vacuum environment at 1000 ◦C is as low as 10−2 to
10−3 W/(m·K).

 

Figure 12. Radioisotope thermoelectric generator [94].

This material solution has been extensively utilized in practical applications, demon-
strating exceptional reliability and stability. For example, the radioisotope thermoelectric
generator (RTG) system in the Voyager spacecraft has been operational for nearly 47 years
and continues to provide power, further validating the robustness of the design. Addition-
ally, this solution is adaptable for higher operating temperatures. The molybdenum foil
remains stable at temperatures up to 1700 ◦C, and the spacer layer, in addition to quartz
fiber products, can be replaced with zirconia fiber products to enhance thermal resistance,
thereby allowing for further increases in temperature.

However, the high surface density of 9.8 kg/m2 in this multilayer insulation solution
poses challenges for the development of high-power space nuclear batteries. The equal sur-
face density of 50% for both the metal foil and spacer layer offers significant opportunities
for optimization, which has been a primary focus for research institutions such as NASA’s
Glenn Research Center and the Jet Propulsion Laboratory (JPL).

Under the auspices of the large-scale dynamic nuclear power project SP-100, Thermo
Fisher Scientific has conducted over a decade of research and validation, significantly
reducing the weight of the spacer layer by employing micron-sized oxide particle coatings
(e.g., zirconia, thorium oxide, yttria) to replace the quartz fiber spacer in general-purpose ra-
dioisotope thermoelectric generators (RTGs) [95]. This method involves spraying a mixture
of adhesive and oxide particles onto a metal foil, resulting in a spacer layer approximately
10 microns thick, which weighs only about 1% of the corresponding foil material. This
approach effectively achieves both weight reduction and enhanced insulation.

Building on this, Thermo Fisher conducted high-temperature stability assessments of
various metals and their interactions with zirconia, testing for durations of up to 1000 h. The
results indicated that zirconia remained stable at 1000 ◦C with metals such as molybdenum
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(Mo), nickel (Ni), and copper (Cu), with the exception of a reaction with niobium (Nb) near
1000 ◦C. In the absence of an oxide spacer, Ni-Ni bonding occurred at 600 ◦C; however,
when zirconia was present, Ni foils in close proximity began to melt around 1100 ◦C.
Significant diffusion defects, such as voids caused by the Kirkendall effect, were observed
at the Ni-Mo and Ni-Nb interfaces. Additionally, metals like Ni and Nb, when in contact
with Cu, rapidly formed low-melting-point alloys. These findings suggest that the lack of
a high-porosity spacer layer can lead to increased risks associated with metal interlayer
bonding. Therefore, ensuring the reliability of oxide–metal adhesion, particularly under
conditions such as vibration or pressure detachment during flight, is critical. Since the
termination of the SP-100 project in the late 20th century, further research on weight
reduction design and reliability verification has not been reported [96].

Following these findings, NASA’s Jet Propulsion Laboratory (JPL) conducted extensive
research on the selection of reflective layers as part of the SP-100 project. Beginning with 8-
micron molybdenum foil as the baseline, JPL proposed several types of foil that are suitable
for high-temperature multilayer insulation materials in space nuclear power systems.
Among these, foils made from carbon, niobium, titanium, and zirconium demonstrated
significant advantages in terms of weight, temperature resistance, and stability, showing
the potential for weight optimization ranging from 44% to 85% compared to the 8-micron
molybdenum foil [97].

Significant research has been conducted globally on high-temperature multilayer insu-
lation materials for large-area spacecraft and power systems. The NASA Ames Research
Center developed a new flexible multilayer thermal protection structure, featuring borosili-
cate aluminum fabric on both sides and insulation layers composed of silica felt, borosilicate
aluminum, and alumina fiber ceramic materials. This structure incorporates ten layers of
10–20 micron stainless steel foil as the reflective shield, with borosilicate aluminum fine
yarn cloth serving as the spacer layer [98]. Thermal coupling calculations indicate that this
multilayer structure significantly outperforms flexible fiber insulation materials, such as
AFRSI and AETB ceramic tiles, in terms of thermal conductivity and response, resulting in
a substantial optimization of surface density. Its operational temperature range is between
500 ◦C and 1000 ◦C. This structure has been further developed with support from the
European Space Agency, which replaced mid- to low-temperature fiber-based spacer layers
with Aspen’s Pyrogel aerogel spacer, greatly enhancing the material’s thermal insulation
properties and positioning it as the primary material solution for next-generation aerospace
vehicle thermal protection systems [95].

In conclusion, while high-temperature multilayer insulation materials with excep-
tional temperature resistance and insulating properties have been successfully applied,
the extensive use of pure metal foils and relatively high-density, reliable spacer layers
significantly increases the overall weight of the materials. The challenge lies in designing
lighter, more temperature-resistant, and reliable material systems through the optimization
of foils, spacer layers, and lamination structures. This remains a critical area of focus
in the development of high-temperature multilayer insulation materials. Additionally,
high-temperature multilayer insulation materials may experience issues such as interlayer
delamination, limited impact resistance, and complex manufacturing processes in extreme
environments, which affect their long-term stability and reliability. Future development
efforts should focus on the introduction of novel high-temperature reflective layer materials,
optimization of interlayer structures, and the application of intelligent adaptive thermal in-
sulation technologies to enhance their thermal protection performance, mechanical strength,
and engineering adaptability, thereby meeting the increasingly stringent requirements of
aerospace missions.
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6. Development and Prospect
High-temperature, lightweight thermal insulation materials for aerospace applica-

tions are rapidly evolving, with a dual focus on reducing weight and enhancing thermal
insulation efficiency. As the operational environment of spacecraft becomes increasingly
complex, the requirements for insulation materials extend beyond mere high-temperature
resistance. There is now an emphasis on providing exceptional thermal protection un-
der extreme conditions while minimizing the weight of the materials. These lightweight,
high-efficiency insulating materials directly impact fuel consumption, payload capacity,
and mission reliability, making them critical components for the future development of
aerospace technology.

Weight reduction is a primary objective in the development of aerospace insulation
materials. By decreasing the density of the insulation layer, the overall mass of the spacecraft
can be significantly reduced, thereby improving the efficiency of the propulsion system and
creating additional capacity for scientific instruments or fuel. Furthermore, lightweight
materials simplify the structural design of spacecraft, contributing to lower manufacturing
and maintenance costs. However, it is crucial that the pursuit of lighter materials does not
compromise thermal performance. Efficient thermal insulation remains fundamental to the
success of space missions. Consequently, new insulation materials are being optimized for
ultra-low density and minimal thermal conductivity, thereby enhancing thermal protection
while preserving structural integrity.

The development of multifunctional composite materials and the application of
advanced manufacturing technologies are emerging as significant breakthroughs in
lightweight aerospace insulation materials. By precisely controlling the microstructure
and layering of these materials, researchers are facilitating stepwise thermal insulation
across varying temperature gradients, effectively reducing heat transfer rates and path-
ways. Furthermore, the incorporation of nanotechnology enhances the surface area and
creates complex pore structures within insulation materials, further decreasing thermal
conductivity and improving overall insulation performance.

Looking ahead, high-temperature lightweight thermal insulation materials for
aerospace applications will continue to evolve toward even lighter, thinner, and more
resilient solutions capable of withstanding extreme environments. For example, structural
modifications of aerogel insulation materials can be achieved through the design approach
of thermal insulation tile composites, enhancing both their mechanical and thermal insu-
lation properties. Alternatively, coupling aerogels with multilayer insulation materials
can further improve the material’s thermal insulation capacity at high temperatures. With
advancements in aerogels, nanofibers, and multilayer composite technologies, these ma-
terials will play an increasingly vital role in deep space exploration, hypersonic vehicles,
and next-generation space stations. Their ongoing development will ensure stable space-
craft operation in harsh conditions, thereby enhancing humanity’s capabilities for space
exploration to new heights.

Author Contributions: Writing—original draft preparation, Q.Z.; Investigation, review and editing,
H.H. and C.L.; Resources and funding acquisition, Y.L. and W.L. All authors have read and agreed to
the published version of the manuscript.

Funding: The work was supported by Young Elite Scientists Sponsorship Program by CAST
(2021QNRC001).

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2025, 18, 2383 15 of 18

References
1. Cheng, Y.; Zhou, S.; Hu, P.; Zhao, G.; Li, Y.; Zhang, X.; Han, W. Enhanced mechanical, thermal, and electric properties of graphene

aerogels via supercritical ethanol drying and high-temperature thermal reduction. Sci. Rep. 2017, 7, 1439. [CrossRef] [PubMed]
2. Zhang, W.; Ding, E.; Zhang, W.; Li, J.; Luo, C.; Zhang, L. Microstructure controllable polyimide/MXene composite aerogels for

high-temperature thermal insulation and microwave absorption. J. Mater. Chem. C 2023, 11, 9438–9448. [CrossRef]
3. Xiao, Y.; Liu, S.; Zhou, J.; Zhang, S.; Li, Z.; Xiong, S.; Li, L.; Feng, J. Lightweight, strong, and thermally insulating polybenzoxazine

aerogel thermal protection composites for antioxidant ablation long to 1800 s. Compos. Part B Eng. 2023, 266, 111045.1–111045.11.
[CrossRef]

4. Li, Y.; Guo, A.; Xu, X.; Xue, Y.; Yan, L.; Hou, F.; Liu, J. Preparation and Properties of Highly Elastic, Lightweight, and Thermally
Insulating SiO2 Fibrous Porous Materials. Materials 2022, 15, 3069. [CrossRef] [PubMed]

5. Tafreshi, O.A.; Ghaffari-Mosanenzadeh, S.; Karamikamkar, S.; Saadatnia, Z.; Kiddell, S.; Park, C.B.; Naguib, H.E. Novel, flexible,
and transparent thin film polyimide aerogels with enhanced thermal insulation and high service temperature. J. Mater. Chem. C
2022, 10, 5088–5108. [CrossRef]

6. Xie, Y.; Peng, Y.; Ma, D.; Liu, W.; Wang, X. Lightweight, high-strength, flexible YAG fibrous membrane for efficient heat insulation.
J. Alloys Compd. 2021, 876, 159978. [CrossRef]

7. Fan, W.; Zhang, X.; Zhang, Y.; Zhang, Y.; Liu, T. Lightweight, strong, and super-thermal insulating polyimide composite aerogels
under high temperature. Compos. Sci. Technol. 2019, 173, 47–52. [CrossRef]

8. Guo, H.; Sun, J.; Ge, J.; Han, D.; Lv, Y.; Hu, P.; Wang, C.; Liu, Y. Flexible mullite nanofiber membranes with high-temperature
resistance and excellent thermal insulation. Ceram. Int. 2024, 50, 4936–4944. [CrossRef]

9. Zhao, B.; Wang, Y.; Huang, H. Preparation and characterization of novel lightweight Y2Si2O7 fibrous porous ceramics for high
temperature thermal insulation. Ceram. Int. 2024, 50, 18510–18518. [CrossRef]

10. Wang, J.; Cheng, L.; Ye, F.; Zhao, K. Amorphous/Nanocrystalline, Lightweight, Wave-Transparent Boron Nitride Nanobelt
Aerogel for Thermal Insulation. ACS Appl. Mater. Interfaces 2023, 15, 47405–47414. [CrossRef]

11. Okafor, P.E.; Tang, G. Study of effective thermal conductivity of a novel SiO2 aerogel composite for high-temperature thermal
insulation. Int. J. Heat Mass Transf. 2023, 212, 124242. [CrossRef]

12. Zhao, K.; Ye, F.; Cheng, L.; Zhou, J.; Wei, Y.; Cui, X. Formation of Ultra-High Temperature Ceramic Hollow Microspheres as
Promising Lightweight Thermal Insulation Materials via a Molten Salt-Assisted Template Method. ACS Appl. Mater. Interfaces
2021, 13, 37388–37397. [CrossRef] [PubMed]

13. Xiao, Y.; Liu, S.; Hu, Y.; Zhang, S.; Li, Z.; Li, L.; Feng, J. Excellent antioxidizing, thermally insulating and flame resistance
silica-polybenzoxazine aerogels for aircraft ablative materials. J. Appl. Polym. Sci. 2022, 139, e52499. [CrossRef]

14. Zhang, T.; Zhao, Y.; Li, X.; Ma, X.; Li, S.; Sun, M.; Liu, H.; Wang, K. Ultralight and heat-insulating mesoporous polyimide aerogels
cross-linked with aminated SiO2 nanoparticles. Microporous Mesoporous Mater. 2021, 319, 111074. [CrossRef]

15. Wang, Q.; Yu, H.; Ben, T.; Li, Q.; Li, F.; Xu, H.; Qiao, H.; Du, Q. Preparation of lightweight high-strength thermal insulation and
decoration integration porous ceramics using red mud. J. Aust. Ceram. Soc. 2019, 56, 91–98. [CrossRef]

16. Skubic, B.; Lakner, M.; Plazl, I. Thermal Treatment of New Inorganic Thermal Insulation Board Based on Expanded Perlite. Adv.
Mater. Res. 2012, 560–561, 249–253. [CrossRef]

17. Zhu, W.; Wang, H.; Ji, H.; Su, D. Lightweight aerogel-like silicon oxycarbide ceramics with directionally honeycomb-like structure
for high temperature environments. J. Eur. Ceram. Soc. 2024, 44, 4027–4035. [CrossRef]

18. An, Z.; Hou, X.; Zhou, P.; Zhang, R.; Fang, D. A novel flexible, layered, recoverable SiO2 fiber skeleton and aerogel composites
material prepared by papermaking process. Ceram. Int. 2021, 47, 12963–12969. [CrossRef]

19. Wang, F.; Wang, Y.; Sun, C.; Zhang, P.; Xia, X. Experimental investigation on temperature-dependent effective thermal conductivity
of ceramic fiber felt. Int. J. Therm. Sci. 2024, 200, 108965. [CrossRef]

20. Wu, C.J.; Li, W.J.; Yang, J.Y.; Guo, J.Y.; Su, L.J.; Zahng, L.J. Performance Comparison of Aerospace High-Temperature Resistant
Ceramic Fiber Felt. Mater. Sci. Forum 2021, 1036, 168–174.

21. Deng, Z.; Peng, Y.; Qin, W.W.; Liu, B.; Zhang, G.; Wang, X.; Xie, Y.; Zhu, L.; Xu, D. Flexible, high strength and low thermal
conductivity of a novel high entropy oxide ceramic fiber membranes. Chem. Eng. J. 2023, 475, 146260. [CrossRef]

22. Sawko, P.M.; Calamito, D.P.; Jong, A. Method to Produce Flexible Ceramic Thermal Protection System Resistant to High
Aeroacoustic Noise. U.S. Patent 5,657,795, 19 August 1997.

23. Aiichiro, T.; Fumito, T.; Kazuyuki, M. Compressive Resistant Type Flexible Thermal Insulation Material. JP19970050359.
JPH10246391A. Available online: https://www.j-platpat.inpit.go.jp/c1801/PU/JP-H10-246391/11/en (accessed on
23 March 2025).

24. Penide-Fernandez, R.; Sansoz, F. Anisotropic thermal conductivity under compression in two-dimensional woven ceramic fibers
for flexible thermal protection systems. Int. J. Heat Mass Transf. 2019, 145, 118721. [CrossRef]

25. Xu, Z.; Kong, W.; Su, X.; Zhai, Y.; Luo, D.; Li, J.; Zhao, J.; Jia, C.; Zhu, M. Solution blow spun flexible zirconia nanofibers toward
high-performance 2D and 3D nanostructures. Ceram. Int. 2024, 50, 17419–17427. [CrossRef]

https://doi.org/10.1038/s41598-017-01601-x
https://www.ncbi.nlm.nih.gov/pubmed/28469261
https://doi.org/10.1039/D3TC01210G
https://doi.org/10.1016/j.compositesb.2023.111045
https://doi.org/10.3390/ma15093069
https://www.ncbi.nlm.nih.gov/pubmed/35591404
https://doi.org/10.1039/D1TC06122D
https://doi.org/10.1016/j.jallcom.2021.159978
https://doi.org/10.1016/j.compscitech.2019.01.025
https://doi.org/10.1016/j.ceramint.2023.11.236
https://doi.org/10.1016/j.ceramint.2024.02.335
https://doi.org/10.1021/acsami.3c09996
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124242
https://doi.org/10.1021/acsami.1c09662
https://www.ncbi.nlm.nih.gov/pubmed/34324308
https://doi.org/10.1002/app.52499
https://doi.org/10.1016/j.micromeso.2021.111074
https://doi.org/10.1007/s41779-019-00374-y
https://doi.org/10.4028/www.scientific.net/AMR.560-561.249
https://doi.org/10.1016/j.jeurceramsoc.2024.01.046
https://doi.org/10.1016/j.ceramint.2021.01.159
https://doi.org/10.1016/j.ijthermalsci.2024.108965
https://doi.org/10.1016/j.cej.2023.146260
https://www.j-platpat.inpit.go.jp/c1801/PU/JP-H10-246391/11/en
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118721
https://doi.org/10.1016/j.ceramint.2024.02.230


Materials 2025, 18, 2383 16 of 18

26. Hu, L.; Chen, L.; Gao, J.; Fu, W.; Wu, J. Thermal Insulating Ceramic Fibers and Their Products. Adv. Ceram. 2002, 1, 24–26.
27. Gallegos, J. Thermal math model analysis of FRSI test article subjected to cold soak and entry environments Flexible Reuseable

Surface Insulation in Space Shuttle Orbiter. In Proceedings of the 10th Space Simulation Conference, Bethesda, MD, USA, 16–18
October 1978; NASA Langley Research Center: Hampton, VA, USA, 1978; Volume 131.

28. Xia, G.; Chen, W.; Qin, Z. Development of Flexible Thermal Protection for System Inflatable Re-entry Vehicles. Aerosp. Mater.
Technol. 2003, 33, 1–6.

29. Mui, D.; Clancy, H.M. Development of a Protective Ceramic Coating for Shuttle Orbiter Advanced Flexible Reusable Surface
Insulation (AFRSI). In Proceedings of the 9th Annual Conference on Composites and Advanced Ceramic Materials: Ceramic
Engineering and Science Proceedings; American Ceramic Society: Columbus, OH, USA, 2008; pp. 7–9.

30. Han, H. Analysis on thermal protection systems structures and materials for space transportation systems abroad. Aerosp. Mater.
Technol. 1997, 4, 1–4.

31. Kourtides, D.A.; Pitts, W.C.; Goldstein, H.E.; Sawko, P.M. Composite Flexible Blanket Insulation. U.S. Patent 5,277,959,
11 January 1994.

32. Sawko, P.M.; Goldstein, H.E. Tailorable Advanced Blanket Insulation (TABI). U.S. Patent 11697, 1 September 1987.
33. Huang, H.Y.; Su, L.J.; Lei, C.S.; Li, J.; Zhang, E.S.; Li, W.J.; Yang, J.Y.; Zhao, Y.M.; Pei, Y.C.; Zhang, H. Reusable thermal protective

materials: Application and research progress. Acta Aeronaut. Astronaut. Sin. 2020, 41, 023716. (In Chinese)
34. Beck, R.A.S.; Driver, D.M.; Wright, M.J.; Hwang, H.H.; Edquist, K.T.; Sepka, S.A. Development of the mars science laboratory

heatshield thermal protection system. J. Spacecr. Rocket. 2014, 51, 1139–1150. [CrossRef]
35. Oberg, J.U.A. Air Force Launches Secret Flying Twinkie. IEEE Spectr. 2010, 47, 11–12. [CrossRef]
36. Tsukahara, A.; Yamao, H.; Miho, K. Advanced thermal protection systems for reusable launch vehicles. In Proceedings of the

10th AIAA/NAL-NASDA-ISAS International Space Planes and Hypersonic Systems and Technologies Conference, Kyoto, Japan,
24–27 April 2001. [CrossRef]

37. Gong, C.; Bing, C.; Gu, L. Comparison Study of RBCC Powered Suborbital Reusable Launch Vehicle Concepts. In Proceed-
ings of the 20th AIAA International Space Planes and Hypersonic Systems and Technologies Conference, Glasgow, Scotland,
6–9 July 2015.

38. Zhou, Z.; Ma, B.; Zhang, C.; Han, X.; Liu, F.; Dong, Y. Reusable Thermal Protection System for Orbital Test Vehicle X-37B. Spacecr.
Eng. 2016, 25, 95–101.

39. He, D.; Ou, D.; Gao, H. Thermal insulation and anti-vibration properties of MoSi_2-based coating on mullite fiber insulation tiles.
Ceram. Int. 2022, 48, 1844–1850. [CrossRef]

40. Shibata, K. Recent inorganic fibrous thermal insulation. Nenryo Kyokai-Shi/J. Fuel Soc. Jpn. 1989, 68, 708–718. [CrossRef]
41. Sun, C.C.; Hu, Z.J.; Li, T.Q.; Zhang, H.B.; Sun, Z.J.; Zhang, Z.G. Preparation and Properties of Ceramic Tiles for Heat Insulation.

Mater. Sci. Forum 2007, 546–549, 2157–2162. [CrossRef]
42. Wang, Y.; Wang, Z.; Ye, H. Optimization of geometric parameters for planar array thermal insulation tiles. Spacecr. Environ. Eng.

2019, 36, 223–228. [CrossRef]
43. Sun, J.; Hu, Z.; Sun, C.; Wang, X. Fibrous Ceramic Tiles for Ultrahigh Temperature Thermal Insulation. In Proceedings of the 64th

International Astronautical Congress, Beijing, China, 23–27 September 2013.
44. Guan, C.; Li, Y.; He, X. Research Status of Structures and Materials for Reusable TPS. Aerosp. Mater. Technol. 2003, 6, 7–11.
45. Schmidt, R.P. Aircraft thermal protection system:US19950418104. US5560569A. Available online: https://www.freepatentsonline.

com/5560569.pdf (accessed on 23 March 2025).
46. Moslehy, F.A.; Mueller, S.A.; Davis, R.M. Application of laser-based methods and finite element analysis to bond verfication of

space shuttle tiles. In Industrial Optical Sensing and Metrology: Applications and Integration; SPIE: Bellingham, WA, USA, 1993;
pp. 26–35.

47. Cleland, J.; Iannetti, F. Thermal Protection System of the Space Shuttle; NASA: Washington, DC, USA, 1989.
48. Cooper, P.A.; Holloway, P.F. The Shuttle tile story. Astronaut. Aeronaut. 1981, 19, 24–34.
49. Walker, J.D. From Columbia to Discovery: Understanding the impact threat to the space shuttle. Int. J. Impact Eng. 2009, 36,

303–317. [CrossRef]
50. Williams, J.G. Structural Tests on Space Shuttle Thermal Protection System Constructed with Non-Densified and Densified LF900 and

LF2200 Tile: NASA/TM-1981-81903; NASA: Washington, DC, USA, 1981.
51. Frosch, R.A.; Leiser, D.B.; Goldstein, H.E.; Smith, M. Fibrous refractory composite insulation: US19780940688. US4148962A. Available

online: https://www.freepatentsonline.com/4148962.pdf (accessed on 23 March 2025).
52. Smith, M.; Leiser, D.; Goldstein, H. Alumina-Enhanced Thermal Barrier: NASA/ARC-1989-12135; NASA: Washington, DC, USA, 1989.
53. Heng, V.; Hinkle, K.A.; Santos, M.A. Rigid Insulation and Method of Producing Same. U.S. Patent 6716782B2, 6 April 2004.
54. Frosch, R.A.; Leiser, D.B.; Goldstein, H.E.; Smith, M. Fibrous Refractory Composite Insulation. U.S. Patent 4148962A,

8 September 1978.

https://doi.org/10.2514/1.A32635
https://doi.org/10.1109/MSPEC.2010.5434834
https://doi.org/10.2514/6.2001-1909
https://doi.org/10.1016/j.ceramint.2021.09.267
https://doi.org/10.3775/jie.68.8_708
https://doi.org/10.4028/www.scientific.net/MSF.546-549.2157
https://doi.org/10.12126/see.2019.03.004
https://www.freepatentsonline.com/5560569.pdf
https://www.freepatentsonline.com/5560569.pdf
https://doi.org/10.1016/j.ijimpeng.2007.12.013
https://www.freepatentsonline.com/4148962.pdf


Materials 2025, 18, 2383 17 of 18

55. Strauss, E.; Johnson, C.; Graese, R.W.; Campbell, R. Producibility of fibrous refractory composite insulation, FRCI 40-20. Ceram.
Eng. Sci. Proc. 1983, 4, 611–623.

56. Leiser, D.B.; Smith, M.; Stewart, D. A.Options for improving rigidized ceramic heatshields. Ceram. Eng. Sci. Proc. 1985, 6, 757–768.
57. Wang, S.; Su, X.L.; Zheng, W.J.; Yang, F.; Li, H.; Zou, W. Study on preparation of SiO2/PTFE aerogel-like materials via atmospheric

drying and their thermal insulation performance. J. Sol-Gel Sci. Technol. 2024, 109, 204–214. [CrossRef]
58. Liu, C.; Wang, B.; Zhang, J.; Chen, M.; Liu, Q. Short-cut polyisophthaloyl metaphenylene diamine fiber reinforced polyimide

aerogel composites for improving thermal insulation and mechanical performance. J. Appl. Polym. Sci. 2024, 141, e55950.
[CrossRef]

59. Zhao, K. Study on Thermal Insulation Performance of Silica Aerogel Thermal Insulation Blankets. Gels 2024, 10, 707. [CrossRef]
[PubMed]

60. Zhang, X.; Yang, L.; Han, S.; Dong, S.; Chen, G.; Liu, J. Multifunctional mullite fiber reinforced SiBCN ceramic aerogel with
excellent microwave absorption and thermal insulation performance. Ceram. Int. 2024, 50, 35145–35153. [CrossRef]

61. Cha, J.; Kim, S.; Park, K.W.; Dong, R.L.; Kim, S. Improvement of window thermal performance using aerogel insulation film for
building energy saving. J. Therm. Anal. Calorim. 2014, 116, 219–224. [CrossRef]

62. Kistler, S.S. Coherent Expanded-Aerogels. J. Phys. Chem. 1931, 36, 52–64. [CrossRef]
63. Teichner, S.J.; Nicolaon, G.A.; Vicarini, M.A.; Gardes, G.E.E. Inorganic oxide aerogels. Adv. Colloid Interface Sci. 1976, 5, 245–273.

[CrossRef]
64. Pei, Y.; Zhang, W.; Li, W.; Liu, Y.; Lei, C.; Zhang, E.; Zhang, H. Research status and application prospect of aerogels in the

aerospace field. Aerosp. Technol. 2022, 1, 64–73.
65. Deng, Z.; Wang, J.; Wu, A.; Shen, J.; Zhou, B. High strength SiO2 aerogel insulation. J. Non-Cryst. Solids 1998, 225, 101–104.

[CrossRef]
66. Kuchta, L.; Fajnor, V.Š. About the synthesis and thermal stability of SiO2-aerogel. J. Therm. Anal. 1996, 46, 515–520. [CrossRef]
67. Jo, M.H.; Hong, J.K.; Park, H.H.; Kim, J.J.; Hyun, S.H. Evaluation of SiO2 aerogel thin film with ultra low dielectric constant as an

intermetal dielectric. Microelectron. Eng. 1997, 33, 343–348. [CrossRef]
68. Lagamba, L.; Iommi, R.; Wojtsekhowski, B. Test and Development of a Cherenkov di Usion Detector Prototype Using

Airglass Aerogel at TJNAF. 2000. Available online: https://www.semanticscholar.org/paper/Test-and-development-of-a-
Cherenkov-di-usion-using-Lagamba-Iommi/e9410317f547c68fc698dcdf276ddc283c7077b8?utm_source=direct_link (accessed on
23 March 2025).

69. Tsou, P. Silica aerogel captures cosmic dust intact. J. Non-Cryst. Solids 1995, 186, 415–427. [CrossRef]
70. Hasan, M.A.; Sangashetty, R.; Esther, A.C.M.; Patil, S.B.; Sherikar, B.N.; Dey, A. Prospect of Thermal Insulation by Silica Aerogel:

A Brief Review. J. Inst. Eng. 2017, 98, 297–304. [CrossRef]
71. Rashid, A.B.; Shishir, S.I.; Mahfuz, A.; Hossain, T.; Hoque, E. Silica Aerogel: Synthesis, Characterization, Applications, and Recent

Advancements. Part. Part. Syst. Charact. 2023, 40, 2200186. [CrossRef]
72. Shi, B.; Zhou, Z.; Chen, Y.; Wang, X.; Xu, B. Preparation and properties of hydrophobic and highly transparent SiO2 aerogels.

Ceram. Int. 2023, 49, 27597–27603. [CrossRef]
73. Chen, M.Z.; Dasanayake, A.; Deb, R.; Deb, V.; Zhao, E. Aerogel Composites: Historical and Novel Synthesis Methods and Applications;

IEEE: Piscataway, NJ, USA, 2020.
74. Fomitchev, D.V.; Trifu, R.; Gould, G. Fiber Reinforced Silica Aerogel Composites: Thermal Insulation for High-Temperature

Applications. In Proceedings of the Ninth Biennial Conference on Engineering, Construction, and Operations in Challenging
Environments, Houston, TX, USA, 7–10 March 2004.

75. Yin, Z.; Liu, Y.; Lei, N. Characteristics of SiO2 Aerogel and Its Applications on Sandwich Structure Radome. Aerosp. Manuf.
Technol. 2013, 2, 1–4.

76. Fesmire, J.E. Aerogel insulation systems for space launch applications. Cryogenics 2006, 46, 111–117. [CrossRef]
77. Glavin, D.P.; Dworkin, J.P.; Sandford, S.A. Detection of cometary amines in samples returned by Stardust. Meteorit. Planet. Sci.

2010, 43, 399–413. [CrossRef]
78. Feng, J.; Gao, Q.F.; Feng, J.Z.; Jiang, Y.Z. Preparation and properties of fiber reinforced SiO2 aerogel insulation composites. J. Natl.

Univ. Def. Technol. 2010, 32, 40–44.
79. Cai, H.; Jiang, Y.; Feng, J.; Zhang, S.; Feng, J. Preparation of silica aerogels with high temperature resistance and low thermal

conductivity by monodispersed silica sol. Mater. Des. 2020, 191, 108640. [CrossRef]
80. Cai, H.; Jiang, Y.; Chen, Q.; Zhang, S.; Li, L.; Feng, J.; Feng, J. Sintering behavior of SiO2 aerogel composites reinforced by mullite

fibers via in-situ rapid heating TEM observations. J. Eur. Ceram. Soc. 2020, 40, 127–135. [CrossRef]
81. Luo, K.; Jiang, Y.; Feng, J.; Feng, J. Research Progress in Improving the Heat Resistance of SiO2 Aerogel. J. Synth. Cryst. 2016, 45,

2389–2393.
82. Pakharukova, V.P.; Shalygin, A.S.; Gerasimov, E.Y.; Tsybulya, S.; Martyanov, O. Structure and morphology evolution of silica-

modified pseudoboehmite aerogels during heat treatment. J. Solid State Chem. 2016, 233, 294–302. [CrossRef]

https://doi.org/10.1007/s10971-023-06261-0
https://doi.org/10.1002/app.55950
https://doi.org/10.3390/gels10110707
https://www.ncbi.nlm.nih.gov/pubmed/39590063
https://doi.org/10.1016/j.ceramint.2024.06.321
https://doi.org/10.1007/s10973-013-3521-5
https://doi.org/10.1021/j150331a003
https://doi.org/10.1016/0001-8686(76)80004-8
https://doi.org/10.1016/S0022-3093(98)00106-9
https://doi.org/10.1007/BF02135029
https://doi.org/10.1016/S0167-9317(96)00063-9
https://www.semanticscholar.org/paper/Test-and-development-of-a-Cherenkov-di-usion-using-Lagamba-Iommi/e9410317f547c68fc698dcdf276ddc283c7077b8?utm_source=direct_link
https://www.semanticscholar.org/paper/Test-and-development-of-a-Cherenkov-di-usion-using-Lagamba-Iommi/e9410317f547c68fc698dcdf276ddc283c7077b8?utm_source=direct_link
https://doi.org/10.1016/0022-3093(95)00065-8
https://doi.org/10.1007/s40033-017-0136-1
https://doi.org/10.1002/ppsc.202200186
https://doi.org/10.1016/j.ceramint.2023.06.040
https://doi.org/10.1016/j.cryogenics.2005.11.007
https://doi.org/10.1111/j.1945-5100.2008.tb00629.x
https://doi.org/10.1016/j.matdes.2020.108640
https://doi.org/10.1016/j.jeurceramsoc.2019.09.014
https://doi.org/10.1016/j.jssc.2015.11.007


Materials 2025, 18, 2383 18 of 18

83. Yu, H.; Jiang, Y.; Lu, Y.; Li, X.; Zhao, H.; Ji, Y.; Wang, M. Quartz fiber reinforced Al2O3-SiO2 aerogel composite with highly thermal
stability by ambient pressure drying. J. Non-Cryst. Solids 2019, 505, 79–86. [CrossRef]

84. Li, H.; Chen, Y.; Wang, P.; Xu, B.; Ma, Y.; Wen, W.; Yang, Y.; Fang, D. Porous carbon-bonded carbon fiber composites impregnated
with SiO2-Al2O3 aerogel with enhanced thermal insulation and mechanical properties. Ceram. Int. 2018, 44, 3484–3487. [CrossRef]

85. Xu, L.; Jiang, Y.; Feng, J.; Feng, J.; Yue, C. Infrared-opacified Al2O3–SiO2 aerogel composites reinforced by SiC-coated mullite
fibers for thermal insulations. Ceram. Int. 2015, 41, 437–442. [CrossRef]

86. Peterson, P. “The Heat-Tight Vessel” Atransport and Storage Vessel for Liquid Oxygen and Liquid Nitrogen; Translation No 1147; Office
of Naval Intelligence, University of Lund: Lund, Sweden, 1951; Volume 12.

87. Feller, J.R.; Johnson, W. Dependence of multi-layer insulation thermal performance on interstitial gas pressure. In Proceedings
of the Advances in Cryogenic Engineering: Transactions of the Cryogenic Engineering Conference-CEC; American Institute of Physics:
College Park, MA, USA, 2012.

88. Stochl, R.J. Multi-Layer Insulation Design Technology for Improved Thermal Performance. Itea J. Test Eval. 2011, 32, 241.
89. Kanda, K.Y.S. Heat transfer through multi-layer insulation (MLI). Physica C Supercond. Its Appl. 2021, 583, 1353799. [CrossRef]
90. Hurd, J.A.; Van Sciver, S.W. Measurements of the Apparent Thermal Conductivity of Multi-Layer Insulation between 20 K and 90

K. In Aip Conference Proceedings; American Institute of Physics: College Park, MA, USA, 2014.
91. Mesforoush, H.; Pakmanesh, M.R.; Esfandiary, H.; Asghari, S.; Baniasadi, E. Experimental and numerical analyses of thermal

performance of a thin-film multi-layer insulation for satellite application. Cryogenics 2019, 102, 77–84. [CrossRef]
92. Silva, D.F.D.; Muraoka, I.; Garcia, E.C. Thermal Control Design Conception of the Amazonia-1 Satellite. J. Aerosp. Technol. Manag.

2014, 6, 169–176. [CrossRef]
93. Cornell, P.A.; Hurwitz, F.I.; Ellis, D.; Shaw, K.; Schmitz, P. Investigation of Insulation Materials for Future Radioisotope Power

Systems (RPS). In Proceedings of the 11th International Energy Conversion Engineering Conference (IECEC), San Jose, CA, USA,
14–17 July 2013.

94. Clarke, E.; Giglio, J.; Wahlquist, K.; Dees, C.; Gates, A.; Birth, J.; Davis, S.; Horkley, B.; Rich, L. Multi-Mission Thermoelectric
Generator Fueling Testing and Integration Operations for Mars 2020. Nucl. Technol. 2022, 208, S11–S17. [CrossRef]

95. Penswick, L.B. A 1050 K Stirling Space Engine Design. Physical Review; NASA: Washington, DC, USA, 1988.
96. Dunlay, J.; Fronduto, J.; Paquin, M.; Poirier, V.; Someren, L.V. Vacuum Foil-Type Thermal Insulation for Radioisotope Power Systems.

Phase I, Final Report, February 8, 1966–August 8, 1967; US Atomic Energy Commission: Germantown, MA, USA, 1968.
97. Thermo Electron Engineering Corp. Zirconia-Foil Compatibility Test. Phase I; Thermal Insulation for Brayton Isotope Power System

(BIPS); Thermo Electron Engineering Corp.: Waltham, MA, USA, 1976.
98. Determan, W.R.; Emmons, J.; Huffman, F.N.; Dunlay, J.; Field, G. MULTI-FOIL thermal insulation for the Dynamic Isotope

Power System. In Proceedings of the 24th Intersociety Energy Conversion Engineering Conference, Washington, DC, USA,
6–11 August 1989.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jnoncrysol.2018.10.039
https://doi.org/10.1016/j.ceramint.2017.11.064
https://doi.org/10.1016/j.ceramint.2014.08.088
https://doi.org/10.1016/j.physc.2020.1353799
https://doi.org/10.1016/j.cryogenics.2019.07.005
https://doi.org/10.5028/jatm.v6i2.320
https://doi.org/10.1080/00295450.2022.2031497

	Introduction 
	Flexible Ceramic Fiber Felts 
	Thermal Insulation Tiles 
	Aerogels 
	Multilayer Insulation System 
	Development and Prospect 
	References

