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Abstract
Space exploration is one of humanity’s most challenging and costly activities. Nevertheless, we continuously strive to venture 
further and more frequently into space. It is vital to make every effort to minimise and mitigate the risks to astronaut safety, 
expand the long-term operation of technologies in space and improve the overall feasibility of space exploration—this calls 
for an assessment of recent advances in materials with applications in space. This review focuses on state-of-the-art materials 
that address challenges, threats and risks experienced during space exploration. Said challenges considered in this review 
include the danger of micro-meteorites, fire in space, space dust, temperature extremes, electromagnetic interference (EMI) 
and the cost associated with space travel. The materials discussed include self-healing polymers, fire and thermally resistant 
materials, materials for thermal management, self-cleaning materials, EMI shielding materials and multifunctional carbon 
fibre composites. Through this catalogue, we seek to inform and suggest the future direction of advancing space exploration 
by selecting innovative materials.
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1 Introduction

Space is perhaps the most unforgiving, uninhabitable, haz-
ardous and costly environment to explore. Without the 
tremendous engineering efforts of the space race, which 
commenced in the 1950s, space exploration would not be 
possible due to the unique challenges experienced during 
space travel. Yet despite said efforts, space still poses many 
risks to astronaut safety and mission success. Whilst much 

work was conducted to develop novel functional materials 
for mitigating the challenges of space—the advent of Tef-
lon being a well-known example—largely, materials that 
were already commercially available were repurposed or 
modified for a given application. Nowadays, materials are 
being designed and engineered specifically to solve chal-
lenges experienced in spacecraft engineering and explora-
tion. Concurrently, materials science (nanomaterials science 
in particular) is a booming field of research. Researchers 
are now developing advanced materials with superb func-
tionalities and, in many instances, even multifunctional-
ity. This is increasingly facilitating the potential for safer, 
more economical, feasible and durable spacecraft and space 
exploration missions—the Overton window is poised for the 
fruition of the next generation of spacecraft. The question 
then remains to be, what risks can be addressed with the 
so-called emerging advanced materials for spacecraft engi-
neering and exploration, what are these materials and how 
can these materials be utilised in spacecraft engineering to 
mitigate the risks and hazards of space exploration?

One of the largest risks in space is the possibility of high-
velocity impacts from space debris or micro-meteoroids. 
These objects can travel at velocities of 42 km  s−1 and can 
tear apart spacecraft upon impact, causing air leaks and 
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threatening astronaut safety, spacecraft longevity and mis-
sion success. Near-Earth orbit is riddled with these objects; 
approximately 27,000 10-cm or larger objects have been 
detected. The Union of Concerned Scientists states that 
3372 active satellites orbit Earth [1]. As this number will 
soon significantly rise, scientists must seek novel solutions 
to mitigate the threat of high-velocity impacts. The recent 
Canadarm2 incident, where an unknown object smashed 
into a robotic arm, highlights the growing threat of orbital 
debris, spent rocket parts and other wayward objects. Space-
craft are therefore logically engineered from mechanically 
robust materials to protect the spacecraft from high-velocity 
impacts. But since the shear impact velocity of small objects 
in near-Earth orbit can be 10,000 times faster than the muz-
zle velocity of bullets, engineering materials that can with-
stand such impacts is an incredible challenge. Ergo, rather 
than engineering materials that can withstand such impacts, 
scientists are instead developing materials that can repair 
automatically in the event of an impact, so-called self-heal-
ing materials [2, 3]. In addition to the threat of high-velocity 
impacts, self-healing materials are also being explored to 
address damages incurred to spacecraft components due to 
atomic oxygen, vacuum ultraviolet radiation and extreme 
temperatures so that spacecraft are safer, have improved lon-
gevity and are more economical.

Fire is extremely hazardous in the best of conditions, but 
in space, the threat of fire is amplified. If a fire occurs in 
space, the cabin is rich in oxygen which quickens the propa-
gation of the fire. Once a fire is out of control, there is virtu-
ally no escape. In conjunction, spacecraft are abundant with 
sensitive electronics, circuits and wiring harnesses which are 
critical to the operation of the spacecraft and the onboard 
astronaut life support system. If a fire occurs, these systems 
can be damaged, posing a threat to astronauts even if the 
fire is extinguished. The causes of fires in space generally 
stem from atmospheric friction, electrical and heating over-
load and ignition of waste. All these causes are difficult to 
eliminate. As such, space materials must be fire-retardant 
and thermally resistant [4–6]. This way, if in the unlikely 
case, a fire does break out, and the materials of and inside 
the spacecraft do not propagate the flame.

Space dust is another serious challenge for space explo-
ration [7]. During extravehicular explorations of the lunar 
and Martian surfaces, dust may deposit onto the astronaut’s 
suits. This dust may later be dislodged once the astronaut 
has returned to the cabin. Inhalation of lunar dust has been 
shown to cause chronic respiratory problems, and there 
is good reason to suspect the same would occur for Mar-
tian dust. The constant bombardment by cosmic rays cou-
pled with the presence of iron in lunar and Martian rego-
lith results in the dust becoming electrostatically charged 
which exacerbates the challenge of space dust since it is 
statically attracted to virtually all materials. It is also highly 

abrasive so once deposited onto a given material, space dust 
is extremely damaging. Finally, the deposition of dust onto 
solar panels significantly diminishes solar power conver-
sion—a vital energy source in space. Currently, NASA is 
attempting to save the InSight Mars rover since its solar pan-
els have been coated in dust, and without its solar panels 
being operational, the rover cannot continue to function. It 
is critical to develop materials/technologies that can either 
actively remove/repel the dust or to develop materials where 
the dust cannot adhere to the surface, virtually sliding off the 
material’s surfaces. These kinds of materials/technologies 
are so-called self-cleaning [8–10]. Much work is being and 
has been undertaken over the past decade to understand how 
these materials and technologies can be utilised in spacecraft 
and the exploration of space to mitigate the risks and chal-
lenges of space dust.

Beyond low-Earth orbit, electromagnetic radiation inter-
feres with and causes damage to equipment [11, 12]. In 
particular, electromagnetic interference (EMI) can inter-
fere with spacecraft navigation systems. The enormity of 
space means functional navigation systems are paramount. 
EMI also poses the threat to astronauts’ health of radia-
tion sickness and a high risk of cancer. Electromagnetic 
radiation is ubiquitous in space due to the uniformity of 
the cosmic microwave background; it cannot be avoided. 
Electromagnetic radiation can be shielded using electron-
dense materials. Many materials are electron-dense, such 
as metals. However, the cost and amount of rocket fuel 
required for space travel are significant. Therefore, metal-
based EMI shields are not practical or feasible. Addition-
ally, there are technical issues with metallic-based EMI 
shields stemming from the reflection-dominated shielding 
mechanism. The challenge then becomes understanding 
how effective absorption-dominated EMI shielding can be 
achieved without significantly adding mass to the space-
craft. Several lightweight materials and nanomaterial com-
posites have now been identified for their exceptional EMI 
shielding properties, and researchers are now expanding 
their knowledge of how these materials can be improved 
and integrated into spacecraft engineering [13, 14].

In space, spacecraft come in intermittent exposure to 
the sun’s heat, affecting the material’s dimensional stabil-
ity. During thermal cycling, materials expand against high 
temperatures (Steller light) and contract at low temperatures 
(Shadows). This thermal abruption comprises the mechani-
cal performance, generating cracks in structures and leading 
to delamination. In addition, upon leaving and re-entering 
Earth incredibly, high temperatures are generated due to the 
friction of Earth’s atmosphere on the spacecraft body as it 
moves through the atmosphere at high speeds. Spacecraft 
must therefore be capable of withstanding and dissipating 
thermal energy. But in addition to managing the extreme 
thermal energy gradients impinged upon the spacecraft 
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during travel, vast amounts of thermal energy are also pro-
duced from inside the spacecraft. The densely packed elec-
trical systems, as well as the astronauts themselves, produce 
thermal energy. Without managing this thermal energy in 
some fashion, the temperature inside the spacecraft cabin 
would become unbearable to occupy. Thermal energy must 
therefore be managed both internally and externally, con-
cerning the spacecraft cabin. This classically involved the 
combination of highly thermally conductive and highly 
thermally insulating materials to prohibit the penetration of 
thermal energy into the spacecraft cabin and refrigeration 
systems for managing thermal energy on the inside of the 
spacecraft. Recently, however, the boom in nanomaterials 
has enabled much progress in exploring and understanding 
how thermal energy in spacecraft can be better controlled, 
dissipated and managed using advanced active and passive 
thermal management materials/technologies [15, 16].

In addition to the hazards and risks of space exploration, 
one of the largest challenges and hindrances is the cost. 
Without debate, the spacecraft, equipment, training and 
mission crew cost large sums of money. But one of the larg-
est costs of space travel is rocket fuel. It costs around USD 
10,000  kg−1 to reach near-Earth orbit due to the high price of 
rocket fuel and the immense amount of fuel required to over-
come Earth’s gravitational pull. Whilst this is a high price, 
it is but a fraction of the previous cost (USD ~ 30,000  kg−1). 
The magnitude of this price reduction suggests it is unlikely 
that such a significant cost reduction will occur again some-
time soon. The way to reduce the cost of space travel is 
therefore to reduce the mass of the spacecraft. Primarily, 
researchers are exploring how the weight of spacecraft can 
be reduced by engineering multifunctional structural com-
posites. This field of research aims to engineer a material 
that can act as a structural component on the spacecraft, such 
as the hull, whilst also simultaneously acting as an additional 
component on the spacecraft, such as a battery [17]. By ful-
filling two functions with a single component, the mass of 
the spacecraft can be reduced and therefore so too can the 
cost associated with space travel. Researchers are currently 
working intensively in this area to realise effective and reli-
able multifunctional structural composites.

Mono-functional properties, traditional manufacturing 
styles and conventional engineering materials are inadequate 
to negate the serious safety concerns for astronauts and the 
challenges posed to space missions. These concerns and 
challenges have limited the expanse of space exploration 
[18, 19]. Therefore, the focus of the scientific community 
has shifted towards developing hybrid technologies, multi-
functional capabilities and self-repairable materials, guided 
by advanced computational material modelling. The scope 
of this review herein provides the most prestigious and latest 
insights into state-of-the-art emerging materials with use, or 
potential use, in applications for space missions [20–22]. As 

such, we skew the focus of our review on, but not be exclu-
sive to, emerging materials for space applications found in 
the literature within the last 5 years.

2  Self‑healing materials for space application

Space exploration and interplanetary colonisation require 
long-lasting, extremely reliable and self-adaptable space 
materials which can repair autonomously if spacecraft 
systems and structures are damaged. Conventionally engi-
neered materials used in space applications are vulnerable to 
mechanical, thermal, UV and chemical damage. The inher-
ent degradation of spacecraft components through repeated 
use must be addressed. For example, electrical wiring is 
prone to a degradation phenomenon known as electrical tree-
ing, and carbon fibre composites are prone to failure due to 
repeated mechanical loads. The distal positioning of space-
craft from Earth means that repairing damaged components 
is challenging. These damaging factors limit the lifespan 
of spacecraft components. As a result, spare parts must be 
carried by spacecraft, occupying storage space and adding 
to the mass of the payload. However, self-healing materials 
can repair damage autonomously, extending the lifespan and 
reducing the payload by omitting the need for spare parts. 
Developing self-healing materials for spacecraft can lead to 
the realisation of safe and reliable space structures (space 
suits, optical surfaces, liquid-propellant containers and pro-
tective coatings), opening the possibility for longer-duration 
missions [23, 24]. Spacecraft must withstand high radiation 
levels, extreme temperatures and the vacuum of space [25]. 
But in particular, spacecraft should be equipped to recover 
from high-velocity impacts from sharp foreign objects and 
micro-meteoroids as these impacts may lead to catastrophic 
failures or gas leaks, endangering the life of astronauts [26]. 
Implementing self-healing materials in spacecraft engineer-
ing would improve the safety, reliability and associated cost 
of space missions by mitigating the risks to astronauts posed 
by the challenging environment of space and by reducing the 
necessity for part replacement [27].

2.1  Self‑healing polymers

Self-healing polymers are categorized as either extrinsic 
or intrinsically self-healing. Extrinsic self-healing poly-
mers rely on healing agents, whilst intrinsic self-healing 
polymers rely on the polymer’s chemical functionality and 
molecular structure, as shown in Fig. 1. Healing agents are 
polymerizable compounds, loaded inside microcapsules or 
microvascular networks (containment vessels) and embed-
ded throughout the polymer matrix. Once damage occurs, 
the containment vessels rupture and release the contents into 
the damaged area. Polymerization of these contents allows 
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for self-healing of the damaged area [28]. Epoxy resins have 
many applications in space; naturally, the development of 
self-healing epoxy materials is in high demand. Guo et al. 
[29] reported a self-healing epoxy coating that could readily 
be applied to composites as a protective polymer coating. 
The authors synthesised  SiO2 microcapsules impregnated 
with epoxy resin and a UV photo-initiator. Damage to the 
epoxy coating breaks the  SiO2 microcapsules releasing 
the epoxy resin and photo-initiator into the damaged area 
whilst the omnipresent UV radiation in space triggers the 
polymerization of the resin. Generally, coatings are sensitive 
to humidity and delaminate due to surface condensation. 
However, sensors may assist in responding and recovering 
at right time [30].

UV radiation in space requires that the microcapsules 
for healing agents be composed of a non-UV penetrable 
material, like metal or metalloid oxides. Otherwise, heal-
ing agents are prone to polymerizing before damage occurs, 
inhibiting their healing capability. Li et al. [32] reported the 
synthesis of hybrid  SiO2/ZnO microcapsules loaded with 
UV-curable epoxy resin to yield a self-healing epoxy that 
could maintain its self-healing capability even after 21 days 
of UV radiation. Furthering this work, the same team then 
explored coating  SiO2 microcapsules with polydopamine to 
improve the dispersibility of the healing agents throughout 
the epoxy matrix [33]. Similarly, Zhu et al. [34] reported 
acrylate microcapsules decorated with  TiO2 nanoparticles 
and impregnated with epoxy/siloxane monomers. Here, the 
 TiO2 prevents the core resin from polymerizing by blocking 
UV radiation from reaching the resin. However, once dam-
age occurs, the acrylate microcapsules become exposed to 
UV radiation which causes the degradation of the acrylate 
polymer. This further breaks down the microcapsules, 
improving the release of the resin core.

Another example of the applications for self-healing 
epoxies in space is mitigating the damage to wire insulation 
housing caused by electrical treeing. Gao et al. [35] pro-
duced  SiO2 microcapsule healing agents containing a photo-
curable epoxy resin and embedded them in the electrical 
wiring housing polymer matrix. Additionally, the authors 
also incorporated electroluminescent  TiO2 nanoparticles 
throughout the matrix. Once electrical treeing occurs, the 
microcapsules rupture, releasing the photo-curable epoxy 
resin. When an electrical field passes through the wiring, 
this causes the electroluminescent nanoparticles to fluo-
resce, thereby curing the healant epoxy resin and healing 
the electrical treeing damaged area.

The above-discussed examples of self-healing polymer 
resins are examples of two-part extrinsic self-healing poly-
mers; they are well known for being capable of self-heal-
ing, but are infamously slow, often taking several hours to 
recover. In space, if the debris travelling at high-speed punc-
ture the walls of a spacecraft, this may lead to the rapid and 
catastrophic ejection of oxygen from the cabin. Therefore, 
a situation like a breach of the space shuttle’s wall requires 
immediate and rapid self-healing to stop the catastrophic 
loss of oxygen. White et al. [36] developed a rapid self-
healing two-stage polymer system that progresses from 
liquid to gel and then gels to a polymer. In the first stage, 
damage triggers reactive monomers (gel catalyst and gelator 
initiator) to create the semi-solid scaffold, largely healing the 
damaged area within minutes. In the second stage, complete 
polymerization and crosslinking occur within 3 h to restore 
the mass loss and spatial void completely.

Zavada et al. [2] also proposed a high-speed self-heal-
ing method for space materials. As depicted in Fig. 2, this 
method relies on laminating an oxygen-stimulated resin 
between two structurally supportive layers. The oxygen-rich 

Fig. 1  Schematic illustration of 
a intrinsically and b extrinsi-
cally self-healing polymer 
systems. Reproduced with per-
mission [31] Copyright 2017, 
Advanced Energy Materials
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environment inside the space shuttle acts as an initiator for 
the self-healing mechanism. During the breach of the space 
shuttle’s wall, the resin begins to flow into the damaged 
area. Immediately, the oxygen from inside the spacecraft 
cabin promotes radical-mediated polymerization and starts 
filling the gap created by debris. As the oxygen-stimulated 
polymerization proceeds, the viscosity of the reactive heal-
ant liquid increases until the damaged area is filled with 
solid polymer, acting like a plug for the breached area. In 
summary, oxygen-stimulated self-healing approaches are 
suitable for self-healing space materials owing to the speed 
at which they can heal damaged areas. Because the oxygen 
in the cabin environment immediately reacts with the heal-
ant resin, oxygen-stimulated self-healing polymer resins can 
self-heal within seconds, compared to conventional self-
healing methods which take several hours to heal.

In addition to physical damage, self-healing polymers can 
enhance spacecraft longevity by mitigating damage from 
atomic oxygen (AO). Many polymers used in space appli-
cations, including polyimides, are susceptible to AO-induced 
degradation. This causes nano/micro-cracking which then 
propagates into complete macroscale cracking. Lei et al. [37] 
reported the synthesis of an extrinsically self-healing poly-
imide/polysiloxane blend. Oxidation of this film converts 
the polysiloxane into  SiO2 at the sight of AO damage. As 
such, this forms an epidermal film of  SiO2. The  SiO2 serves 
two purposes: (1)  SiO2 is resistant to oxidation, forming a 
protective layer for the bulk material, and (2)  SiO2 forms a 
solid material that can fill the damaged area.

Aromatic polyamides are often the first choice for insulat-
ing materials used in space. Kapton (a patented commercial-
ized polyimide) is used for wire insulation due to its excellent 
thermal stability and mechanical and electrical properties. 
However, aromatic polyamides become more rigid with age 
and become vulnerable to crack propagation due to orbital 
debris, friction, heat and electrical treeing. For example, dur-
ing the take-off of the Space Shuttle mission STS-93, an elec-
trical short was the cause of losing primary engine control. 
Inflatable structures such as habitats also risk damage and 
puncture from orbital debris, micro-meteoroids and sensitive 
equipment. In such places, self-healing inflatable structures 
are a high priority to avoid the loss of atmospheric gas.

Jolley et al. [38] developed self-healing materials based 
on low-melt polyimide, polyurea and polyurethane chemis-
try, to deliver self-healing properties to electrical wires in 
space using three different approaches. They demonstrated 
the self-healing of a polyimide film by showing the closure 
of the cut, 10 mm in thickness, over time. One approach uses 
low-melt, high-performance polyimide films that exhibit 
flow at relatively low temperatures. When cut or damaged 
and at temperatures above 23 °C, the low-melt polyimide 
is free to flow into the damaged area, filling the void and 
healing the damaged area. The second approach is based on 
classical extrinsic self-healing polymer technology where 
microcapsules containing self-healing agents, when broken, 
release a healant to fill the generated crack or cut. Addition-
ally, microcapsules containing volatile solvents are prepared 
using in situ polymerization or intra-facial techniques. These 
capsules are then integrated into polyamides and used for 
electrical wire housing. When a wire is cut or damaged, the 
capsule breaks and releases the volatile solvent, partially dis-
solving the polyamide to fill the cut or damaged area. After 
some time, the solvent evaporates, leaving behind a solid 
polymer. The developed low-melt polyimide polymer has a 
melting temperature range from 70 to 300 °C.

Intrinsic self-healing polymers rely on the polymers’ 
chemical functionality and molecular structure; ergo, their 
healing mechanisms rely on chain mobility. This decreases at 
low temperatures; hence, intrinsic self-healing polymers find 
fewer applications in space. Nevertheless, there are reported 
intrinsic self-healing polymers that can effectively function 
in the colder temperatures of space. For example, Wang et al. 
[39] reported an AO-resistant intrinsic self-healing supramo-
lecular polymer. The authors realised a siloxane polymer func-
tionalized with hydrogen bonding 2-ureido-4-pyrimidone. 
The amine and ketone, functional groups on the 2-ureido-
4-pyrimidone, allowed for intrinsic hydrogen bonding–based 
self-healing. At the same time, the siloxane component of the 
polymer allowed for the formation of a protective epidermal 
 SiO2 coating upon oxidation. Once cracks formed in this poly-
mer due to AO degradation,  SiO2 formed over the damaged 
area, protecting the bulk of the polymer from further dam-
age. At the same time, the intrinsic self-healing functionality 
meant the bulk polymer material could heal any cracks that 

Fig. 2  Rapid self-healing of a 
punctured plate where oxygen 
immediately initiates reaction 
as soon as projectile penetrates 
the plate. Reproduced with 
permission [2] Copyright year, 
publisher, American Chemical 
Society, 2015



 Advanced Composites and Hybrid Materials (2023) 6:130

1 3

130 Page 6 of 37

may have propagated because of the initial AO-induced crack-
ing. The intrinsic self-healing was initiated at temperatures as 
low as 80 °C.

Both extrinsic and intrinsic self-healing polymers have 
their limitations. In the case of extrinsic self-healing poly-
mers, they are limited by the capability only to heal once. 
For example, suppose cracks or punctures occur in a space-
craft structure due to the impact of micro-meteoroids; the 
self-healing microcapsules, impregnated into the spacecraft 
structure, break and heal the gap or damaged area. If a sec-
ond impact occurs in the same region, the healants have 
already been consumed during the healing process for the 
first impact and are thus one-time healing limited. Future 
research is required to understand how this limitation can 
be overcome. In the case of intrinsic self-healing polymers, 
they are limited to only healing small cracks. For instance, 
if micro-meteoroids strike the surface of a spacecraft 
structure and generate significant gaps and global cracks, 
intrinsic self-healing polymers rely on the polymer chains 
being in close proximity to one another so that they can 
form supramolecular bonds. Therefore, intrinsic self-healing 
polymers are not useful for healing such damages. Again, 
future research is a necessity to overcome this limitation. 
However, there may be some potential in including shape 
memory materials in intrinsic self-healing polymers. The 
shape memory materials can mechanically pull the edges 
of the damaged area together, thereby improving the size 
of the damaged area an intrinsic self-healing polymer can 
potentially heal.

2.2  Self‑healing composites

Composite technology is ubiquitous in modern spacecraft 
engineering. The weight:strength ratio offered by carbon 
fibre–reinforced polymer composites is unmatched by any 
other material. However, like all materials in space, com-
posites experience extreme conditions. The immense ther-
mal expansion and contraction, coupled with the extreme 
mechanical loads that spacecraft composites bear, can 
delaminate the polymer resin from the reinforcement fibres. 
Carbon fibre composites with microcapsule healing agents 
can recover up to 56% of their fracture toughness after 
24 h of healing time. They can arrest crack formation up to 
150,000 load cycles, compared to just 62,000 times in new 
non-self-healing composites. Hence, self-healing composites 
are quickly becoming a demanded technology for the space 
sector [28]. Embedding functional polymers into traditional 
composite materials can repair the damages and cracks and 
even recover the properties close to the original level. There 
are different healing mechanics based on the nature of self-
healing material [40]. Recently, much excitement has grown 
from the prospect of using carbon nanomaterials such as car-
bon nanotubes (CNTs) to improve the mechanical properties 

of the resin matrix in carbon fibre composites. Similarly, 
research is now emerging in self-healing composites where 
CNTs are being incorporated into microvascular and micro-
capsular healing agents to improve the mechanical strength 
and robustness of the healed area. Liu et al. [41] reported the 
self-healing and antifouling of a composite material. They 
prepared composite samples using polyurethane/fluorinated 
polysiloxane–microcapsules–silica resin embedded with 
IPDI@PGMAm/GO microcapsules and nano-SiO2 particles. 
The sample was cut in the radial direction to investigate the 
healing efficiency. The healing process was performed at 
65 °C for 30 min. The results showed that the tensile strength 
and elongation at break improved up to 92.21% and 94.35% 
of the original sample, respectively. The morphology of the 
cut area exhibited the damage was well repaired.

Aissa et al. [42] 3D printed a two-part microvascular 
healing agent lattice impregnated with a ruthenium-based 
catalyst (Grubb’s catalyst), CNTs and a polymerizable epoxy 
monomer. Damage to the composite ruptured the healing 
agent lattice, releasing the constituents into the damaged 
area. The composite could self-heal at temperatures as low 
as −15 °C in as little as 100 min, and in less than a minute 
at temperatures surpassing 40 °C. A similar approach, only 
using microcapsules instead of a microvascular network, 
was reported by Zamal et al. [3]. Impressively, the inclu-
sion of CNTs into the healing agents allowed the composite 
to regain 97% of its mechanical fracture strength compared 
to just 39% for the CNT-free self-healing composite.

Intrinsic self-healing composites are also possible. 
Feng and Li [43] reported a carbon fibre composite where 
the epoxy resin could undergo dynamic covalent bond 
exchange through transesterification. The resin was com-
posed of a thermoset polyethene-imide (PEI) and a digly-
cidyl 1,2-cyclohexane-dicarboxylate (DCN) curing agent. 
The PEI’s tertiary amines acted as an internal catalyst for 
the transesterification between the peptide and ester bonds 
formed between reacted PEI and DCN. The system was 
capable of undergoing bond exchange at room tempera-
ture. It could regain up to 85% of its mechanical properties 
after 64 h of healing at room temperature after the damage 
occurred. Putnam-Neeb et al. [44] studied the self-healing 
of soft and stiff epoxy thermosets. The authors introduced 
dynamic bonds by incorporating silanolate-functionalized 
oligosiloxane into a soft crosslinker (1,4-butanediol digly-
cidyl ether) and a stiff crosslinker (diglycidyl ether bisphe-
nol A), at 40 wt%, 60 wt% or 80 wt% concentrations. The 
results showed that out of these epoxy crosslinking ratios, a 
workable epoxy network could not be formulated. Among 
these ratios, 60 wt% appeared as the optimised ratio for the 
study. The authors found that the self-healing efficiency of 
a soft epoxy thermoset was better than stiff epoxy thermoset 
which exhibited ~ 90% tensile strength of the virgin sample. 
The soft epoxy network at 60 wt% increased the Tg value 
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(11 °C), tensile strength (3.9 MPa) and strain at break (29%). 
Another researcher, Fang Chen, along with his team, devel-
oped thermally conductive glass fibre–reinforced epoxy 
composite intrinsic self-healing capability [45]. They used 
a dual-coating method using DMY-functionalized hexagonal 
boron nitride (h-BN) micro-sheets and Diels–Alder (DA) 
reversible bond–crosslinked epoxy to investigate the ther-
mal, mechanical and self-healing properties. The DA revers-
ible bond–crosslinked epoxy networks played the role of a 
matrix with recovery capabilities. However, the results indi-
cated that the built-in DA bonds restored the tensile strength 
of 70 ~ 85% and the thermal conductivity of 62 ~ 89% which 
makes it a suitable material for electrical insulation applica-
tions. However, both properties were already compromised 
whilst introducing the Teflon implant in the pre-damaged 
sample. The artificial crack did not allow heat conductivity 
through the thickness of the sample during the curing of a 
sample. Generally, such self-healing by reversible covalent 
bonding requires external sources like heat, pH and light. 
However, Liu et al. [46] introduced a different approach to 
the self-healing of a composite substrate at room tempera-
ture by introducing borate-based dynamic covalent bonds. 
They developed crosslinked polymer (CLP) boroxine/water-
borne polyurethane composite leather coating which starts 
the self-healing process immediately after being exposed to 
water. The results indicated that the self-healing efficiency 
increased with an increase of CLP-boroxine. It reached up 
to 93.6% after 4 h of self-healing at room temperature when 
CLP-boroxine is 15%. CLP-boroxine has molecular chain 
flexibility; however, the rapid self-healing rate is concur-
rently due to hydrogen bonding between waterborne polyu-
rethane and CLP-boroxine.

Self-healing hollow fibre composites are one of the most 
exciting prospects to emerge from self-healing composites. 
Madara et al. [47] reported that hollow glass fibres, impreg-
nated with healing agents, could be woven into carbon fibre 
weaves to fabricate carbon fibre/glass fibre composites. The 
hollow glass fibres would break upon the damage, supply-
ing the polymerizable epoxy resin to the damaged area. The 
appeal of this approach is as follows: using glass fibres as 
the vessels for the polymerizable resin serves both as heal-
ing agents and reinforcements for the composite. In addi-
tion, because the glass fibres are so long, they can store a 
large amount of resin, allowing for the healing of large areas 
of damage. This approach yielded a composite that could 
regain up to 92% of its mechanical strength, an exceptionally 
high healing efficiency for a self-healing composite where 
the resin is not yet infused with CNTs. Incorporating materi-
als like CNTs or graphene into the resin is a naturally logical 
procession for this technology with tremendous prospects. 
A similar approach was followed by Sun and his research 
team [48]. They investigated the self-healing performance 
of the composite materials embedded with metal/polymer 

microcapsules. They used hollow shells filled with a low 
molecular weight chemical. The metal microcapsules were 
fabricated through a chemical plating technique. They pro-
posed self-lubricating mechanics with microcapsules filled 
with isocyanate. As the load was applied to the composite 
material, the microcapsules broke and released isocyanate 
to lubricate the area under friction. The results indicated that 
the 10 wt% polymer microcapsules decreased the friction by 
over 80% under a range of loads, whereas 10 wt% of metal 
microcapsules decreased by less than 10%. Traditionally, 
weak shells result in poor strength of composites. However, 
metal microcapsules showed higher strength of composite 
materials compared to polymer microcapsules.

2.3  Self‑healing metals and ceramics

Metals and ceramic materials play a critical role in space-
craft engineering. Any self-healing mechanism requires 
either molecular or atomic mobility. This mobility (dislo-
cation movement) in polycrystalline structures can be var-
ied easily by grain boundary, whereas these variations in 
dislocation motion and grain boundary are sensitive to the 
temperature. Zhao et al. [49] studied the interaction mecha-
nism between grain boundaries and dislocation in nano poly-
crystalline composites. The results indicated that the rise 
in temperature increases the velocity of dislocation motion. 
They observed that high temperature decreases energy 
consumption and the change of energy. The temperature 
needed for metals and ceramics flow is much greater than 
that for polymers. Ergo, self-healing metals and ceramics 
are non-trivial. Nevertheless, several creative solutions to 
this challenge have been reported. Metal–matrix composites 
(MMCs) offer an innovative way of achieving self-healing 
metallic materials. MMCs are composed of a bulk solid 
metallic phase blended with a low-melt eutectic phase. Upon 
heating, the eutectic phase melts and flows into the dam-
aged area. Fisher et al. [50] reported a self-healing antimony/
copper alloy blended with a zinc eutectic phase. After the 
damage to the MMC occurred, heating allowed zinc to flow 
into the damaged area. Next, in the presence of oxygen, zinc 
could react to form ZnO. ZnO has a higher melting point 
than pure zinc, and as such, the reaction of zinc into ZnO 
results in a solid deposition of ZnO into the damaged area. 
Another exciting capability for MMCs is to dope them with 
shape memory alloy (SMA) wires. Fisher et al. [51] dem-
onstrated that including SMA wires in MMCs can increase 
the size of the damaged area that can be healed. The healing 
mechanism proceeds as follows: as the MMC is heated, the 
actuation of the SMA wires is triggered, effectively pulling 
the edges of the damaged area towards one another. Simul-
taneously, the eutectic phase is melted and flows into the 
damaged area. The limitation of the MMCs’ self-healing 
mechanism is that the edges of the damaged area must be 
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proximal. This limitation is somewhat overcome by pulling 
these edges together with SMA wires. Other SMA materi-
als, for example nickel–titanium and Heusler alloys, may 
have also shape memory effects. Nambiar and his team 
[52] studied the microstructure and mechanical properties 
of annealed quinary Ni-Mn-Sn-Fe-In Heusler alloys. They 
increased the compressive strength of the alloy from 380 to 
850 MPa and its toughness 48 times by adding Fe content to 
the alloy. Song et al. [53] used SMA fibre for crack recov-
ery of engineering cementitious composite (ECC). ECC is 
a ductile material; however, adding nickel–titanium alloy 
fibres may improve the toughness and crack recovery per-
formance. The results showed that adding 0.6% and 0.9% 
and nickel–titanium improved 72.91% of four-point flexural 
strength and 19.3% of compressive strength, respectively. 
The alloy fibres enabled the shape memory effect after 45 ℃ 
heat treatment and decreased the crack width of the sample.

Typically, self-healing metals require thermal energy 
input to facilitate the self-healing process. However, this is 
not always plausible or possible in specific spacecraft com-
ponents. Wiring and circuitry, for example, cannot be heated 
to the temperatures required to trigger MMC self-healing—
the polymeric insulation housing would be destroyed. Wu 
et al. [54] reported a conductive metallic nano clay that 
could be extruded or 3D printed into wires or circuits, capa-
ble of exhibiting self-healing properties with pressure. The 
authors took commercially available synthetic nano clay 
(Laponite) and replaced the water component with a 75:25 
gallium:indium alloy. The inclusion of Laponite provided 
the clay with high viscosity, so the material does not flow 
without pressure. At the same time, the conductive liquid 
metal/clay mixture was a shear-thinning non-Newtonian 
fluid; upon applying pressure, the material’s viscosity would 
decrease, allowing the liquid metal to flow into the damaged 
area. Embedding this clay into self-healing polymers holds 
the potential for completely self-healing wiring or circuitry. 
One another approach is to improve the strength of met-
als through high-temperature welding and forming. Wang 
et al. [55] investigated the influence of hot forming on the 
mechanical properties of ultra-high-strength steels. The 
results indicated that the hot-forming process improved the 
tensile strength and elongation of steel samples by 75% and 
50%, respectively, than that without hot-forming samples. 
The hot-forming process increased the hardness from the 
base metal to the HAZ, on average 2.6 times greater than 
that of without hot-forming.

Another interesting self-healing metal material that 
does not require heating to trigger the self-healing process 
is layered nickel/aluminium composites [56]. Nickel and 
aluminium react in a highly exothermic reaction; however, 
the activation energy is sufficiently high that the material is 
stable under normal conditions. When sufficient energy to 

overcome the activation energy is input into the system, the 
exothermic reaction between nickel and aluminium is trig-
gered. The temperatures generated by this reaction can reach 
up to 1500 °C, whilst the melting point of this alloy is only 
1090 °C. The reaction activation energy is low enough that 
high-energy impacts, like micrometeoroid impacts, can trig-
ger the reaction. The material can effectively weld its dam-
aged area in response to a high-energy impact. Whilst this 
material can only heal nano-sized cracks, it can heal cracks 
up to 500 nm in less than 1 ms. This avenue of research is 
still highly novel. Ergo, the prospects of this kind of technol-
ogy still hold great potential.

Self-healing ceramics reported in the literature rely on 
chemical reactions to self-heal, as opposed to phase changes, 
as ceramics are used in spacecraft as thermally resistant 
materials. Hence, it would be unfavourable for self-healing 
ceramic materials to heal via temperature-dependent phase 
changes for space applications. However, this poses a chal-
lenge to developing a self-healing ceramic material. Nakao 
and Abe [57] realised an alumina/silicon carbide ceramic 
that can self-heal in an oxygen-rich environment at tempera-
tures above 1130 °C in response to AO damage. At these 
temperatures, silicon carbide reacts with oxygen to form 
 SiO2. In comparison to silicon carbide,  SiO2 is less dense. 
Therefore, the oxidation of silicon carbide into  SiO2 causes 
a significant volume expansion, allowing the damaged area 
to seal. At the same time,  SiO2 is resistant to oxidation, so its 
formation also protects the ceramic from further AO-induced 
damage. Tong et al. [58] prepared modified ceramic matrix 
composites with a new type of Cu-Si alloy at relatively low 
temperatures. The introduction of Cu with free Si not only 
improved the mechanical properties but also reacted with Si 
and avoided residual silicon in the matrix. Cu-Si-modified 
ceramic matrix composites reached the fracture toughness 
value of 13.55 ± 2.91 MPa m−

1

2 and flexural strength value 
of 258.75 ± 29.01 MPa.

Another self-healing ceramic was reported by Shao et al. 
[59] in 2019. In this work, the authors coated  ZrO2 fibres 
with a  WSi2-MoSi2-Si-SiB6 ceramic to yield an AO damage– 
incurred self-healing ceramic.  SiB6 reacts with oxygen to 
form  SiO2 and  B2O3. Next, these two compounds react to 
form borosilicate glass. At temperatures as low as 570 °C, 
the borosilicate glass melts to flow into the damaged area. 
The temperature at which the  SiB6 oxidizes onsets is 500 °C. 
Hence, the ceramic is resistant to damage from AO at tem-
peratures below 500 °C. Once this temperature is reached, 
only a 70 °C increase is required before the material starts 
healing. As mentioned, self-healing ceramics is still highly 
challenging. Further research and testing are necessary for 
this area, yet the prevalence of ceramics in spacecraft engi-
neering undeniably makes progress here would be highly 
fruitful for spacecraft engineering.
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3  Fire and heat‑resistant materials for space 
applications

Fire is an imminent threat to astronauts on space missions 
or even to future colonies that may 1 day inhabit the sur-
face of Mars—the tight and enclosed living conditions 
rich with oxygen, coupled with the lack of a safe and easy 
escape route, amplify the risk of fire to life. The primary 
source of fire in space is expected to be electrical and heat-
ing overloads, aerosol leaks, energetic experiment failures 
and the ignition of waste. The first reported fire fatality of 
an astronaut was in 1961 at the Soviet Union space pro-
gram during an endurance experiment in an oxygen-rich 
(50% oxygen) low-pressure altitude chamber. A discarded 
alcohol cotton ball used to clean the astronaut Valentin 
Vasiliyevich Bondarenko’s body fell on a hot plate and 
caught fire. He tried to cover the flame with his woollen 
coat, which caught fire in the oxygen-rich atmosphere. In 
1967, a cabin fire during the launch rehearsal of NASA’s 
Apollo 1 mission was also fatal, losing all three astronauts 
in the vehicle [60]. A fire outbreak in space would be one 
of the most dangerous occurrences possible for astronauts. 
Ergo, it is of utmost importance to ensure the risk of fire 
in space is highly mitigated. This involves ensuring that 
materials used in and onboard spacecraft are fire-resistant 
wherever possible.

The behaviour and character of fire in a microgravity 
environment differ, compared to being in Earth’s atmos-
phere. From the early stages of space travel, a detailed 
study has been conducted on the dangers of fire in space-
craft. Real-time automated experiments in space and simu-
lated experiments on Earth are undertaken to understand 
fire in microgravity better. All materials sent to space are 
tested for flammability. The results help create advanced 
spaceships, satellites and international space station (ISS) 
expansion modules with optimum safer materials.

Fire-retardant materials are enormously applicable in 
space missions. Be it in the design of the space shuttles, 
satellites, space suits, interplanetary vehicles or the ISS, 
fire-retardant materials can be found virtually in every 
component or technology bound for space. A complete list 
of materials used for fire resistance and thermal manage-
ment in space is outlined in Table 1. Figure 3 also illus-
trates where these materials can be employed. Materials 
used for thermal protection systems in space are equally 
crucial as fire-retardant materials because the first cri-
terion for a material to be used as a thermal protection 
system is that it must be fire-retardant. The surface tem-
perature of a space shuttle may reach up to 1477 °C when 
re-entering at a speed of ~7700 m/s. The kinetic and poten-
tial energy of the ultrasonic vehicle is converted into heat 
due to friction from the atmosphere. Whilst designing fire 

and heat-resistant objects for space applications, the tar-
get properties of ideal materials are thermal conductivity, 
lightweight, reusability and low cost. Mitigation of these 
extreme temperatures is achieved by utilising the thermal 
protection system (TPS) developed to apply to the alu-
minium body of the spacecraft. TPS is a combination of 
different materials discussed in our review section.

3.1  Fibre‑reinforced composite materials

3.1.1  Fibres

High-temperature stable fibres are critical for TPSs for 
space. Carbon fibres are conventional materials from the 
early stages of space travel due to their thermal stability, 
lightweight and strength. Carbon–carbon materials’ advent 
as a TPS commenced in the late 1950s with NASA’s 
Apollo mission. The criteria to nominate carbon–carbon 
for TPS applications included its high mechanical strength 
at 1650 °C, large thermal gradient and low coefficient of 
thermal expansion [61]. Carbon–carbon composites of 
strong covalently bonded atoms contribute high strength 
that is retained at temperatures as high as 1500 °C [62]. In 
2014, carbon fibre–reinforced epoxy composite material 
replaced conventional metal cryogenic fuel tanks. Boeing and 
NASA created cryogenic fuel tanks for rockets capable of 
withstanding extreme temperature conditions [63]. Enormous 
thermal loads are generated by combustion-based rocket 
propulsion engines. Hence, the exit cone for rocket nozzles 
is now made from carbon–carbon composites due to the 
high-temperature handling capabilities and fire retardancy 
of carbon–carbon composites [4]. Researchers are exploring 
replacing combustion-based propulsion engines with electric-
based propulsion engines to reduce the thermal load [64]. 
But until this technology is further developed, carbon–carbon 
composites are invaluable for the design of rocket nozzles. 
Silicon carbide (SiC) fibres are another versatile material 
for high-temperature applications in space, such as in gas 
turbine engines. This material can withstand temperatures up 
to 1480 °C with prolonged exposure and is less susceptible 
to oxidation than reinforced carbon–carbon composites. The 
environmental resistance of SiC fibres is further enhanced 
when doped with boron nitride [65]. Carbon–SiC composites 
are used to manufacture the thrust chambers and other hot 
surfaces of rockets [4].

3.1.2  Space suite and insulation fabrics

After the disastrous fire in Apollo 1, modified fire-resistant 
A7L Block II space suits were developed and fabricated 
from heat and flame-resistant fabrics ‘Nomex’ and ‘beta 
cloth’. Nomex is a synthetic flame-resistant meta-aramid 
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Table 1  List of materials used in space for fire resistance and thermal management

Material Type Composition (reference 
only)

Used as Properties

Reinforced carbon–carbon 
[4, 78]

Fibre Graphite fabric and phenolic 
resin

Thermal protection system 
(TPS)

Cryogenic fuel tank

Reproducible strength at 
1650 °C

Large thermal gradient
Low coefficient of thermal 

expansion
Silicon carbide fibre [4] Silicon Thermal protection system 

(TPS)
Cryogenic fuel tank

Thermal stability

Alumina fibre [86] Aluminium Heat shield for re-entry 
vehicle

Thermal stability

Borosilicate fibre [65] Boron nitride/silicon carbide
Nomex (fabric) [87] Fabric Meta-aramid fabric The outer layer of the space 

suite
Synthetic flame-resistant fabric

Beta cloth (fabric) [66] Silica fibre
Teflon

The outer layer of the space 
suite

Shower enclosure in Skylab

Flame-resistant fabric

Ortho fabric (fabric) [67] Gore-Tex
Kevlar
Nomex

Space suite Fire-resistant, waterproof, 
breathable

Orion Crew Survival System 
(OCSS) [67]

Not revealed Space suite Fire-resistant, breathable

Mylar (polymer film, coating) 
[88]

Film, coating Polyethene terephthalate Multi-layer insulation (MLI) 
systems

Thermal insulator

Silica aerogel [69] Solid Cryogenic fuel tank insulators Fire retardancy, low thermal 
conductivity, low shrinkage 
at high temperature

Silica tiles [89] Tile Silica
Water

To cover spaceship Faster heat dissipation

Silica alumina tiles [89] Silica alumina To cover spaceship Faster heat dissipation
Reinforced carbon–carbon 

tiles [75]
Carbon fibre, epoxy To cover spaceship Faster heat dissipation

Silicon carbide coating [75] Coating Silicon Protective layer Better coefficient of thermal 
expansion

Protects from oxidation
Ceramic coating [76] Coating – Protective layer Protects from erosion
Silicon elastomer [77] Ablator Silicon Protective layer Formation of char at high 

temperature
Ceramic Chartek 59 [77] Ablator Brazed steel

Fibre glass
Phenolic epoxy resin

Protective layer Formation of char at high 
temperature

The Phenolic-Impregnated 
Carbon Ablator (PICA, 
PICA-X, PICA-3) [90]

Ablator coating – Heat shield High-temperature stability

Reaction-cured glass (RCG) 
[89]

Ablator coating Tetraboron silicide borosili-
cate glass

Heat shield High-temperature stability

Toughened Unipiece Fibrous 
Insulation (TUFI) [89]

Ablator coating Borosilicate glass
Silica-boride
Molybdenum disilicide

Heat shield Thermal cycling effect
Reduced catalytic heating

High-efficiency tantalum-
based composite (HETC) 
[91]

Ablator coating Tantalum disilicide High-temperature operations High-temperature stability
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fabric used for thermal micrometeoroid garments and pro-
vides better protection for extravehicular activities in space. 
Beta cloth is a fireproof fabric made from silica fibre, giv-
ing incombustible characteristics to space suits [66]. Beta 
cloth is a woven fabric consisting of twisted ultrafine glass 
filaments coated with Teflon (polytetrafluoroethylene 
(PTFE)). Beta cloth and Nomex were used for space suits 
and spaceships in Apollo, Skylab (the first space station) 
and many other space shuttle missions during the 1970s 
and 1980s. In later years of the space mission, a better 
material known as ‘Ortho-fabric’ (a Gore-Tex, Kevlar and 
Nomex blend) was used to cover the outer layer of the 
space suite. In 2019, NASA announced a next-generation 
Orion Crew Survival System (OCSS) suit with improved 
fire resistance; the constituent materials are unknown [67].

The use of fire-resistant fabrics is not restrained solely 
to space suits but is also widely used for multi-layer insula-
tion (MLI) systems in space. The thermal balance system, 
which maintains the temperature in ISS and other space 
modules, is an MLI system comprised of a highly reflec-
tive blanket made of aluminized Mylar and Dacron. Mylar 
(biaxially oriented polyethene terephthalate) was first devel-
oped by NASA in 1964. Ozdemir et al. [68] observed that 
graphene nanoplatelets (GNPs) were used as an effective 
thermal barrier for PET in the presence of ethylene methyl 
acrylate (EMA) copolymer. The latest in this technology 
is Woven Thermal Protection System (WTPS). Controlled 
placement of fibres in a 3D woven thermal system with dif-
ferent compositions and spacing is possible to optimise vari-
able re-entry conditions and related altered temperatures [5]. 

Fig. 3  Fire/thermally resistant materials are used for spacecraft and 
astronaut suit manufacturing. a  Carbon–carbon composite fuel pro-
pellant nozzle [4]. b  Carbon–carbon composite cryogenic fuel tank 
[78]. c SiC/carbon–carbon composite fuel propellant nozzle [4]. d 
BN-doped SiC/carbon–carbon composite TPS [65]. e Aluminium/sil-
ica aerogel as a mechanically robust thermal insulator [70]. f Elastic 
and robust super thermally insulative silica nanofibrous aerogel [71]. 
g Ortho-fabric for fire-resistant astronaut suits [79]. h MLI TPS used 

on European Space Agency’s Rosetta spacecraft [80]. i Beta cloth for 
fire-resistant astronaut suits [81]. j Scanning electron micrograph of 
 ZrO2/C ultra-high-temperature ceramic used as TPS for spacecraft 
components [74]. k Scanning electron micrograph of SiC coating on 
carbon fibre used to thermally protect carbon fibre composites [75]. 
Copyright, publisher 2016, Gardner Business Media Inc [81], 2022, 
MDPI [83], 2020, Royal Society of Chemistry [84], 2019, Elsevier 
[88], 2014, Elsevier [89]
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This will accommodate NASA’s current and future needs 
for space travel and re-entry requirements. Heatshield for 
Extreme Entry Environment Technology (HEEET) project, 
which develops WTPS, aims to safely re-enter high-speed 
interplanetary probes from Venus, Saturn, Uranus, comets 
and asteroids with their sample return mission. HEEET TPS 
is a dual-thermal protection system with a carbon layer over 
a blended carbon phenolic yarn to manage heat load.

3.1.3  Aerogels

Thermal management in space is more than managing fire 
across a range of extreme temperatures. Cryogenic liquid 
hydrogen and liquid oxygen that fuel space shuttles must 
be maintained between − 235 and − 183 °C to remain liq-
uid. Aerogels are commonly used for this action, and silica 
aerogel is the most popular. Aerogels are gels with gases 
replacing the liquid component. They are lightweight and 
have very low thermal conductivities. Heat transfer through 
this material is limited due to its ability to hinder conduc-
tion, convection and radiation. Gaseous heat conduction is 
low due to its nanoporous structure, limiting the collision 
of gaseous molecules that cause heat transfer. Solid heat 
conduction is lower as the lattice vibration around the equi-
librium position causes lower thermal conductivity in low-
density silica aerogels [69]. Flexible composite sheets made 
from fibre-reinforced aerogels, glued with epoxy, are used 
for thermal management in cryogenic applications. Silica 
aerogels are prone to shrinkage and have weak mechanical 
properties, which is a limitation for its application and can 
be improved by multifibre composites [6]. An alumina-silica 
aerogel composite manufactured by direct sol immersion gel 
and supercritical fluid drying method has shown very low 
shrinkage at temperatures as high as 1200–1500 °C with-
out any deformation [70]. Recently synthesised binary net-
work–structured silica nanofibrous aerogels (BSAs) possess 
ultra-low thermal conductivity (21.96 mW  m−1  K−1), fire 
retardancy and thermal insulation performance [71]. No heat 
dissipates through a 20-mm-thick material of BSA when 
one side is heated at ~ 1000 °C due to the effect of porous 
aerogels. This highly fire-retardant thermal insulator was 
synthesised using nanofibrous silica aerogels with binary 
network silica aerogels.

3.1.4  Ultra‑high‑temperature ceramics

Ultra-high-temperature ceramics (UHTCs) are borides, car-
bides and nitrides of transition elements such as hafnium, 
zirconium, tantalum and titanium. They have high melt-
ing points, high thermal conductivity and thermal shock 
resistance [72]. They are stable above 2000 °C and are 
used as TPSs in spacecraft. Strong covalent bonding and 
high negative free energies of formation are responsible for 

high melting points and thermal stability [73]. UHTC mate-
rial was used in Slender Hypersonic Aero-thermodynamic 
Research Probe (SHARP) (SHARP-B1 and SHARP-B2) 
projects in the 1990s. Fibre-reinforced UHTCs are suitable 
for sharp leading edges of re-entry vehicles 29. Manufac-
turing UHTCs was a challenge confronted earlier due to 
the requirement of high temperature and pressure to hot 
press UHTCs. Recent researchers successfully synthesise 
UHTCs using microwave-assisted carbothermal reduction 
methods [74].

3.2  Films, coatings and ablative materials

Carbon fibre composites and fabrics are extensively used to 
cover the exterior of spaceships to protect them from high 
heat during re-entry. Carbon oxidizes rapidly during this 
event at higher temperatures resulting in composite deg-
radation, and coating helps to avoid this scenario. Silicon 
carbide-coated carbon–carbon composites show an improved 
coefficient of thermal expansion [75]. Similarly, a smooth 
ceramic coating is applied on silicon carbide ceramic materi-
als used in spacecraft engines via the plasma spray physical 
vapour deposition method. This ceramic coating prevents 
the composite from erosion in high combustion environ-
ments [76]. NASA’s Space Transportation System (STS) 
used fire-retardant latex paint to protect the space shuttle’s 
external tank from ultraviolet radiation for its first two mis-
sions (STS-1 and STS-2).

Reaction-cured glass (RCG) is a coating applied on silica-
based tiles used for thermal protection systems. RCG con-
sists of tetraboron silicide borosilicate glass that provides 
stability up to 1650 °C for the tiles. Toughened Unipiece 
Fibrous Insulation (TUFI) is a surface treatment of silica 
tile using borosilicate glass, silica-boride and molybdenum 
disilicide. A simulated test with a thin layer of RCG over a 
TUFI tile improved thermal shock and thermal cycling effect 
and reduced catalytic heating. High-Efficiency Tantalum-
based Composite (HETC) is used for higher-temperature 
operations using tantalum disilicide.

The use of ablative materials to protect vehicles during 
re-entry has been observed from the early stages of manned 
space missions. Ablative materials protect vehicles from 
high thermal loads during re-entry, but are not reusable, as 
they burn to form char—they dissipate heat by surface radia-
tion, and the char layer provides high-temperature insulation. 
Project Gemini is NASA’s second human space flight where 
they used a paste-like silicone elastomer as ablative material, 
which hardens when poured into a honeycomb form [77]. 
The Apollo vehicles command module was coated with an 
ablative material composed of a fibre glass honeycomb shell 
filled with phenolic epoxy resin. This, during re-entry, was 
charred to form a protective layer. The technology evolved 
into commercially produced ‘Chartek 59’, the world’s first 
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intumescent epoxy coating. It expands when exposed to 
heat and burns off to dissipate heat, protecting the underly-
ing material. NASA also developed a flexible, low-density 
ablative material that demonstrates equal property benefits 
as its rigid counterpart and retains its flexibility even after 
charring. The phenolic-impregnated carbon ablator (PICA) 
heat shield was initially developed by NASA and later 
improved and used by SpaceX (PICA-X) for their dragon 
capsule outfit. PICA-X and its next-generation PICA-3 is a 
lightweight high-temperature stability ablator that is stable 
up to 2500 °C.

3.3  Recent development in fire‑resistant materials 
for space applications

Continued research and development of new reusable fire-
retardant materials are constantly improving for spaceships 
and space stations. Recently, in the James Webb telescope 
launch of December 2021, NASA used a sunshield made 
of five thin layers of Kapton, each layer coated with alu-
minium and two sun-facing layers coated with doped silicon 
coatings to protect the space telescope from the sun’s heat 
[82]. Also, the Parker Solar Probe spacecraft’s heat shield, 
which is expected to reach the sun’s corona by 2025, is 
another example of progress in the field of fire-resistant and 
thermally stable materials for space. Made of thick carbon 
foam sandwiched between two superheated carbon–carbon 
composite sheets and coated with ceramic paint, this shield 
reflects the sun’s energy and protects the probe from high 
temperatures [83]. However, the most recent advancement 
in fire-resistant materials focuses on foreign planet-based 
stations and landing pads. Landing pads experience some 
of the highest mechanical and thermal loads of any compo-
nent associated with a space mission. In search of materi-
als to build NASA’s permanent spacecraft landing pads on 
the lunar surface, researchers from Kennedy Space Center 
have performed fire testing on materials such as sintered 
basalt rock pavers and carbon fibre blankets filled with 
lunar regolith simulant materials [84]. The results will be 
used to design landing pad concepts for future lunar mis-
sions. Simultaneously, a student collaborative team tested a 
reusable 3D-printed launch and landing pad using materials 
found on the moon [85].

4  Thermal management in space

Spacecraft travelling from Earth to space undergoes severe 
thermal loads. In addition, spacecraft themselves generate 
large amounts of thermal energy. Thermal energy is pro-
duced from continually increasing heat loads from expanded 
avionic functionality, microprocessors and complex elec-
trical architectures [92]. After 10 years of operation in 

low-Earth orbit, a spacecraft will undergo ~ 10,000 ther-
mal cycles, with temperatures ranging from −100 to over 
120 °C [93]. Hence, it is critical to have an efficient ther-
mal management system for long space flights to maintain 
optimal conditions for the crew and equipment and to pro-
tect the spacecraft structure. As is the case for most chal-
lenges encompassed in space, thermal energy management 
can be addressed in two distinct fashions: actively or pas-
sively. Active solutions or technologies involve the input of 
energy, whilst passive ones do not. Each has benefits and 
cons; however, interestingly, these technologies do not come 
at the expense of one another. In other words, it is reasonably 
simple to engineer materials and design spacecraft to exhibit 
both active and passive thermal management technologies. 
A testimony to the demand for effective thermal manage-
ment in space is the THOR project. THOR is pursuing the 
next generation of thermal protection systems for thermal 
management in space, exploring both active and passive 
means. Additionally, THOR is also exploring how other 
factors such as the entering velocity, trajectory, shape and 
size of the spacecraft contribute to thermal loads [94]. The 
THOR project is funded by the European Union’s FP7 pro-
gram and is a collaborative project between eight European 
organizations (industries, research centres and universities) 
and the Japan Aerospace Exploration Agency.

4.1  Active thermal control system, materials 
and their processing

Generally, an active thermal control system (ATCS) com-
prises three main components: one acquires heat, the other 
transports it and the third rejects the heat into space [95]. 
Thermally conductive fluids are commonly utilised to trans-
port the heat from the acquisition component to be rejected 
into space. This kind of thermal management system is time 
honoured—the general engineering concept is not dissimilar 
to that which manages the large amounts of thermal energy 
produced in the internal combustion engines of cars. ATCSs 
are effective; however, they come with the trade-off of high 
energy consumption. For this reason, ATCSs are now typi-
cally only considered for large-scale space vehicles. Still, 
the efficacy of these systems speaks for itself. The question, 
therefore, shifts to how can we, through the design of inspired 
materials, improve thermal management technologies. A 
major area where materials can aid in spacecraft ATCSs is 
at the interface between heat-producing components and a 
heat-dissipating device. Thermal interface materials (TIMs) 
physically fill the gap between such components so that ther-
mal energy can be more effectively transferred to the heat-
dissipating device [96]. For example, electronic circuitry is 
a large producer of both thermal energy and structural com-
plex. It is difficult to produce a heat-dissipating device that 
can effectively interface with electronic circuits. Here, foam 
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TIMs can effectively interface the circuitry with a heat-dis-
sipating device, enhancing the thermal energy transfer and 
reducing the thermal energy radiance back into the space-
craft. Figure 4 summarises the way in which TIMs are used 
to dissipate and mitigate thermal energy.

TIMs can be classified into many groups, such as poly-
mer-based composites, solders and other materials. Among 
them, composites with epoxy, silicone, poly(methyl meth-
acrylate) (PMMA) and poly(vinyl alcohol) (PVA)-based pol-
ymers are the most widely used matrices due to their good 
adaptability to versatile solid interfaces. Generally, polymers 
have low thermal conductivity, but adding highly thermally 
conductive fillers such as ceramics, carbon materials and 
metals, can improve overall composite thermal conductivity 
in the range of 1–10 W  m−1  K−1. Graphene is a promising 
thermally conductive filler material for polymer-based TIMs 
[97]. This study used graphene and copper nanoparticles to 
investigate the thermal conductivity of hybrid epoxy com-
posites. The study found that the high thermal conductiv-
ity of about 13.5 ± 1.6 W  m−1  K−1 was achieved by using 
40 wt% of graphene and 35 wt% of copper nanoparticles. 

Also, the thermal conductivity of composites with a moder-
ate graphene concentration of fg = 15 wt% exhibits a rapid 
increase as the loading of copper nanoparticles approaches 
fCu = 40 wt%. In contrast, in composites with a high gra-
phene concentration, fg = 40 wt%, the thermal conductivity 
increases linearly with the addition of copper nanoparticles.

To achieve a highly thermally conductive polymer com-
posite TIM, a high filler loading must be achieved (up to 
90 wt%). This allows for a good thermal conductive path 
inside the polymer matrix, increasing thermal conductivity 
[101, 102]. Fillers are mainly prepared by the liquid exfo-
liation process, including chemically modified exfoliation 
for graphene oxide and functionalised h-BN nanosheets 
and direct sonication of pristine built materials in solvents. 
Table 2 summarises the reported thermal properties of com-
posites with different hybrid fillers, which revealed syner-
gistic effects. For better comparison, the data are primarily 
shown for polymeric composites with various quasi-2D fill-
ers, e.g. graphene and h-BN.

Recently, TIMs have also been explored for cooling 
highly thermally loaded surfaces of spacecraft by using the 

Fig. 4  Role of TIMs in thermal management. a Infrared photo-
graph demonstrating computer chip generating thermal energy 
[98]. b, c Demonstrating heat dissipation of commercially available 
TIM (5000S35) and graphene hybrid paper TIM when applied to 
the ceramic heating plate [99]. d Illustration of the use of TIMs to 

manage chip thermal energy [100]. e Schematic of a TIM: An inter-
face without TIM (top) shows conjunct heat transfer due to limited 
solid–solid contact, opposed to an interface with TIM (bottom) which 
has enhanced solid–solid contact [100]. Copyright, publisher  2019, 
American Chemical Society [112], 2019, Elsevier [113]
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sandwich-TPS method. This involves sandwiching a porous 
ceramic foam TIM between two carbon fibre composites 
and passing a coolant through the ceramic foam. Ortona 
et al. [16] described this sandwich-structured composite as 
shown in Fig. 5. The THOR project has used this sandwich-
TPS concept to actively cool a highly loaded surface. The 
foam is highly porous, allowing for the passage of coolant 
to highly loaded areas, thereby reducing the temperature. In 
another research, Gallego and Klett [118] developed a highly 
thermally conductive carbon foam at Oak Ridge National 
Laboratory which does not need the conventional blowing or 
stabilisation steps. It rapidly reduces the temperature against 
high load which is highly desirable for power electronics. 

The results found that comparatively, carbon foam reduces 
the required volume of cooling fluid and is an efficient ther-
mal management system.

4.2  Passive thermal management systems

Passive thermal control systems are generally preferred for 
spacecraft as they do not involve moving parts or power 
consumption, and there is no possibility of any component 
failure. Other key factors to adopt passive thermal control 
systems are reliability, cost and simplicity. Advanced ther-
mally conductive materials are examples of passive thermal 
management technologies. These materials manage thermal 

Table 2  Thermal conductivity 
of composites with hybrid fillers

Filler type Thermal 
conductivity

Filler % Matrix Refs

GVP/Cu-NP 13.5 ± 1.6 40/35 Epoxy [103]
GNS/MWCNY (silver functionalised) 12.3 20 vol% PVA [104]
GNP/h-BN 4.7 15/2 vol% Epoxy [105]
GNP/Al2O3/MgO 3.1 15/2 vol% PC/ABS [104]
CNTs grown on the GNP 2.4 20 wt% Epoxy [106]
GNP/MWCNT 1.8 20/1.5 wt% PA [107]
Ag NWs/GNP (functionalized) 1.4 18/2 wt% PC [108]
GNP-decorated  Al2O3 1.4 12 wt% Epoxy [109]
GNP/h-BN (nanosheet) 1.0 6.8/1.6 wt% Epoxy [110]
GNP/h-BN 0.9 20/1.5 wt% PA6 [107]
GNP/Ni 0.7 5.0/8 wt% PS [111]
GNP/MgO 0.5 30 wt% PVDF [112]
MgO/GNP (coated) 0.4 7 wt% Epoxy [113]
GNP/MWCNT 0.3 0.9/0.1 wt% Epoxy [114]
GO/MWCNT 4.4 49.64/0.36 wt% Epoxy [112]
h-BN (vertically aligned)/SiC 5.8 40 wt% Epoxy [115]
h-BN/MWCNT 1.7 50/1 wt% PPS [116]
MWCNT/Cu 0.6 15/40 wt% Epoxy [117]

Fig. 5  Sandwich structured composites. Reproduced with permission [96] Copyright 2011, Journal of European Ceramic Society
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energy on spacecraft by either directing or rejecting thermal 
energy as an intrinsic property of the material. The thermal 
transport of typical carbon–carbon (C–C) composites can 
be complex due to the heterogeneous structure of most C–C 
composites. This ultimately makes typical C–C composites 
inappropriate materials for managing thermal energy. How-
ever, C–C materials with atypical thermal conductivities 
are much more promising as passive thermal management 
technologies. Composites with highly oriented graphitic 
fibres, matrices or a combination of both (i.e. vapour-
grown carbon fibres and matrix or mesophase pitch–based 
carbon fibres) exhibit high anisotropic thermal conductivi-
ties, effectively directionally transporting thermal energy 
through the material. The general range of conductive fibres 
is 10–20 W  m−1  K−1; however, the thermal conductivity of 
pitch-based carbon fibres is reported up to 600 W  m−1  K−1. 
Reimer et al. [119] investigated the benefit of using a highly 
thermally conductive CMC for the leading edge of hyper-
sonic vehicles. The results confirm that the high conductiv-
ity of carbon–pitch fibre composites is a promising material 
for passive thermal management.

Passive thermal management can also be achieved with 
textiles to yield garments that help mitigate the build-up of 
thermal energy, improving the comfort for thermally burden-
ing clothing and suits. Fan et al. [120] demonstrated that 
3D orthogonal woven fabrics can facilitate one-way water 
transport for human body moisture thermal management. 
Although this technology is yet to be employed in space 
suits, it holds the potential to enable longer and more ergo-
nomic spacewalks. Nanofluid technology is also a recent 
area of investigation with promising results for thermal con-
trol systems [121]. In this technology, the nanomaterials are 
dispersed in a solvent facilitating thermal transport through 
the dispersion. Mixing techniques have been developed to 
guarantee no sedimentation of the metallic nanoparticles, 
which could harm the overall heat and mass transport. By 
adding 5 wt% nanoparticles, the liquid thermal conductiv-
ity can be increased by 20% [122]. Kim et al. [121] and Lee 
et al. [123] reported the enhancement of in-plane thermal 
conductivity using nanofluids, nanoribbons composed of 
water and copper nanoparticles with sizes around 25 nm.

Phase change materials (PCMs) are also exciting mate-
rials for passive thermal management in space. They can 
absorb, hold and release heat to keep the space crew com-
fortable. PCMs provide an interesting passive method to 
dissipate latent heat which natural conventions do not do 
by themselves [124, 125]. Such materials undergo a phase 
transition at a certain temperature (typically 40–50 °C). 
Lopez et al. [15] compared active and passive thermal man-
agement techniques on lithium-ion battery cell temperature 
and thermal balancing. They observed that PCMs constantly 
kept the cell temperature under the safety operating limit 
of 50 °C even under strenuous thermal conditions. Without 

the PCM, the temperature sharply rose to an unsafe limit of 
temperature of 90 °C. The authors suggested that PCMs may 
have applications in battery thermal management which may 
reduce the chance of catastrophic failure.

5  Dust mitigation: processing 
and fabrication

During the Apollo missions, one of the most valuable and 
infamous lessons learned was the challenge of lunar dust. 
The dust is formed from continuous high-energy impacts 
of micro-meteorites producing electrostatically charged and 
radioactive particles with jagged and sharp morphologies. 
The lack of liquid water on both Mars and the Moon and the 
lack of winds on the lunar surface prevent the particles from 
eroding into smoothed morphologies [126]. In the Apollo 
missions, the lunar dust regolith was found to abrade almost 
everything it came into contact with. It irritated astronauts’ 
eyes and lungs and severely damaged equipment, posing 
a severe risk to astronaut safety and the mission’s success 
[127]. Years later, the issue is understood to be even more 
of a health risk due to the potential for radiation poisoning. 
Mars is also susceptible to severe dust storms. The coloni-
sation of Mars will inevitably rely on solar power of some 
sort. The deposition of dust that is difficult to remove onto 
solar panel arrays could be detrimental to the Martian colo-
ny’s survival [128]. Currently, the issue of space dust poses 
one of the most serious challenges faced in interplanetary 
colonisation.

Dust mitigation measures can be classified into (i) active 
and (ii) passive. Active measures involve the physical 
removal of dust via the application of force [129]. Passive 
measures involve engineering the material’s surface to be 
self-cleaning so that the dust cannot adhere to the surface 
[130, 131]. Active measures benefit from rapidly removing 
deposited dust, but they consume energy. Passive measures 
benefit from not consuming energy; however, they offer less 
control over decontamination. Currently, NASA is exploring 
both measures, and in fact, NASA has been running lunar 
dust challenge competitions since 2016 to develop both pas-
sive and active dust mitigation measures [132, 133].

5.1  Passive dust mitigation

Passive dust mitigation measures can be perceived as self-
cleaning surfaces. Most of the currently developed self-
cleaning surfaces are inspired by nature. Their unique capa-
bilities arise largely from microscale surface roughness, for 
instance lotus leaves, butterfly wings, gecko feet and shark-
skin [134, 135]. Inspired by this, many different surfaces 
have been engineered to exhibit biomimetic self-cleaning 
properties [136, 137]. These surfaces have found many 
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applications on Earth; however, they also hold great poten-
tial to mitigate the devastating effects of lunar and Martian 
dust on spacecraft, space equipment and astronaut health.

5.1.1  Self‑cleaning coatings

Self-cleaning coatings are an attractive passive dust miti-
gation measure since they can be easily applied to various 
materials to minimise the adhesive surface forces on the 
coated materials. Superhydrophobic coatings are attractive 
passive dust mitigation measures [137]. Such coatings can 
be realised by combining micro-scale surface roughness with 
non-polar surface chemical functionality [130, 138, 139].

Fluoropolymers are well known for their chemical hydro-
phobicity and their chemical and thermal stability. One of 
the most well-known fluoropolymers is Teflon. Teflon was 
originally developed for space applications as a low-surface 
energy and thermally stable polymer. Blending nanomate-
rials into fluoropolymers is an effective way of achieving 
self-cleaning surfaces. The fluoropolymer matrix provides 
appropriate chemical functionality, whilst the nanomaterials 
increase surface micro-scale roughness. The so-called ‘Lotus 
coating’ (a self-cleaning coating currently being developed 
by NASA as a passive lunar and Martian dust mitigation) 
is an example of such a coating. It can be seen depicted in 
Fig. 6.

The Lotus coating is a hybrid fluoropolymer/TiO2 com-
posite material. The  TiO2 in the Lotus coating is in the 
form of nanoparticles. By doping the fluoropolymer with 
 TiO2 nanoparticles, the nanoscale surface roughness can be 
increased, leading to superhydrophobicity [131, 136, 140]. 
In addition,  TiO2 has well-known photocatalytic properties. 

In the presence of water and light irradiation,  TiO2 produces 
peroxides enabling photo-sterilisation. This bifunctional-
ity of the Lotus coating makes it an appealing passive dust 
mitigation measure. There is, however, a limitation to the 
applicability of the Lotus coating.  TiO2 reflects a broad 
range of visible light wavelengths. This means the Lotus 
coating is inherently opaque white, posing an obvious issue 
with optically active materials/technologies. It was realised 
that transparent self-cleaning coatings are of dire interest to 
space exploration as many optically active technologies are 
susceptible to the effects of lunar and Martian dust; solar 
panels are an excellent example. Solar panels will undoubt-
edly play a critical role in powering space exploration and 
colonisation missions. If these solar panels are covered 
in space dust, they will cease generating power; however, 
if coated with a self-cleaning coating such as the Lotus 
coating, they would be rendered active due to the coating 
opacity. To solve this issue, Roslizar et al. [141] reported 
hot-embossed fluoropolymer films can serve as optically 
transparent self-cleaning surfaces. Exploring three different 
hot-embossing temperatures, the authors concluded 270 °C 
was most appropriate for producing a micro-textured film 
with superhydrophobic properties; temperatures greater than 
this (280 °C and 290 °C) lead to a loss of superhydropho-
bicity. The film hot embossed at a temperature of 270 °C 
exhibited a contact angle of 156° and demonstrated effec-
tive self-cleaning properties (see Fig. 7). Interestingly, this 
coating was also anti-reflective due to its unique surface 
topography, leading to a net increase in the power output 
when applied to solar panels [10, 141].

As mentioned in this review, Kapton is a highly utilised 
material in spacecraft engineering. Given the prevalence of 

Fig. 6  a Depicting scanning electron microscopy image of the surface 
with Lotus coating. b Scanning electron microscopy image of surface 
without Lotus coating. c Water contact angle without Lotus coating. 

d Water contact angle with Lotus coating. e Demonstrating the self-
cleaning properties of Lotus coating. Reproduced with permission 
[136] Copyright year, publisher 2010, SPIE
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Kapton in spacecraft engineering, it is paramount to develop 
a method to endow Kapton with self-cleaning properties. 
Plasma ion–irradiated Kapton exhibits lower van der Waal’s 
surface forces and electrostatic charge surface capacitance 
than untreated Kapton—this decreases the adhesive forces 
between particles and the treated Kapton; as such, self-
cleaning surface Kapton can be achieved. Whilst there are 
no current uses of ion beam–treated Kapton in spacecraft, 
this approach was found to be highly effective. Ergo, as 
space exploration and spacecraft engineering advances, it is 
likely that ion beam–treated Kapton will be adopted shortly 
[137, 142].

5.1.2  Self‑cleaning textiles

Realising self-cleaning textiles for space dust mitigation is 
still challenging but in high demand. It was well documented 
that during the Apollo missions, the lunar regolith severely 
abraded the astronaut’s suits, posing a serious threat to 
the safety of the astronauts—self-cleaning textiles could 
mitigate this threat. Textiles fabricated from robust and 
low-surface energy polymers (i.e. polytetrafluoroethylene 
or polyvinylidene fluoride) hold potential due to their 
unique chemical properties. Among researchers, passive 
self-cleaning textiles are often considered the preferred 
technology due to the possibility of powerless lunar and 
Martian dust mitigation. Despite this, to the best of our 
knowledge, there have been no successful reports of passive 
self-cleaning textiles for the application of space dust 
mitigation. Since Apollo 17, there have been no manned 
missions intending to explore the lunar or Martian surfaces; 
hence, there has been no need for dust-mitigating self-
cleaning textiles in space exploration. But within the last few 
years, the intent for such missions has been announced by 

NASA. Hence, despite the lack of successful reports of self-
cleaning textiles for lunar and Martian dust mitigation, there 
is a newfound interest in the development of self-cleaning 
materials for space applications.

Self-cleaning textiles for terrestrial applications have been 
realised for almost a decade now [143, 144]. Like self-cleaning 
coatings, theoretically, self-cleaning textiles for terrestrial appli-
cations should be applicable for lunar and Martian dust mitiga-
tion. Furthermore, research in self-cleaning textiles for terres-
trial applications has progressed to a point where researchers 
are now exploring multifunctional self-cleaning textiles. There 
may be potential in some of these emerging materials as simul-
taneous passive and active dust-mitigating textiles by exploring 
multifunctional self-cleaning and conductive textiles. Zhu et al. 
[145] reported superhydrophobic flexible, robust, copper nano-
particle–decorated conductive textiles. Graphene-coated textiles 
also show potential in this area; Shateri-Khalilabad and Yazdan-
shenas [146] reported superhydrophobic conductive graphene-
coated cellulose textiles.

Like Lotus coatings,  TiO2-coated self-cleaning textiles 
also show good potential for applications in space.  TiO2 
can be synthesised hydrothermally, allowing for the seeded 
growth of nanoparticles directly onto substrates. Besides, 
 TiO2 can also be combined with other dopants such as 
graphenaceous materials to add to the composite material 
functionality, achieving conductive, self-cleaning and photo-
sterilising textiles [147, 148]. The idea of a superhydrophobic 
and conductive textile is an attractive premise for a multi-
functional textile with both active electrodynamic shielding 
(EDS) protection and passive self-cleaning protection. Again, 
there are no current successful reports of self-cleaning tex-
tiles for applications in space to the best of our knowledge. 
Nevertheless, theoretically, the potential exists; therefore, this 
is an active field of research that holds much potential.

Fig. 7  a Schematically depicting the hot-embossing method. b Dem-
onstrating the water contact angle of the hot-embossed fluoropolymer 
coatings. c Depicting the roll-off water angle for the hot-embossed 
fluoropolymer coatings. d Depicting improved surface roughness 

topography via the hot-embossing method. e Demonstrating the asso-
ciated improved superhydrophobicity. Reproduced with permission 
[10, 141] Copyright year, publisher 2018, Elsevier, 2020, Elsevier 



Advanced Composites and Hybrid Materials (2023) 6:130 

1 3

Page 19 of 37 130

5.2  Active dust mitigation

Active dust mitigation technology is a desirable approach 
to solving the lunar and Martian dust issue. Compared to 
passive dust mitigation technologies, these technologies rely 
on power consumption. Active dust mitigation measures 
can be sub-classified into three categories: (1) fluidal, (2) 
mechanical and (3) EDS. Fluidal approaches rely on apply-
ing different fluids to transport dust particulates away from 
a contaminated surface. Applied fluids may be liquids, gels, 
foams or gases [149]. However, these approaches are energy 
consumptive and unfeasible. Mechanical techniques rely on 
mechanical work via either brushing, blowing, vibrating or 
ultrasonication of particulates away from a contaminated 
surface [150]. But similar to fluidal-based methods, these 
methods either are ineffective or leave the contaminated sur-
face abraded due to the dust morphology [151].

Electrodynamic measures involve the application of an 
electrostatic field that levitates dust particulates off and 
away from a surface [150]. The most appealing active tech-
nology for dust mitigation is the use of EDSs. EDSs propa-
gate a moving electromagnetic field parallel to the object’s 
surface which it is shielding. This facilitates the levitation 
of particles off shielded surfaces and prevents the deposition 
of newly settling particulates [152]. EDSs can be fabricated 
into thin and flexible films, making them ideal for solar 
panel electrodynamic shielding [153]. However, the prospect 
of using this technology for textiles has also recently become 
realisable [8]. There is now exciting potential for using EDSs 
in many aspects of space exploration, namely EDS solar 
panels, spacecraft and extravehicular astronaut space suits.

5.2.1  Electrodynamic shielding

EDSs are based on the technology of electric curtains 
[154]. A series of spaced electrodes are fashioned into an 
insulating material. The system produces both standing 
and travelling electrical waves when applying an alternat-
ing current. This results in dust particulates levitating both 
perpendicularly off the EDS surface and tangentially trans-
ported away from the EDS [154–156]. Biris et al. [155] 
published the first paper on implementing EDSs as active 
lunar and Martian dust mitigation measures. The prototype 
consisted of a series of parallel conductive wires embedded 
in a polymeric film. The authors achieved over 50% clean-
ing efficiency with relatively low power consumption. The 
team conducted rigorous experimental tests to scrutinise 
the technology under simulated Martian environmental 
conditions. The results showed great promise giving much 
hope for the plight of EDS technology in extraterrestrial 
environments [157]. Furthering this research, Calle et al. 
[158] laminated electrodes in a dielectric polymer film to 
realise an EDS. The EDS was applied to several different 

material surfaces, including transparent solar panels and 
opaque metallic paint. The authors tested the technology 
under simulated Martian environmental conditions and 
demonstrated a cleaning efficiency of ~ 97%. In 2013, the 
team mounted solar panels, protected by EDSs, onto the 
outside of the International Space Station to observe the 
developing technology’s space dust mitigation capabilities 
during space travel. This experiment is still in progress as 
the sample panels are yet to be retrieved from the Interna-
tional Space Station [9, 129].

EDSs are highly versatile dust mitigation measures. 
Aluminium electrodes laminated in a polyimide film were 
reported as an effective (74% removal of dust) EDS for door 
seals, capable of preventing space dust from penetrating bearings 
and mechanical door seals in spacecraft [159, 160]. Nowadays, 
nano-micro materials have greatly improved the functionality 
and efficacy of EDSs. Silver nanowire–based electrodes 
laminated between dielectric polymers can produce transparent 
EDSs, whilst silver microparticle–based electrodes yield opaque 
EDSs, which each showing shielding efficiencies of > 95% 
[152]. Even copper-based transparent EDS electrodes have been 
realised when the size of the electrodes is sufficiently reduced 
[153]. In addition, transparent EDSs can also be achieved 
without nanomaterials. Indium tin oxide is a conductive and 
transparent material that can be used to create transparent 
electrodes for transparent EDSs [156]. The capability of 
producing transparent EDSs broadens the applicability of EDSs 
for space applications—they can now be applied to spacecraft 
windows, solar panels or lenses.

But perhaps one of the most exciting works exploring 
EDS technology for space applications is the integration 
of CNT yarns into space suits [8]. In this work, the 
authors reported the first-ever textile EDS with the intent 
of producing EDS space suits. This technology has been 
coined “SPIcDER” (Spacesuit Integrated Carbon Nanotube 
Dust Ejection/Removal) system. The conductivity, 
mechanical properties and weavability of CNTs allowed 
for their use as effective textile EDS electrodes. The 
technology is the first of its kind and is in its infancy. Still, 
the preliminary investigations showed great potential for 
active dust-mitigating textiles, with recorded cleaning 
efficiencies lying between 80 and 96%. Figure 8 portrays 
both the photolithographic technique reported by Bernard 
et  al. [152] and the SPIcDER technology reported by 
Manyapu et al. [8] and Jiang et al. [161].

6  EMI shielding and radiation protection 
materials

Satellite communication systems and many modern elec-
tronic systems rely on Ku band (12–18 GHz) signalling. 
These electromagnetic (EM) signals interfere with satellite 
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communication and are hence referred to as EMI. Without 
effective communications, spacecraft cannot navigate, which 
increases the likelihood of impacts or collisions from micro-
meteorites or other spacecraft. Additionally, EM radiation 
can be damaging to electronic systems [162]. There are sev-
eral considerations for EMI shields meant for space appli-
cations: (1) The material must have low outgassing, (2) the 
material should be robust and stable across a wide tempera-
ture range and (3) the material should be as lightweight and 
low profile as possible [163]. EM radiation can be shielded 
mainly by three mechanisms: reflection, absorption or mul-
tiple internal reflections within the shields. Simple EMI 
shields can indeed be fabricated using metallic-based EMI 
shielding materials [164, 165]. However, metals are inher-
ently massive, which is sub-optimal for space applications 
due to the high cost of rocket fuel. Shielding by reflection 
is also not an effective strategy as the reflected wave creates 
further interference with other electronic modules, causing 

severe EM pollution; metallic-based EMI shields are reflec-
tion EMI shielding dominant. As such, researchers are work-
ing towards developing efficient microwave absorbers by 
converting conductive nanofillers like CNTs, graphene, 
MXenes and nanoparticles into processable forms such as 
films, and membranes, aerogels and foams. Polymer nano-
composite shields also offer tunable electrical properties 
with superior processability and are considered a potential 
replacement for metallic shields [166–169].

6.1  Carbon‑based EMI and microwave shields

Carbon-based materials are excellent candidates for EMI 
shielding. The combination of high electrical conductivities, 
lightweight, good processability, high mechanical strength 
and thermal/chemical stabilities equip carbon-based EMI 
shields with excellent properties for EMI shielding in space 
missions [170, 171]. Additionally, carbon-based materials 

Fig. 8  A Depicting the photolithographic EDS fabrication technique 
reported by Jiang et  al. [161]. B Demonstrating the relationship 
between electrode geometries and EDS performance. C Demonstra-
tion of SPIcDER system at removing static dust. D Demonstration of 

SPIcDER system’s ability to inhibit dust deposition. Reproduced with 
permission [8, 161].  Copyright year, publisher 2019, Elsevier [179], 
2021, Elsevier [168]
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can be induced into forming multi-layered, highly porous 
or 3D networks with multiple interfaces which enhance the 
EMI shielding efficiency (EMI SE) through increased mul-
tiple internal reflections [172]. A simple and highly explored 
method of producing carbon-based EMI shields with multi-
ple interfaces is through the process of freeze-drying carbon 
nanomaterial dispersions. Kong et al. [173] freeze-dried a 
CNT/reduced graphene oxide (rGO) dispersion to yield a 
low-density (57 mg  cm−3) aerogel with a high average EMI 
SE of 31.2 dB at a thickness of 2 mm.

Produced carbon-based aerogels can also then be impreg-
nated with polymer resins to yield polymer composite EMI 
shields. Liang et al. [174] impregnated a GO/PVA aerogel 
with epoxy resin to yield a multifunctional composite mate-
rial with an EMI SE of 51 dB, high thermal conductivity of 
1.56 W  m−1  K−1 and electrical conductivity of 179.2 S  m−1 
[174]. Similarly, Hu et al. [175] produced a CNT/aramid 
nanofibre hybrid aerogel impregnated with a fluoropolymer 
to yield a flexible, stretchable, hydrophobic material with an 
ultra-high EMI SE of ~ 45 dB at a low thickness of 200 µm. 
The authors concluded their work by flagging the potential 
for this material as an EMI shielding water-resistant tex-
tile [175]. Furthermore, Song et al. [176] showed that the 
approach of producing a carbon-based aerogel, followed by 
polymer impregnation, offers superior EMI shielding com-
pared to simply dispersing carbon nanomaterials into poly-
mer matrices. The authors produced an rGO/cellulose-based 
aerogel and, after calcination, impregnated the aerogel with 
PDMS. Finally, the authors produced a sample with identi-
cal rGO loading by simply dispersing the rGO sheets into 
PDMS. The aerogel analog held an EMI SE 3.9 times greater 
than the dispersed rGO sample.

As well as having good EMI shielding properties, carbon-
based materials are often flame retardant, which, as detailed 
in the previous section, is desirable in spacecraft compo-
nents. Wang et al. [177] manufactured an rGO-decorated 
carbon foam, derived from sugar cane, with a low density 
of 47 mg  cm−3 and an EMI SE of 53 dB. The material was 
shown to be thermally insulative and flame retardant—such 
a material holds great promise for multifunctional EMI 
shielding spacecraft insulation.

Carbon materials can also be used as substrates which 
can then be further functionalized to yield a multicomponent 
material. Guo et al. [178] functionalized cotton fabric with 
 WS2/CoS2 metal–organic framework (MOF) followed by 
carbonization to yield a MOF/carbon fibre composite mate-
rial with an EMI SE of 51–26 dB at a thickness of 2 mm. 
Most notably, the material offered an absorption-dominated 
shielding mechanism due to the multiple reflections and 
impedance matching which stemmed from the multicom-
ponent design of the composite material.

Of all the carbon-based EMI shielding materials, gra-
phene and rGO-based materials are particularly interesting 

EMI shielding materials. The 2D structure, combined with 
the high electrical conductivity, facilitates multiple reflec-
tions of incident EM energy to improve EMI SE. Wei et al. 
[179] reported a method for producing polyimide films with 
aligned graphene sheets. The induced alignment of graphene 
sheets allowed for a film as thin as 60 µm to produce an EMI 
SE as high as 63 dB with an incredibly high tensile strength 
of 145 MPa and thermal conductivity of 190 W  m−1  K−1.

However, whilst graphene-based EMI shields are effec-
tive, EM radiation can be reflected to nearby surroundings 
due to the impedance mismatch phenomenon, creating fur-
ther interference [180]. Magnetic nanoparticles (Fe, Mn, 
Ni and ferrites) can enhance the microwave absorption of 
graphene. Excess EM energy, incident on graphene’s sur-
face can interact with the free electrons and dissipate as 
heat energy due to ohmic and polarisation losses. The same 
can also be said for alternative carbon nanomaterial-based 
EMI shields, such as CNT-based EMI shields [181]. Hence, 
graphene/magnetic nanoparticle hybrids have been studied 
extensively for EMI shielding applications [182–184]. But 
regardless, graphene-based EMI shields are effective even 
without magnetic nanoparticles—thermally graphitised GO 
films exhibit nearly 20 dB EMI shielding effectiveness at 
low thicknesses of 8.4 µm with an absorption-dominant 
shielding mechanism [185, 186]. Transparent graphene-
based hybrid films also offer high optical transmittance 
coupled with a high electrical conductivity that is of para-
mount use in optoelectronic devices and optical windows for 
space applications. Monolayer graphene has over 95% opti-
cal transparency and is the most widely used 2D material for 
designing optically transparent EMI shielding films [187]. 
Graphene–aluminium metallic networks fully encapsulated 
between monolayer graphene and quartz glass substrates 
were found to be effective optically transparent (~94%) 
EMI shields with shielding values of ~ 28.91 dB and 99.7% 
energy attenuation (Fig. 9) [13].

6.2  Polyimides for microwave absorption and EMI 
shielding

Given the abundant use of polyimides in spacecraft engi-
neering, it is unsurprising that they are also explored for 
the production of EMI shields. Foams, of all sorts, are 
also valuable materials in the plight of spacecraft engi-
neering. Their low densities and superior insulating prop-
erties make them natural candidates for insulating ther-
mally unstable components. Given this, polyimide foams 
are highly applicable materials for spacecraft engineering. 
However, polyimides are non-conductive. To use PI foams 
as EMI shields, appropriate modifications must be made 
to boost their shielding properties [188]. Such changes 
involve adding conducting nanofillers into PI resin, and 
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forming a percolating network is crucial to attaining high-
performance microwave absorption and EMI shielding.

CNTs are highly conductive and EMI shielding nano-
fillers. However, the sp2 hybridisation of CNTs makes 
it difficult to disperse them throughout PI resin matri-
ces. The dispersion of these nanofillers throughout the 
PI matrix is almost as crucial as the inclusion of the 
conductive nanofillers themselves. There are several 
means of improving the dispersion of CNTs throughout 
PI resins, such as chemical functionalisation [186], use 
of surfactants or incorporation of CNTs into polyamic 
acid followed by sequential imidization to yield a CNT/
PI composite material [189]. In addition to nanofiller-
doped PI foams, graphitised PI foams are attractive EMI 
shields with tunable porosities in large and specific sur-
face areas, excellent mechanical properties, high thermal 
and chemical stability, tunable thermal conductivity and 
high electrical conductivities [190, 191]. These carbon 
foams can exhibit 24–51 dB EMI SE values depending 
on the thickness [192].

6.3  SiC foams for microwave absorption and EMI 
shielding

SiC foams are open-cell structured ceramic foams with 
many technological applications [193, 194]. These foams 
find many applications due to their low coefficient of ther-
mal expansion, good thermal shock resistance, excellent 
oxidation resistance and high surface-area-to-volume ratio, 
making them extremely lightweight [195]. SiC foams are 
produced either by coating SiC powder onto foam tem-
plates or through filtration of liquid or gaseous silicon 
onto carbon templates. These methods allow for light-
weight SiC foams with tunable porosities, making SiC 
foams desirable materials for EMI shielding applications 
in spacecraft [196]. SiC foams with low thermal conduc-
tivity can also be synthesised from biomass-derived pre-
cursor materials. SiC foams are extremely stable at high 
temperatures and can exhibit EMI SEs of up to 24 dB. 
Given the extreme temperatures experienced in space 

Fig. 9  Monolayer graphene-based optically transparent EMI shields. 
a Demonstration of the optical transparency of monolayer graphene-
based EMI shield overlaid on top of the photograph, EMI SE of 

monolayer graphene, metal network and graphene hybrid films b at 
12–18  GHz and c 26.5–40  GHz. Reproduced with permission [13] 
Copyright 2017, American Chemical Society
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exploration, biomass-derived SiC foams are intriguing 
materials for the EMI shielding of spacecraft [197].

Hybrid nanofiller/SiC foams are also highly attractive 
materials for EMI shielding spacecraft. Including nanofillers 
such as CNTs or graphene can improve the EMI shielding 
by increasing the electron density and even adding function-
alities to SiC foams. Jiang et al. [198] freeze-cast graphene 
oxide–coated SiC whiskers to produce anisotropic and light-
weight spongy bone-like graphene-SiC hybrid aerogels (see 
Fig. 10). The minimal reflection loss (RL) of hybrid aerogels 
reaches −47.3 dB at 10.52 GHz with an adequate absorption 
bandwidth of 4.7 GHz [198]. These multifunctional proper-
ties of SiC/hybrid foams make them a potential candidate 
for use in higher-performance EMI shielding and thermal 
insulation systems for space applications.

6.4  MXenes: the future of EMI shielding

Since the advent of 2D materials beyond graphene 
(2D-MBGs), MXenes are emerging 2D-MBG candidates 
for EMI shielding applications as they possess exceptional 
electrical conductivity (over 4600 S  cm−1), large specific 
surface area, excellent processability and low density. The 
surface chemistry of the MXenes can also be tuned via 
the addition of surface functional groups such as hydrox-
yls, ketones or halogens, which imparts hydrophilicity and 
allows for easy processing and fabrication of its hybrids/
composites in aqueous solutions [14]. Naguib and co-authors 
[14] reported initial studies on the application of MXenes for 
EMI shielding. The highly flexible MXene/sodium alginate 
(SA) films, with nacre-like structures, exhibited 92 dB EMI 
SE at 45 µm thickness (> 50 dB at 2.5 µm), demonstrating 
the potential for MXenes as ultra-thin EMI shields [199]. 
The EMI SE value of this MXene-based film is one of the 
highest among all the synthetic materials reported to date 
at this thickness range. Since then, many researchers have 

adopted the stance that MXenes hold immense potential for 
EMI shielding [200–202].

Ti3C2Tx is generally the most explored MXene for EMI 
shielding; however, there is some discrepancy in the litera-
ture over whether  Ti3CNTx could potentially be superior as 
an EMI shield. Han et al. [203] conducted a comprehensive 
study where the authors synthesised all MXene structures 
reported in the literature and compared the various materials 
to one another, focusing on EMI shielding. Han and others 
reported  Ti3C2Tx to be superior to  Ti3CNTx [203]. However, 
Iqbal et al. [204] reported several months later that their 
group had synthesised  Ti3CNTx and it outperformed  Ti3C2Tx 
at the same thickness [204]. As alluded to by the authors, 
this is an anomalous result and warrants further investiga-
tion to explain the results. Like graphene-based EMI shields, 
the 2D structure of MXene sheets allows them to stack on 
top of one another and form 3D networks or multi-layered 
structures, facilitating multilevel shielding and increasing 
the EMI SE [200]. Furthermore, like graphene-based EMI 
shields, MXene EMI shields can be combined with polymers 
to produce composite materials. Wang et al. [205] doped 
epoxy resin with  Ti3C2Tx at a 15 wt% loading to realise a 
conductive material (105 S  m−1) with an EMI SE of 41 dB. 
Xu et al. [206] combined  Ti3C2Tx with polyvinyl alcohol to 
yield an effective EMI shield despite the material’s ultra-low 
density of 10.9 mg  cm−3 and the MXene loading only being 
0.15 vol%. Qi et al. [207] reported a similar material but 
substituted hydroxyethyl cellulose for the polyvinyl alcohol. 
This material showed not only good EMI shielding but also 
good electrical cyclability, suggesting this material may have 
applications in EMI shielding electrodes.

Again, like graphene-based EMI shields, the alignment, 
layering and percolation of MXene sheets can be somewhat 
controlled to form unique structures that improve EMI SE 
through increased multiple internal reflections. Jin et al. 
[208] showed that by alternatively casting a  Ti3C2Tx disper-
sion and a PVA solution, a multi-layered material could be 

Fig. 10  Schematic representation of fabrication process for hierarchical porous, spongy bone-like graphene@SiC aerogels [198] Copyright 
2018, Elsevier
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yielded. At a thickness of 27 µm, the material exhibited an 
EMI SE of 44.4 dB, an extremely high thermal conductivity 
of 4.7 W  m−1  K−1 and a high electrical conductivity of 716 
S  m−1. Wu et al. [209] produced a MXene aerogel through 
freeze-drying and then sequentially impregnated the aerogel 
with PDMS to produce a lightweight, compressible, flexible 
and conductive material with an EMI SE of 70.5 dB [209]. 
Yun et al. [210] reported a method for producing nm-thick 
MXene films by inducing interfacial self-assembly of the 
sheets. This unique method reported that the thickness of 
the film was controllable, and this lead to a tunable EMI 
SE. Zhang et al. [211] also reported that the use of a doc-
tor blade to cast a MXene dispersion can induce alignment 
of the MXene sheets yielding a 940-nm-thick film with an 
ultra-high EMI SE of 50 dB and a record-holding tensile 
strength of 570 MPa.

Recently, much work has been dedicated to hybridised 
MXene EMI shields. Typically, this involves combining 
MXenes with materials that have already been explored in 
the literature as EMI shielding materials, i.e. carbon-based 
EMI shielding materials and metallic-based EMI shielding 
materials. Liang et al. [212] used calcined natural wood as 
a unique carbon-based skeleton to decorate with MXene 
sheets. The material had a low density of 197 mg  cm−3, 
was thermally insulative and flame retardant and boasted 
an EMI SE of 71.3 dB [212]. Much research has also been 
dedicated to combining MXenes with carbon nanomaterials 
[213–215]. Huangfu et al. [184] combined MXene sheets 
with silver nanowires and aramid nanofibre to yield a flex-
ible multifunctional material with an exceptionally high 
EMI SE of 80 dB at a low thickness of 50 µm, excellent 
flexibility, mechanical strength, electrical conductivity and 
the capability of joule heating [216]. Zhang et al. [217] 
combined MXenes with iron oxide nanoparticles yielding 
an EMI shield with an SE of 40 dB at a thickness of 75 µm. 
Cheng and co-authors [218] platted Ni onto a melamine 
sponge, decorated this sponge with graphene nanoplate-
lets and then coated it with MXene sheets and polyethylene 
glycol to yield a multifunctional EMI shield that also held 
phase change properties. Ergo, this material could be used 
for EMI shielding thermal management. Very recently, Guo 
et al. [219] reported the enhancement of an MXene/carbon 
aerogel by absorbing the organic dye methylene blue to yield 
an EMI shield with a SE of 84.3 dB at the low density of 
47.1 mg  cm−3.

Whilst carbon and metallic materials are common materi-
als to combine with MXenes, recently, a considerable effort 
has been made to explore MXene/conducting polymer hybrid 
EMI shields [213, 217, 220]. Intrinsically conductive poly-
mers (ICPs) themselves hold EMI shielding properties due to 
the electron density. Ergo, the combination of MXenes with 
ICPs holds the potential for enhanced EMI shielding com-
pared to MXene polymer composites with non-conductive 

polymer matrices. ICPs, such as poly(aniline), poly(pyrrole) 
and poly(3,4-ethylene dioxythiophene)–poly(styrene sul-
fonate) (PEDOT:PSS), have been widely studied. MXene/
(PEDOT:PSS) composite films showcase superior conduc-
tivities of 340.5 S  cm−1 and a maximum EMI SE value of 
42.10 dB at 11.1 µm thickness with a dominant absorption 
shielding (see Fig. 11) [221]. Additionally, the use of ICPs 
enables simple functionalization of fibrous media since the 
ICP can be used as a binder to adhere MXene sheets to fibre 
surfaces. Wang et al. [222] coated polypropylene fibres with 
polypyrrole and MXene sheets to yield an EMI shielding 
textile that had an EMI SE of 90 dB at a swatch thickness 
of 1.3 mm. This material shows excellent potential for EMI 
shielding textiles [222]. These results demonstrate the higher 
performance EMI shielding and microwave absorption 
ability of hybridised MXene films. Such films are suitable 
for defence, military and aerospace applications. Finally, 
although BN is not the same as MXenes, it is a 2D-MBG in 
its own right and has recently shown potential for neutron 
radiation shielding. The abundance of neutron radiation in 
space is uniquely challenging for aerospace engineering. 
We, therefore, chose to incorporate this challenge into our 
review. Neutrons pass through electron clouds more readily 
than charged radiation. Additionally, metallic EMI shields 
can form radioactive isotopes when bombarded with neutron 
radiation, which can lead to secondary radiation sources. 
Hence, classical metal-based EMI shielding materials are 
not suited for neutron radiation shielding. Boron effectively 
captures thermal neutrons across a wide range, making BN 
an effective neutron shielding material. Concurrently, hydro-
gen is also effective at slowing and absorbing high-energy 
neutrons. Zhang et al. [223] combined BN with hydrogen-
abundant ultra-high molecular weight polyethylene to realise 
an effective neutron shielding material. At a thickness of 
3.2 mm, the material could prevent 97.2% of incident neu-
tron radiation.

Nanocomposites and hybrid materials used for space appli-
cations must be adapted to stringent and hostile operating 
environments. Engineering high-performance materials that 
can withstand such harsh conditions require advanced manu-
facturing and engineering tools with high precision. Never-
theless, these space materials must also assure high reliability 
whilst performing intricate and sophisticated science experi-
ments. High-performance hybrid materials, which possess 
multiple functionalities such as high-temperature resistance, 
excellent mechanical properties, ease of processability, shock/
impact resistance, optical transparency and high-performance 
EMI shielding, are the prime requisite for designing materials 
for future space applications. Hence, a great deal of multidis-
ciplinary research is being promoted to tailor these properties 
in hybrid materials (foams, aerogels and thin films) for use 
in different segments like space shuttles, satellites and mars/
moon rovers.
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7  Computational modelling of advanced 
materials for space technology

7.1  Modelling of complex materials for space 
applications

During the last decades, the space industry has extended 
computational modelling to cover complex materials across 
the product life cycle. Computational modelling can be uti-
lised to design and fabricate materials with unique proper-
ties by accounting for the anisotropy of thermal expansion 

on space material thermomechanical properties and behav-
iours such as residual stress. The demand for computational 
modelling has also increased in space-based experimental 
approaches that are inherently high risks, costly or time-
consuming. Further to the space applications of materials 
for extreme environments, computational modelling is used 
in lightweight structural materials, coatings, materials for 
electrical power generation, energy storage, power distri-
bution, electrical machines and smart materials. Moreover, 
the data generated via connected objects utilising the indus-
trial internet of things (IIoT) in the factory of future (FoF) 

Fig. 11  a Schematic illustration of the assembly process for  Ti3C2Tx 
MXene/PEDOT:PSS composite films. b EMI SE of pure  Ti3C2Tx 
MXene film and the polymeric composite film with different ratios. 
c Total EMI SE and its absorption  (SEA) and reflection  (SER) of pure 

 Ti3C2Tx MXene film and the polymeric composite film with different 
ratios. Reproduced with permission [221] Copyright 2018, American 
Chemical Society
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has created enormous opportunities to understand the root 
causes of material failures and address safety and quality 
issues whilst increasing process productivity and material 
reliability. Hence, there is crucial to develop innovative 
simulation models that predict space irreversible materials’ 
properties and long-term response mechanisms under spe-
cific environments and operating conditions.

7.2  Areas of computational modelling in space 
application

The use of computational modelling spans a wide area of 
space applications, including concept design, modelling, 
design and fabrication optimisation and the analysis sup-
porting techniques using data visualisation. Examples of 
national space agencies, research institutes and aerospace 
companies’ applications cover deterministic and probabil-
istic models, numerical approaches, subroutine modelling 
and predicting various materials’ multiphysics under certain 
operating conditions, specific lengths and time scales [224, 
225]. As illustrated in Fig. 12, the nano level, represented 
with the quantum mechanics (QM) based on electronic 
structure and density functional theory (DFT), provides the 
most accurate and comprehensive description of material 
atomic structure and properties [226, 227]. Exceptionally, 
QM can widely predict the thermochemical properties using 

computational thermodynamics and electrical properties, 
including band gaps, optical spectra and electronic conduc-
tivity [228, 229].

This can be demonstrated in Maillard, and others’ anhar-
monic DFT calculations of the thermodynamic properties of 
B-H species, where the accuracy of the analytic expressions 
of these functions was comparable to the NASA functions in 
the 200–900 K temperature range [228]. Likewise, this was 
demonstrated in the study of Butler and co-workers [229] 
and Xiang and co-workers [230], applying first-principles 
calculations to investigate and design materials with superior 
properties.

However, this high level of accuracy comes with a 
high computational cost, which, in turn, makes molecular 
mechanics (MM) and molecular dynamics (MD) highly 
favourable. These techniques mainly utilise numerical 
approaches to solve Newton’s motion equations rather than 
finding an approximate solution for the Schrödinger wave-
function equation. Atoms and molecules’ forces and poten-
tial energies are calculated using interatomic potentials or 
molecular force fields [231, 232]. This simple approach 
increases computational efficiency, providing solutions 
to material science challenges, including mechanical and 
thermomechanical properties at the microscale [233, 234]. 
Despite the success of MM and MD computational mod-
elling, selecting appropriate interatomic potentials is still 

Fig. 12  Key application areas of computational modelling software packages
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a key challenge. Since potential energy functions have to 
be parametrised for all modelled chemical species whilst 
considering possible inter-chemical interactions, they 
have not been standardised. This leads to different fidelity 
levels depending on the system and properties modelled. 
Therefore, there is a need for an efficient and standardised 
methodology to generate reliable potential.

Whilst it is computationally infeasible to consider all 
functions related to atoms and molecules being modelled 
explicitly, many universal scaling polymeric properties, 
including density and composition, can be most effi-
ciently investigated through mesoscopic models. Meso-
scopic models include the pearl-necklace, the tangent 
hard-sphere, the bead-spring and the ellipsoidal particle 
[235, 236]. Moving from nanoscale, microscale and mes-
oscale to macroscale modelling, finite element analysis 
(FEA)-based computational modelling tools encompass 
algorithms for mechanics, heat transfer, electrical conduc-
tivity and simulation capabilities for nonlinear materials 
behaviour [237, 238]. FEA is beneficial in predicting dif-
ferent critical material properties. Furthermore, the analy-
sis can be extended to investigate the shrinkage resulting 
from polymerization or crystallisation, the effect of fibre 
wrinkling and temperature gradients that arise in differ-
ential polymerization. The governing physics is usually 
modelled with thermokinetics, chemoreology, thermosets 
and thermoplastics, applying several constitutive material 
models covering linear elastic, stress–strain and viscoe-
lastic. At the macroscale level, continuum constitutive 
models have proven to be well placed to predict criti-
cal properties, including deformation response and ther-
momechanical; however, their ability to predict damage 
evolution remains challenging [239]. This can be demon-
strated in Nilakantan and co-workers [240] and Cao and 
co-workers [241] in the dual use of Kevlar-based com-
posites in space and defence materials when using FEA 
modelling to investigate toughness by assessing the bal-
listic performance. Table 3 demonstrates some examples 
of computational modelling in space materials.

7.3  Future of computational modelling 
for materials in space

Future trends include extending all computational model-
ling utilisation, enabling proper handshaking between level-
specific approaches and techniques and developing models 
that strike a balance between experimental time and length 
scales and computational cost and fidelity. There is also a 
need to link computational model outcomes with experimen-
tal measurements for validation and verification and future 
model development and reliability studies to ensure the 
integration of uncertainty from various sources into models 
across all levels [253, 254].

Quantum computing utilising qubit’s quantum properties 
allows scientists to effectively consider all possible solutions, 
arriving at the best solution much more rapidly. Unlike con-
ventional computers, where bits have to assume a value of 
either 0 or 1, a qubit can simultaneously represent 0, 1 or 
both values (i.e. superposition), providing solutions to prob-
lems considered impossible to be solved [255, 256]. Since the 
global quantum industry is maturing quickly, key players cur-
rently view quantum computing as a competitive advantage 
that will reshape the space industry. For instance, NASA’s 
Quantum Artificial Intelligence Laboratory (QuAIL) hosts 
a 2048-qubit D-Wave  2000Q™ quantum computer to tackle 
optimisation problems [257]. Rigetti Computing and Airbus 
arranged competitions to accelerate the demonstration of a 
quantum computing advantage [258]. Quantum computing 
can be utilised in many areas, such as computational fluid 
dynamics (CFD) and material science [259].

Last, the adoption of an artificial intelligence (AI) 
approach based on machine learning (ML), for instance, will 
increase efficiency, enabling models to predict materials’ 
properties accurately. This approach can be extended further 
to include 3D-generated image-based modelling for hetero-
geneous regions and nanofibre composite–based materials 
with high tortuosity and aspect ratio to precisely support 
computational models [260, 261]. Figure 13 summarises 
future trends in space computational modelling.

Table 3  Examples of the use of some computational modelling in space materials

Levels Modelling Materials Applications References

1 Nano level Quantum molecular dynamics Kevlar/polyethylene Radiation protection [242–244]
2 Micro level Molecular dynamics Epoxy resins and hardener (i.e. bis-

phenol A, bisphenol F, triethylenete-
tramine)

Polymer construction material [245–247]

Graphene nanoplates Lubricating oil
Graphene-magnesium nanocomposite Lightweight and high strength

3 Meso level Hard sphere Carbon nanotubes Electrical conductivity/crack sensing [248, 249]
Empirical analysis Graphite epoxy composite Failure thermal cycling

4 Macro level Finite elemental analysis Axial braided carbon/carbon composite High temperature/strength [250–252]
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8  Smart composite materials

Smart composites are hybrid materials that have excellent 
mechanical properties and additional functionalities such as 
structural health monitoring, EMI shielding, energy storage 
and generation and self-healing. The advent of graphene, 
CNTs and other fillers with superior functional enhance-
ment has greatly broadened the scope of smart composites 
and brought significant advancement in this area. Smart 
composites primarily aim to serve as structural components 
with additional intrinsic functionalities. This ultimately leads 
to a reduction in the spacecraft’s weight, volume and cost. 
Moreover, the simplified structure enhances the lifetime and 
increases the functional volume. Composites like this are 
intrinsically smart and are in high demand for smart struc-
tures and robotics in aerospace applications.

Modification of composites, either at the interface level 
or throughout the matrix, commonly involves the incor-
poration of enhancement fillers like graphene and CNTs, 
to name a few [262]. Under ideal conditions, the homo-
geneous dispersion of nanofillers has little to no effect on 
the volume fraction of fibres, which are the main struc-
tural components in the composites. However, it has been 
observed that uniform dispersion of enhancement fill-
ers is hard to achieve, resulting in degradation of over-
all structural stability. Furthermore, the effectiveness of 
composites functionality enhancement diminishes as the 
fillers tend to aggregate with higher loading during the 
fabrication process. Thus, there is a significant trade-off 
between structural and functional performance with the 
current technologies.

Fig. 13  Summary of future trends in space computational modelling
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8.1  Energy storage structural composites

Energy storage composites are composite materials with 
sufficient mechanical strength to serve as structural compo-
nents that also can serve as energy storage devices. Using 
structural components as energy-storing devices decreases 
the payload from battery packs, improving feasibility [263]. 
The realisation of energy-storing composites is still an 
enormous challenge, and any research in this field is still 
highly novel. Owing to this, few variations in fabrication 
approaches are found in the literature. Most cases involve 
directly embedded prefabricated thin-profile batteries within 
structural a composite. Pereira et al. [264] demonstrated 
that thin-film lithium-ion batteries could be integrated into 
carbon fibre composite to produce structural batteries. The 
fabricated structural battery achieved minimal charge/dis-
charge deviation from pristine cells and the capability to 
withstand up to 50% of the pristine carbon fibre–reinforced 
polymer composites (CFRPCs) [264]. Another work also 
proposed the concept of structurally integrated lithium-ion 
batteries. The battery is encapsulated inside structural com-
posites and stabilised by interlocking polymer rivets. The 
rivets’ structure improves the load-bearing performance 
of the composites without any modification to the battery 
itself [265]. Thin-film supercapacitors can also be used in 
the replacement of thin-film batteries. Senokos et al. [266] 
fabricated multi-layered structural energy storage compos-
ites by embedding thin sandwich structure supercapacitors 
as an interleaf between carbon fibre plies.

However, these approaches somewhat fly in the face 
of the concept of energy-storing composites. The idea is 
to take a structural component of a spacecraft and make 
this component intrinsically energy-storing—this way, the 
weight of the spacecraft can be reduced owing to the reduc-
tion in the battery pack. Embedding a low-profile battery 
into structural composites does not eliminate the weight 
of the battery pack; it distributes it. Recently, however, an 
attractive alternative approach to realising energy-storing 
composites has been realised, fabricating composites that 
intrinsically form an energy storage device. This involves 
using carbon fibre as electrodes, a thin-film porous poly-
mer or fibre glass separator, a conductive polymer elec-
trolyte and a resin (typically epoxy-based). As illustrated 
in Fig. 14, a laminated structure is the most common con-
figuration for structural supercapacitor composites. Two 
carbon fibre mats used as electrodes with glass fabrics as 
separators in the middle, followed by infusing of multi-
functional polymer electrolyte, were first introduced by 
Shirshova et al. [267]. Today, much research is aspiring 
to develop effective intrinsically energy-storing structural 
composites. Paving the way in this field are the develop-
ers of SORCERER (Structural pOweR CompositEs foR 
futurE civil aiRcraft) technology. This research is being 

completed collaboratively through the Imperial College of 
London, Chalmers University of Technology, KTH Royal 
Institute of Technology (Sweden) and IMDEA Networks 
Institute. Together, the researchers have been developing 
structurally robust carbon fibre and graphitic electrodes 
to serve as the next-generation energy storage composite 
electrodes and simultaneously develop high mechanical 
strength and highly conductive electrolyte resins [268]. 
Also, very recently, a graphene aerogel–modified carbon 
fibre energy-storing composite was reported in the litera-
ture [269]. Subhani and others [269] employed graphene 
aerogel–coated carbon fibre as the electrodes, an ultra-thin 
electrospun nanofibre separator and an ionic liquid epoxy 
electrolyte. A high capacitance of 92.5 F  g−1 at 1 mV  s−1 
was achieved, as well as capacitance retention of 98% after 
10,000 charge cycles.

However, energy storage composites’ density, volume 
and weight are generally increased when attempting to fab-
ricate energy storage composites. In addition, the mechani-
cal properties are often considerably compromised. Spe-
cifically, new electrolyte candidates are urgently needed. 
A structural energy-storing composite ideally has good ion 
transport and high mechanical load-bearing. These two 
properties can be challenging to achieve in an electrolyte 
since they are often contradictory [270]. A compromise 
between mechanical performance and ionic conductivity 
is sometimes unavoidable to achieve optimum multifunc-
tional enhancement, as they are inversely related. There 
is, however, still promise for incorporating nanotechnolo-
gies, such as graphene and other enhancement fillers with 
superior mechanical properties, into the resins of energy 
storage composites, as a way of improving the mechani-
cal strength lost in the process of making the composites 
energy-storing.

Fig. 14  Schematic configuration of structural supercapacitor compos-
ites [240]
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8.2  Structural health‑monitoring composites

Structural health monitoring (SHM) is an emerging means 
of detecting structural failure or degradation in real time. 
SHM smart composites involve fabricating structural compo-
nents with the additional functionality of health-monitoring 
detection. This imparts the composite and health-monitoring 
technology with a symbiotic-like relationship—structurally 
robust composites protect the health-monitoring components, 
and the health-monitoring components help keep the com-
posites structurally strong. This also results in a reduction 
in weight and fuel consumption, stemming from integrat-
ing what were once two separate parts into one, ultimately 
improving feasibility. It also transforms the traditional regi-
mens of condition monitoring techniques into the evolution 
of a smarter system with self-sensing capability. The system 
safety and stability can thus be improved by timely evaluation 
of structural integrity.

Polymeric composites are ideal candidates for designing 
self-diagnosing SHM smart composites. Piezoresistance is 
the most commonly explored mechanism for achieving SHM 
based on real-time in situ strain response. Four common 
fabrication techniques are adopted to realise piezoresistant 
SHM composites: self-sensing CFRPC; impregnation with 
piezoresistive matrices; integration of conductive filaments, 
additives and yarns during fabrication procedure; and surface 
integration with piezoresistive films, as shown in Table 4. 
Yao et al. [271] demonstrated the conductivity of carbon 
fibre can be used to realise CFRP smart self-sensing com-
posites. The occurrence of damage alters the conductivity of 
the carbon fibre, which can be measured, enabling detection. 
The printed composites are capable of SHM functionality 
with improved tensile strength (70%) and flexural strength 
(18.7%). However, such an approach is only suitable for 
composites with conductive fibres like carbon fibre, and the 
matrix-dominated failure mode is undetectable. Nasir et al. 
[272] also reported carbon nanoparticle/polystyrene glass 
fibre epoxy composites can also act as effective self-sensing 
structural health-monitoring composites. De Simone et al. 
[273] reported the same with thin-film PZT-integrated car-
bon fibre composites. When high-velocity impacts occurred, 
the PZT film could detect the damage and accurately locate 

the impact site. CNT twisted threads could also be embed-
ded in composites for SHM, as reported by Wan et al. [274]. 
The tested specimen could provide linear testing results for 
loading up to 650 MPa.

Both self-sensing carbon fibre–reinforced composite 
(CFRC) and piezoresistive matrix techniques have 
limitations as they can only detect one type of failure 
(either matrix dominated or fibre dominated) due to their 
inherent nature. Surface-mounted sensor techniques can 
only provide real-time strain information but are not able to 
show any detailed information about damage type, initiation 
or propagation. Among all the adopted technologies, the 
embedment of filaments is an ideal technique, as it is 
inserted inside composites during the fabrication process; 
it can provide valuable information for SHM and detect all 
types of composites’ failure during service.

8.3  EMI shielding in composites

Another functionality capable of being endowed into struc-
tural composites is EMI shielding. As previously discussed, 
EMI shielding is a crucial capability for spacecraft. Also 
previously discussed is the nature of EMI shielding materi-
als to come in the form of coatings or thin films. With EMI 
shielding composites, the entire component also doubles as 
an EMI shield, negating the necessity for additional EMI 
shielding coatings. This may seem impractical to resort to 
fabricating a large multifunctional component when the 
issue can be overcome with a simple thin film or coating 
application. However, a lot of the materials already used 
in composites are conductive and electron-dense, making 
them intrinsically EMI shielding. CFRC has been widely 
used as EMI shielding materials with an EMI SE of 115 dB 
over the frequency range from 0.3 MHz to 1.5 GHz [275]. 
With the advanced development of nanotechnology, there is 
also the potential to incorporate conductive fillers such as 
CNTs and graphene into CFRP resins, improving the ther-
mal and electrical conductivity and, therefore, EMI shielding 
capability. Recently, Yan et al. [276] reported an impressive 
high-performance EMI shielding smart composite material 
[249]. The authors combined reduced graphene oxide and 
polystyrene. The authors reported that the reduced graphene 

Table 4  Comparison of four common SHM techniques

Sensing mechanism Sensitivity Sensing capability Disadvantage

Self-sensing composites (CFRC) Non-modifiable Fibre-dominated failure Matrix-dominated failure not detectable
Piezoresistive matrix Modifiable within a 

certain range
Matrix-dominated failure Fibre-dominated failure not detectable

Surface-integrated sensors Modifiable Strain sensing Strain response is not correlated with 
various failure types

Embedded filaments/yarns Modifiable Fibre/matrix failure –
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oxide forms a highly conductive coating on the composite 
surface, which is highly effective for multiple reflection and 
scattering (see Fig. 15). The material showed good mechani-
cal properties, good processability and excellent EMI SE 
value (up to 45.1 dB at 8.2 GHz) with a rGO loading of 
3.47% [276]. This research holds potential for the production 
of robust and cheap EMI shielding components that are not 
required to bear large mechanical loads.

The main hurdle with smart composite technologies is 
overcoming the trade-off between mechanical strength and 
functional performance. Both energy storage and SHM 
composites exhibit sub-par mechanical properties to pris-
tine CFRPCs. The exception is EMI shielding composites. 
The addition of nanofillers such as CNTs or graphene into 
CFRPC resin matrices generally improves EMI SE, electri-
cal and thermal conductivity and mechanical strength and 
reduces the weight. For now, the current approaches to EMI 
shielding for space lie outside of the realm of smart compos-
ite technology, largely due to the progress made in process-
ability and ease of fabrication in EMI thin films and coat-
ings. However, the trend in technological development is to 
make technology more compact, functional and integrated. 
Inevitably, this leads to the demand for smart composites, 
including EMI shielding. This technology is still relatively 
novel and ahead of its time. There are many problems to 

be overcome and many questions to be answered. Yet, it 
cannot be denied that the structural components of a space-
craft, infamously, significantly contribute to the space-
craft’s weight. It is only logical to attempt to correct this 
inefficiency.

9  Conclusion

The reported materials’ applications are related to improving 
safety, functionality or feasibility for spacecraft and space-
bound technologies. Additional capabilities can be devel-
oped by mitigating the threats or addressing the challenges 
experienced during space travel. Challenges encompass 
damage from micro-meteorites/space debris or UV radia-
tion, the dangers of fire in space, extremes of temperature, 
space dust and its adverse risks, effects of EMI on commu-
nications and navigation and the associated cost of transport-
ing heavy machinery and technologies out of Earth’s orbit. 
This review articulates and summarises the latest progress 
and development in emerging materials with applications 
in space. The materials focused on this review hold great 
potential and warrant the tremendous efforts currently being 
made to further the efficiency, functionality or ease of mate-
rials fabrication. Progressive research and development into 

Fig. 15  Depiction of PS-GO EMI shielding composite material. 
A) demonstrating the functionalization of PS with GO; B) Illustrat-
ing the in-situ reduction of GO/PS mixture; C) Illustrating the high-
pressure formation of solid phase rGO/PS composite material; D) 
Illustrating the resultant rGO/PS composite material; E) optical pho-

tograph of composite material thin film demonstrating material flex-
ibility; F) crosssection optical microscopy image of rGO/PS com-
posite material; G) TEM image of rGO layers between PS regions. 
Reproduced with permission [276]. Copyright year, Publisher.
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the materials outlined in this review will better equip space-
craft, crew and future inter-planetary colonies for dealing 
with and navigating the hostile unforgiving environments 
experienced during space travel.

9.1  Future outlooks

We began this review by discussing the challenges and 
risks associated with space travel and how materials can 
potentially solve or mitigate said difficulties and dangers. 
Materials for space applications often centre around crew 
safety, spacecraft longevity and mission feasibility—future 
materials for space must be adaptive, multifunctional and 
self-healing. Throughout this review, we discussed the next 
generation of emerging materials for space applications that 
address these motifs. Self-healing polymers naturally hold 
great potential for space applications. However, overcom-
ing the limitations of one-time-only self-healing in intrinsic 
self-healing materials is still a significant challenge. Without 
doing so, the applicability of self-healing materials in space 
becomes considerably reduced. Ultimately, this demands the 
development of novel materials, which is no trivial task. 
Extrinsic self-healing materials are capable of repeatable 
self-healing; however, the necessity for an input of energy 
to initiate the self-healing process in these materials poses 
a challenge when in space. Polymeric nanofiller (carbides, 
titania nanomaterials, graphene, its derivatives and MXenes) 
hybrid films show great potential in several applications, 
from EMI shielding or thermal management to self-cleaning 
surfaces or fire-resistant materials. Fine-tuning, optimising 
and understanding the processing of advanced materials 
through proper handshaking between level-specific model-
ling techniques will expectedly improve the performance and 
feasibility of these materials.

The areas ripe for innovation, outlined in the paragraph 
above, are technical challenges that must be overcome 
through iterative and explorative improvements; they are 
essential in their own right. Yet, it is also possible to forecast 
the grander approaching outlooks for space materials. The 
ultimate goal would be integrating multiple functionalities 
into a single component/material. For example, combining 
self-healing technology with structural health-monitoring 
composites can potentially improve the safety, longevity 
and feasibility of materials for space applications, simul-
taneously. Similarly, a spacecraft with intrinsically EMI 
shielding/energy-storing composite structural panels would 
spell both a reduction in weight and profile, improving fea-
sibility. Combining self-healing materials with self-cleaning 
surfaces could enable scratch and dust-resistant coatings, 
improving solar panel longevity and feasibility.

Integrating numerous functionalities into a single material 
often brings inherent challenges in maintaining the original 
functionalities. Energy-storing structural components, for 

example, often suffer from losses in mechanical properties 
compared to new structural features. Continuous progress in 
quantum computing/artificial intelligence will yield such or 
similar materials/technologies through advanced materials 
modelling. It may 1 day be possible to have a satellite that 
uses its structural panels as antennas and power sources, 
can shape morph, is self-healing, has adequate EMI shield-
ing capabilities, is self-cleaning and is thermally stable. Till 
then, there is considerable research to be done in the area of 
space materials.
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