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Preface

Upon proceeding further from the earth’s surface, the circumstances 
change and become more chaotic. For example, the temperature in the 
upper atmosphere drops below -40 °C to -57 °C at altitudes between 30,000 
and 40,000 feet, which is where most jet planes operate. Several factors, 
including wind speed/turbulence, low air pressure, and charged particles, 
make the selection of substances with the desired attributes difficult, leav-
ing room for the discovery and development of novel materials. The exper-
tise is so demanding that each airplane has over a million components, 
each with its own set of attributes to tune. 

Metals and alloys have so far been best able to utilize their qualities 
almost to the maximum. The latest advancements in polymers and com-
posites have opened up a new area of conjecture about how to modify 
airplanes and shuttles to be more polymeric and less metallic. Polymeric 
materials have been the focus of exploration due to their high strength-to-
weight ratio, low cost, and a greater degree of freedom in strengthening the 
needed qualities. Strength, density, malleability, ductility, elasticity, tough-
ness, brittleness, fusibility, conductivity, and thermal expansion are some 
of the general qualities of aviation materials that are taken into account.

Aerospace Polymeric Materials discusses a wide range of methods with 
an outline of polymeric and composite materials for aerospace applications. 
Among the range of topics discussed are aerogel properties; polymeric 
welding; polymeric reinforcement, their properties, and manufacturing; 
conducting polymer composites; electroactive polymeric composites; and 
polymer nanocomposite dielectrics. In addition, a summary of self-healing 
materials is also presented, including their significance, manufacturing 
methods, properties and applications. Therefore, this book will be a useful 
guide for engineers, faculty members, researchers, university students and 
laboratory technicians interested in polymeric composites and their useful 
properties for aerospace applications. A brief chapter-by-chapter account 
of the work reported in the 10 chapters of the book follows.



xii  Preface

–– Chapter 1 provides numerous methodologies to tune the 
properties of aerogels for aerospace applications, and also 
highlights some space missions wherein these aerogels have 
been utilized. The major focus of the chapter is to address 
the methods that achieve the paramount properties of aero-
gels utilized for aerospace applications.

–– Chapter 2 aims to compile the information concerning 
welding of polymeric materials in aircraft reported on in the 
literature that can act as a reference source for the aviation 
sector. In the study, the purpose of joining polymer materi-
als and welding methods is discussed, and commonly used 
welding methods are briefly explained in the subheadings.

–– Chapter 3 gives a detailed description of the reinforcement of 
polymers using carbon nanostructures. Modeling methods 
for nanocomposites are presented along with preparation 
and manufacturing methods for carbon nanocomposites. 
The chapter concludes with a description of the applications 
of carbon nanocomposites in mechanical and aerospace 
engineering.

–– Chapter 4 discusses aerospace applications of self-healing 
carbon fiber-reinforced polymers. The varieties of reinforced 
polymers, their properties, and manufacturing procedures 
are thoroughly reviewed. In addition to recent developments 
in reinforced polymers, their disposal and recyclability are 
also discussed to highlight their advantages, disadvantages, 
and future feasibility.

–– Chapter 5 enumerates the features of polymers and the 
strength of composite materials used in aerospace. The 
properties of polymer nanocomposites with different types 
of fiber, viz. glass fiber, polycarbonates, thermosetting, and 
thermoplastic resins, and their classification are deliberated. 
Recent advanced applications of polymeric composite in the 
field of aerospace, military aircraft, satellites, transport air-
craft, and missiles are also overviewed.

–– Chapter 6 overviews the potential use of self-healing poly-
mer composites in the aerospace industry with a focus on 
various healing mechanisms. These materials can repair 
physical damages. So, from basic sciences to the latest inno-
vations and applications, they are introduced further.

–– Chapter 7 highlights the employment of filler-based con-
ducting polymer composites for antistatic and lightning 
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strike protection applications in aerospace. To make con-
ducting polymer composites, polyaniline, polythiophene, 
polypyrrole, polyacetylene, etc., are the conducting poly-
mers mostly used along with conducting fillers like carbon 
black, carbon fibers, carbon nanotubes, graphene, ceramic 
nanostructures, etc. 

–– Chapter 8 emphasizes the science involved in electroactive 
polymeric shape-memory composites for aerospace appli-
cations. It covers the properties of shape-memory polymers 
that respond to different stimuli like heat, electricity, light 
and magnetism. The conversion of polymer into electroac-
tive polymer and applications of electro-active polymeric 
shape-memory composites in aerospace are also discussed. 

–– Chapter 9 explores the fundamentals of polymer nanocom-
posite dielectrics. The main focus is on communicating 
the crucial factor in designing high-temperature polymer 
nanocomposite dielectrics materials. Additionally, progress 
made in their applications at elevated temperatures is also 
discussed in detail.

–– Chapter 10 comprehensively addresses self-healing materi-
als along with their significance, manufacturing methods, 
properties and applications. Also discussed are various 
parameters that could be considered to define the healing 
efficacy, including the quantifiable material properties like 
fracture stress, various moduli, fracture toughness, elonga-
tion of the body, etc.

We would like to thank all the chapter contributors for their time and 
splendid work. 

The Editors
Inamuddin

Tariq Altalhi 
Sayed Mohammed Adnan

July 2022
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Tuning Aerogel Properties for 
Aerospace Applications

Catherine Tom1, Shubham Sinha1, Nidhi Joshi2 and Ravi Kumar Pujala1*

1Soft and Active Matter group, Department of Physics, Indian Institute of Science 
Education and Research (IISER) Tirupati, Andhra Pradesh, India

2Institute of Applied Physics, Eberhard Karls University Tuebingen,  
Tuebingen, Germany

Abstract
Aerogels are lightweight nanoporous material that offers various advantageous 
applications owing to their unique mechanical and thermal insulation property. 
Several unique attributes like the high porosity, large surface area, low thermal 
conductivity, low density, and high thermal insulation have proven them to be 
suitable materials to be used in aerospace applications. However, the lack of 
mechanical strength limits their use, and thus tailoring the properties through 
reinforcement, or simply modifying the synthesis method is crucial. The tuned 
aerogels with excellent mechanical properties can serve as a promising material 
to be used in numerous aerospace applications. Moreover, the chapter addresses 
the various methods to tune the aerogel properties for increasing their usability in 
aerospace applications.

Keywords:  Aerogel, nanoporous, thermal insulation, porosity, aerospace

1.1	 Introduction

Aerogels are known to be nanoporous materials that exhibit an open-cell 
network, wherein the solvent component is substituted by the air with-
out disrupting the gel structure. They have a wide variety of applications 
in aerospace, optics, biomedical fields, etc. [1–5]. Among all the extensive 

*Corresponding author: pujalaravikumar@iisertirupati.ac.in
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applications, one of the most emergent applications is the usage of aerogel 
in aerospace technology. Aerospace technology refers to those technologies 
that are broadly used in the construction, design, and servicing of aircraft 
and spacecraft components. Recently, the evolution of aerospace technol-
ogies makes thermal insulation materials for high-temperature applica-
tions inevitable. These nanoporous materials have opted as the appropriate 
materials for this purpose since they possess certain bewitching properties, 
such as lightweight, large surface area, high acoustic and thermal insula-
tion, and others [6–8].

Aerogels, also known as “frozen smoke,” possess an open-cell network 
whose solvent component is substituted by the air without disrupting the 
gel structure. One of the most commonly used aerogels, the silica aero-
gels comprised a pearl-necklace-like structure in which Si particles are 
linked with each other by Si–O–Si bonds, resulting in the formation of a 
3-D network [4]. The synthesis procedure comprises the sol-gel method, 
which is further followed by certain techniques like ambient pressure 
drying [1], supercritical drying [2], and freeze-drying [1, 3] for mak-
ing the wet gels dry, and thus replacing the solvent completely with gas 
from the gel materials, making only the solid nanoporous structure to 
remain intact [3]. Excellent high-temperature thermal insulation prop-
erties and low density are crucial in order to ensure the structural integ-
rity of space vehicles and aircraft. Alongside their thermal insulation 
properties, the highly porous nature of aerogels can also be used to stop 
high-velocity particles and confinement of cryogenic fluids [4]. A two-
step acid-base method has been used to synthesize tiles of silica aero-
gels, specifically used for space exploration by the National Aeronautics 
and Space Administration (NASA) [5]. Later on, a lot of developments in 
the aerospace industry have taken place for fabricating different aerogels 
which possess unique properties. Additionally, silica aerogels are also 
extensively used as thermal insulators in various planetary vehicles due 
to their excellent insulation properties [9, 10].

The brittle nature of various aerogels limits its usage in aerospace appli-
cations due to the presence of weak interparticle connections. However, 
the usage of structural reinforcement materials, the addition of chemical 
cross-linkers, and tuning the gelling, as well as aging time, could provide 
tremendous modified properties to the aerogels [11–13]. Silica aerogels 
reinforced with inorganic quartz fibers exhibit higher mechanical stability 
along with a lower thermal conductivity value of 0.034 W/mK and can 
withstand the variations in the temperature corresponding to that of the 
environment of Mars [14]. The low thermal conductivity leads the aerogels 
to be used in various space missions, voyagers, etc. due to the presence 
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of temperature gradient while the thermoelectric conversion takes place 
while using radioisotope as a source of thermal energy [4, 15–17]. A range 
of synthesis methods are known for the preparation of ultralightweight 
aerogel materials and will be discussed in the next section.

1.2	 Synthesis

The microstructure, composition, and the extraordinary properties 
exhibited by aerogels, which can be tuned easily by the solution chemis-
try, have led their synthesis method to receive more attention, most com-
monly, the method comprises of three steps. The sol-gel method where 
the precursors like organic, inorganic, and metal oxide precursors along 
with a solvent undergo hydrolysis reactions, as well as condensation 
reactions, which results in the formation of a colloidal sol which on fur-
ther reactions becomes a wet gel [18, 19]. It is usually followed by aging 
in which the weak wet gels get converted into stiff gels simply by the con-
tinuing chemical reactions with precursors in the system [12]. Basically, 
this step exists as a matter of increasing the strength and stiffness of gel, 
thus preventing it from gel-structure collapse during drying. The aging 
is accompanied by the drying methods like ambient drying, freeze-
drying, and supercritical drying in order to remove the solvent and other 
chemical residues from the pores of the gel thus substituting the solvent 
by air making the wet gel, an aerogel [1]. General steps engaged in the 
synthesis of aerogel are shown in Figure 1.1. The high sol homogeneity 
while mixing the precursors at low processing temperature conditions 
thereby eliminating the drawbacks and taking into consideration the best 

Hydrolyzation
&

Condensation

Precursor
Solution

Sol Gel Aerogel

Drying

Gelation and aging

Figure 1.1  Figure depicts the general steps involved in the synthesis of aerogel. 
(Reproduced with permission [94] Copyright 2021, Wiley).
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properties of all the components forming the hybrid material with new 
properties, makes the sol-gel method an ideal technology in the develop-
ment of wet gels [19]. 

In order to develop thermal barrier coatings for aircraft engines, a sol-
gel method was used to produce fine powders of Yttria-stabilized zirconia 
(YSZ) and further, the calcination of these fine powders yield YSZ aerogels 
and xerogels [20]. Mullite fiber felt/Y2SiO5 aerogel/TiO2 opacifier compos-
ites (MYTC) were made by sol-gel route accompanied by a supercritical 
drying method in the production of MYTC aerogels. The integration of 
opacifiers, such as iron oxide, titania, carbon soot, etc. [18, 21, 22] in the 
aerogels enhanced their thermal insulation performance, and thus, they 
could be used in aerospace technologies [23]. 

Various aerogels possess low-density and ultra-high thermal stability 
but alongside this, they lack mechanical strength, which is inevitable for 
aerospace applications. As a means of improving its mechanical strength, 
some nanoclay minerals, such as halloysite nanotube and others are 
incorporated, facilitating the formation of dual network aerogels freeze-
drying technique and vacuum impregnation followed by CO2 supercriti-
cal drying method [24]. This reinforcement method shows great potential 
to enhance the mechanical properties of the aerogels. The method of 
vacuum-freeze drying mainly involves mixing the precursors and stir-
ring them well at room temperature. The degassing in the vacuum drying 
chamber is further followed by allowing them to mix with the precursor 
solution in a high-pressure vessel and keeping it in a high-temperature 
oven a hybrid aerogel is formed. The hybrid aerogels are then pyrolyzed 
in a nitrogen gas atmosphere at higher temperature ranges (800–1000°C), 
and the sample is then cooled to room temperature to produce hybrid 
aerogels. These modified synthesis protocols led to accomplish easy con-
trol of their nanoporous structure and, hence, a strategy to fabricate desir-
able aerogels with advantageous thermal insulation properties.

In contrast to silica aerogels, polymer aerogels are known to exhibit 
high-temperature stability and better mechanical property. They are syn-
thesized via the bidirectional freezing method wherein the porous struc-
ture could be altered easily by the use of a desirable precursor [3, 25]. 
Herein, the precursor is frozen using liquid nitrogen and then freeze-
dried for more than 48 hours, resulting in the formation of bidirec-
tional anisotropic aerogels. Due to their high mechanical and insulation 
property, these aerogels could serve as a promising material for thermal 
insulators in aerospace, buildings, and instrumentation applications. 
Different synthesis methods of aerogels and their applications are tabu-
lated in Table 1.1.
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1.3	 Aerospace Missions

The microporous networks along with the interlocking filaments in the 
nanoscale range impart aerogels an open cell structure which accomplished 
them with unique properties for aerospace applications. Their extremely 
low density and high porous structure enable their usage in numerous 
space exploration missions. Importantly, NASA has incorporated aerogels 
for two of its space missions, one being the Mars mission and the other 
Stardust mission [4]. The fascinating thermal insulation properties and the 
mechanical properties of aerogel have been utilized by these missions in 
space explorations.

1.3.1	 Stardust Mission

Stardust mission aimed at capturing high-velocity particles from space 
using the highly porous nature of aerogels [4, 15, 37, 38]. The mission was 
to send a grid of silica aerogels into space and after its encounter with the 
comet, return the grid to the earth. The purpose was to get a large num-
ber of cometary particles with a diameter greater than or equal to fifteen 
microns. During the encounter with the comet, the aerogel grid was sup-
posed to deploy from the spacecraft and capture the cometary particles 
using its microporous network and nanofilaments and retract back to the 
spacecraft once it completes its mission. Two grids of silica aerogel, each 
comprised one hundred thirty cells were assembled back to back so that 
one grid could capture the interstellar particles and the other could collect 
the cometary particles (Figure 1.2). The successful launching of Stardust 

(a) (b) (c)

Figure 1.2  (a) Silica aerogel grids used in Stardust mission (b) Mars exploration rover 
and (c) Hypersonic inflatable aerodynamic decelerator. (Credits: NASA).
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spacecraft encountered comet Wild2, and the samples collected by the 
aerogel grid cells were returned safely to earth [4, 15].

The Sample Collection of the Investigation of Mars (SCIM) scheme is 
similar to the Stardust mission using the similar idea of hypervelocity par-
ticle capturing using aerogel grids from the upper Martian surface [39–41]. 
But, here, the aerogel is nonsilicate (carbon, titania, zirconia, niobium) 
compared to the silicate aerogels used in the Stardust mission since most 
of the particles in our solar system consist of silicate components.

1.3.2	 MARS Pathfinder Mission

MARS pathfinder mission of 1996 used silica aerogels to make the thermal 
insulation materials for the rover Sojourner as they are ultra-lightweight 
and hydrophobic in nature [4, 42]. As the mission was successful, simi-
lar aerogels were used in the warm electronics boxes (WEB) of the rovers 
(named Spirit and Opportunity) landed on the Martian surface to explore 
the Martian surface since the aerogels prevent the conductive and convec-
tive transfer of heat as they are highly porous in nature. Thermal insulation 
materials composed of aerogels are necessary in the WEB of rovers on the 
Martian surface in order to keep the temperature of the rover electronics 
stable as there happens a temperature variation of approximately 100°C 
while transitions from day to night take place. Since the silica aerogels are 
transparent to IR radiation, opacifiers, like graphite (0.4 wt%), were incor-
porated into them as a means of making the aerogels opaque, thereby pre-
venting the absorption during irradiation [4].

1.3.3	 Hypersonic Inflatable Aerodynamic Decelerator

Hypersonic Inflatable Aerodynamic Decelerator (HIAD) is basically an 
inflatable vehicle funded by the Hypersonic Project of the Fundamental 
Aeronautics program, which is kept inside the launch vehicle for ensuring 
the safe launch of the space vehicle. HIAD gets inflated as the launch vehi-
cle enters into the earth’s atmosphere and becomes rigid, which helps in 
the slow and safe landing of space vehicles on any planet. In HIAD, a thin 
film-based aerogel is mainly used in its thermal protection system, which 
can act as an insulator thereby protecting the payload [43].

1.3.4	 Mars Science Laboratory

Silica aerogel with graphite doped on it was used in the thermal control sys-
tems of Mars science laboratory (MSL). MSL generates electric power by 
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using a multi-mission radioisotope thermoelectric generator (MMRTG), 
which converts heat produced by a heat source to electrical power. In order 
to maintain thermal stability, waste heat generated should be eliminated 
which is mainly done with the help of heat exchangers. Here, graphite 
doped silica aerogel is used as insulation in between the hot and cold sides 
of these heat exchangers [18].

1.3.5	 Cryogenic Fluid Containment

Silica aerogel possessing a highly porous structure is used in the confine-
ment of liquid helium in its pores thereby preventing its bulk flow. The 
importance of liquid helium is to maintain and establish a cryogenic envi-
ronment, to provide remarkable low temperatures for the detectors and 
test masses kept in the spacecraft, used in the determination of the ratio of 
inertial mass and the gravitational mass proposed by Satellite Test of the 
Equivalence Principle (STEP) Mission [18].

1.4	 Property Tuning of Aerogels

As well discussed above, among various active classes of porous materi-
als, aerogel occupies a very unique place owing to its high porosity, large 
surface area, and ultralow density. These features make aerogels unique 
in terms of low sound velocity, high adsorption capacity, low dielectric 
constant, and exceptional low thermal conductivity. Henceforth, aero-
gels are used in thermal and acoustics insulations, supercapacitors, and 
aerospace. Even though aerogels show these exceptional character-
istics, their application is limited due to their fragile nature and poor 
mechanical properties. When used in aerospace, their properties need 
to be precisely tuned according to the desired requirement. For example, 
aerogels used in capturing high-velocity particles need to be remarkably 
strong to get through the launching and landing procedures. The aerogel 
used to protect the electronic systems of Mars rovers should be efficient 
thermal insulators to sustain the 100°C temperature variations on the 
Martian surface. Therefore, it is indeed necessary to look for methods 
that enhance these properties of aerogels and tailor them according to 
the desired applications. The property tuning of any material could be 
simply done by altering parameters or experimental conditions during, 
as well as after, synthesis. In this section, we will analyze the different 
methods to tune the properties of aerogels (1) during synthesis and 
(2) after synthesis. 
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1.4.1	 During Synthesis

The peculiarities of aerogels significantly depend on the steps involved in 
the synthesis. Depending on the desired properties of aerogels, different 
steps are modified accordingly. The first step of aerogel synthesis is the 
preparation of colloidal suspension called sol wherein the precursor mate-
rials are dispersed in solvents to form sol particles and the introduction of 
catalyst promotes the polymerization of sol particles through the process 
of hydrolysis and polycondensation reactions [2, 18, 44]. The crosslinking 
of particles forms a 3D porous network that spans throughout the liquid 
phase forming a gel-like structure. Once the gel is formed, it is aged to 
increase the strength of the network. The final and most delicate step of 
the synthesis is called drying which involves removing the liquid phase 
from the wet gel and thus leaving a porous dry gel network containing air. 
Herein, we address different methods to tune the properties of aerogels 
during the various steps of the synthesis (1) sol preparation, (2) gelation, 
(3) aging, (4) drying.

Various types of precursors are chosen depending on the desirable 
properties of aerogels in terms of density, specific surface area, and pore 
size. Therefore, the selectivity of the precursor is crucial for the desired 
properties of aerogels. Certain aerogels are known to be excellent thermal 
insulators while some as IR absorbents. These properties of the two types 
of aerogels differ due to the chemical composition of the sols used, which 
form the porous structure. Hence, these are often doped, which leads to 
altering the linkages forming the network [18, 28, 30]. Among the precur-
sors available for organic aerogels, carbon nanotubes (CNT) based aero-
gels are promising candidates owing to their electrical conductive property 
and hence have applications in sensors, electrodes, and thermoelectrics. 
But they form weak 3D networks by Vander wall interactions with poor 
mechanical strength and limited elasticity. Therefore, polymer reinforce-
ment is done to overcome these challenges [45–47].

The sol preparation has proceeded with the next step that is gelation, 
which encompasses the formation of a 3D network. In contrast to organic 
aerogels, where the gelation starts with the polymerization of multifunc-
tional organic compounds forming a three-dimensional polymer network, 
the inorganic aerogels include the hydrolysis followed by condensation of 
precursors forming the network structure. The hydrolysis step is followed 
by condensation reactions releasing water or alcohol by water condensa-
tion or alcohol condensation reactions [48, 49]. The hydrophobicity, optical 
transmittance, surface area, and thermal stability of aerogels can be tuned 
by varying the pH, type of catalysts, solvent, temperature, etc. [48, 50–56]. 
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Therefore, the structure and peculiarities of aerogels can be easily tailored 
by controlling and manipulating these experimental conditions.

Once the gel is formed, the backbone of the gel still contains many unre-
acted sol particles, which are bonded by weak noncovalent bonds. During 
aging, these sol particles can undergo polymerization with nearby sol par-
ticles forming covalent bonds if sufficient time is provided [12, 57–59]. 
This can cause contraction of the gel network but it also increases the con-
nectivity and strengthens the gel and hence reduce the shrinkage of gel 
during drying. The basic aging process includes soaking the gel under a 
solvent/water mixture. During this, reprecipitation of sol particles into gel 
network and the incorporation of new monomers from the aging solution 
take place. These monomers further crosslink with the backbone network. 
This results in larger particles and the growth of neck regions between these 
particles increases the strength of the gel. Growth in the neck between par-
ticles due to dissolution and reprecipitation is shown in Figure 1.3. The 
mechanical strength and properties like surface area, pore size, etc. of gel 
can be tuned by changing the precursor concentration, solvent, pH, tem-
perature, and aging time [57, 58, 60]. When the gels are allowed to age for 
a longer time period, the rigidity of the gel increases, and hence reduces the 
contraction of the network during drying [59, 62, 63]. The effect of aging 
parameters has been studied wherein the physical properties of aerogels 
are found to be correlated with aging time and temperature. Further, in the 
aging steps, the pores of the wet gel are filled with liquid.

Aerogels are formed when this pore fluid is removed leaving behind a 
porous solid network containing air. When the fluid is extracted out by 
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evaporation, the strong capillary stress exerted by the fluid on the gel net-
work causes the shrinkage of the porous network and collapsing of the 
pore structure. This leads to the formation of aerogels with cracks and low 
surface area. To avoid this, several methods are used. Various surfactants 
or the incorporation of drying control chemical additives (DCCA), like 
oxalic acid, formamide, etc. are added to reduce the surface tension of the 
liquid, thus reducing the capillary stress [64, 65]. But the disadvantage of 
these additives is that they are difficult to remove and thus, the aerogels 
produced are unhygienic.

To replace the pore liquid without causing severe shrinkage of the solid 
network, some common extraction techniques, such as supercritical dry-
ing (SCD), ambient pressure drying (APD), and freeze-drying are used. 
One of the widely used drying methods is supercritical drying (SCD) 
where the wet gel is allowed to undergo a solvent exchange process to 
replace the precursor solvent with a known solvent to be super critically 
dried. Once the solvent exchange is done, the pore liquid is then heated 
above its critical temperature and pressure (TC, PC). The supercritical 
fluid is then removed from the pore through evaporation. Among var-
ious solvents, the most widely used solvent is CO2 due to its low critical 
temperature (31.1°C) and pressure (7.36 Pa) compared to other solvents 
such as methanol, ethanol, etc. Zu et al. synthesized cellulose aerogels by 
performing solvent exchange with ethanol accompanied by supercritical 
drying with CO2 [66]. Polyimide aerogel with very low value of dielectric 
constant of 1.19 were synthesized by Shen et al. using CO2 supercritical 
drying [67]. The aerogel synthesized by SCD shows high pore volume, 
porosity, and large surface area when compared to other drying methods 
[68, 69]. 

The supercritical drying method requires dealing with high pressure 
and thus needs sophisticated instruments, and the cost is high. It is risky 
and costly. Another drying method known as ambient pressure drying 
could be applied on an industrial scale for aerogel synthesis wherein the 
pore liquid is evaporated at ambient pressure and temperature [18]. But, 
if the gel is simply dried at ambient conditions, it will cause severe shrink-
age and collapse of the porous network. To avoid this, two common tech-
niques are used, the one where replacing the pore fluid with a solvent, 
possessing low surface tension which is suitable for evaporative drying 
[1, 53, 64, 70]. This will reduce the capillary stress on the pore during 
drying. Another method can be modifying the surface of the pores of the 
gel network to minimize the effects of surface tension [71]. The bonds 
present on the surface of aerogels are replaced by another group, the pro-
cess is called silylation for silica aerogel, and it makes the pore surface 
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hydrophobic (Figure 1.4). During ambient drying the alkyl groups (-R) 
repel each other, thus avoiding the collapse of the porous network during 
drying. 

Another method is freeze drying to avoid capillary stress, where the 
pore liquid is frozen to become solid, which is then removed by vacuum 
sublimation. Therefore, a solvent exchange is first performed with a low 
expansion coefficient solvent, resulting in the formation of cryogel. The 
solid backbone development in cryogels can be effectively controlled by 
controlling the growth of ice crystals during freezing, providing high effi-
ciency and low cost [72, 73]. The effect of freezing temperature, time, and 
precursor concentration determine the pore size of the cryogels formed. 
Low precursor concentrations have been observed to increase the ice crys-
tal growth, thus influencing the pore size [74, 75]. This drying method has 
its limitations. It is very difficult to obtain monolithic samples using this 
technique as the solvent recrystallizes inside the pore and grows which 
causes breaking of the gel network. Cryogels show a smaller surface area 
and mesoporous volume compared to aerogels [49].

1.4.2	 Post-Synthesis

The physical and chemical properties of aerogel can be modified even after 
the aerogel fabrication using techniques such as heating, plasma treatment, 
and chemical vapor deposition [85–87]. Heat treatment of the aerogel can 
cause a change in its microstructure and surface properties of aerogels and 
lead to changes in properties like density, hydrophobicity, thermal con-
ductivity, etc. Hydrophobic silica aerogels when heated, the surface alkyl 
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groups undergo decomposition. This causes an increase in hydrophilicity 
with an increasing temperature. It is important to characterize the changes 
in aerogel after heat treatment as it can degrade the efficiency of the aero-
gel. The porosity and hydrophobicity play an important role in cryogenic 
fluid containers, and changes in these properties at elevated temperatures 
can cause severe damage. Deposition of chemical substrates on aerogel 
surface is another important method to tune its physical and chemical 
properties. Methods like Atomic Layer Deposition (ALD) and Chemical 
Vapour depositions are used to coat aerogels. Nanometer-sized high aspect 
ratio aerogels have been prepared by coating with zinc oxide, tungsten, 
and alumina [87–90]. The presence of surface functional groups can affect 
this deposition mechanism. Oxygen plasma treatment is another attractive 
method to alter surface properties without affecting bulk properties. It also 
increases the number of surface hydroxyl groups, thus making aerogels 
active for adsorption [91]. Among aerogels, titanium aerogel is extensively 
used in dye-sensitized solar cells (DSSC) as photoanode, which has poten-
tial application in space power generation technology [92, 93]. Due to its 
mesoporous structure, it can encapsulate dye molecules and allows the 
electrolyte permeation. 

1.4.3	 Aerogel Composites

Despite the fascinating properties and wide area of applications, the large-
scale use of aerogels is limited due to their poor mechanical properties, 
hydrophilicity, cost, and safety during drying. Methods like surface modi-
fications are used to overcome the hydrophilicity challenges. However, the 
commercialization of aerogels remains slow due to their fragility. Doping 
the aerogels with suitable polymers can enhance their mechanical prop-
erties to some extent. Incorporating polymers into the porous network is 
done to enhance its mechanical strength and provide flexibility [35, 94, 
95]. The reinforcement of polymer creates a conformal coating and cross-
linking skeletal aerogel nanoparticles which can enhance the mechanical 
strength by two orders of magnitude [50, 96]. Some commonly used cross-
linkers are isocyanates, epoxies, polyimides, and polystyrene. Other prop-
erties like thermal conductivity, acoustic impedance, catalytic properties, 
and surface area, etc. can also be tailored depending on the type of cross-
linker used. Polymer cross-linked aerogel (Figure 1.5) sets a new platform 
due to their improved mechanical properties in combination with low 
thermal conductivity and lightweight has applications for space explora-
tion missions, thermal insulation, extravehicular activity (EVA) suits, cryo 
tanks, etc. [8, 27, 29, 97]. 
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The properties of aerogel can also be improved by reinforcing additives 
like nanoparticles, metal nano-oxides, fibers, etc. into the aerogel matrix. 
A list of aerogel composites along with their fillers is shown in Table 1.2. 
Several organic fibers, such as fiberglass, mullite fiber, and ceramic fibers, 
are used in reinforcing aerogels and improve the heat radiation shielding 
ability of aerogels at higher temperatures. The incorporation of nanoma-
terials into the pores is often used to enhance the functional properties of 
aerogels [85, 97]. Carbon nanomaterials like carbon nanotubes, graphene, 
carbon nanofibers etc. have been used to modify the electrical properties 
of aerogels, which are then used as supercapacitors, batteries, and sensors.
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Table 1.2   Some of the aerogel composites and the fillers used.

Sl. no. Aerogel Filler Reference

1 Silica Graphene oxide , Fibrillated cellulose, 
Foam concrete, Epoxy

[76–78]

2 Alumina Resorcinol-formaldehyde, Titanium 
oxide (TiO2)

[79, 80]

3 Carbon Graphene nanosheets (GNS) [81]

4 Graphene Nitrogen, Silica [82, 83]

5 Cellulose Titanium oxide (TiO2) [84]
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1.5	 Tuning Properties for Aerospace Applications

As discussed earlier, the modification of physical and chemical properties 
of aerogels can be done simply during and after synthesis. Further, this 
section addresses the peculiar properties of aerogels and the ways to tune 
them for aerospace applications. 

1.5.1	 Thermal Conductivity

Aerogels are famous for their extremely low thermal conductivity and 
therefore, are the lowest conducting solid known. The thermal energy 
transport in aerogel takes place through three pathways: solid conduc-
tivity through the solid backbone, the radiative (IR) transmission and 
gaseous conductivity through the pores, and. The three-dimensional net-
work of solid backbone consists of particles linked together in a very 
tortuous path and often contains many “dead-ends.” Due to this, the solid 
thermal transport is reduced in aerogels [18], whereas the gaseous mode 
of heat transfer depends on the size of the pores in the aerogels. The aver-
age pore size of aerogel is comparable to the mean free path of air (70 nm) 
at ambient conditions. Therefore, the collision of gas molecules occurs 
frequently with the pore wall compared to each other. This reduces the 
heat transport through a pore. The gaseous mode of heat transport can 
further be reduced by increasing the solid density or reducing the gas 
pressure. The third mode of heat transport, i.e., radiative, occurs due to 
the weak absorption near-infrared wavelength, which causes significant 
radiation leakage when the spectrum is shifted towards a shorter wave-
length. Therefore, aerogels are mixed with IR absorbents called opacifiers 
such as carbon, organic polymers, and inorganic oxides to reduce the 
radiative conductivity [18, 98–100].

Silica aerogel is used as a thermal insulator for Warm Electronic Boxes 
(WEB) to keep the temperature of rover electronics steady during the tem-
perature variations. To increase the insulation efficiency of silica aerogel, 
it was doped with graphite used in another exploration mission [4, 5, 18]. 
Therefore, transparent silica aerogel was made opaque to reduce the radi-
ative heat transport and hence minimizing the total thermal conductiv-
ity. Therefore, the primary focus of aerogel research is to produce highly 
insulating, mechanically strong, and flexible aerogels. In this section, we 
will discuss various methods to tune the thermal properties of aerogels 
by (1) minimizing solid conductivity, (2) modifications in IR absorption 
properties, (3) minimizing gaseous conductivity.
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1.5.1.1	 Minimizing Solid Conductivity

The microstructures of aerogels are formed by linking together huge num-
bers of particles in a very zig-zag path. The size of these particles and contact 
diameter between them affect the thermal conductivity of the backbone. A 
modified model was proposed to anticipate the thermal conductivity of 
the backbone of aerogel where it was found that the interfacial resistance is 
inversely proportional to the square of contact diameter between particles, 
and up to a threshold value of contact diameter, the conductivity varies 
[101]. The thermal conductivity is also significantly affected by the density 
of aerogels. Doping aerogels to enhance their mechanical strength would 
increase their density and hence, increase the solid contained in aerogels, 
which leads to increased solid conductivity, whereas decreasing density 
to reduce solid content (therefore reducing solid heat transfer) causes an 
increase in pore size. This increases the gaseous conduction. One way to 
reduce solid thermal conductivity is using materials that have low intrinsic 
solid conductivity. The carbon aerogel can withstand higher temperatures 
and is known to possess highest thermal stability [102, 103]. 

1.5.1.2	 Modification of IR Absorption Properties

Aerogels are doped with IR opacifiers to minimize the heat transfer 
through radiative transmission. Silica aerogel, being the most widely used 
in aerospace applications, has extremely low conductive and convective 
heat transfer properties but is transparent to infrared radiation. Therefore, 
it is opacified with IR absorbents, which deduce the radiative heat transfer. 
Although adding opacifiers, such as active oxides, carbides, carbon black 
reduces the radiative transfer, it also increases the solid backbone conduc-
tivity due to the increase in connecting cross-sectional area between two 
particles. Hence, it is important to look for materials that minimize the 
heat transfer through radiative transmission while keeping the total ther-
mal conductivity below the threshold. The thermal insulation property was 
found to be improved by doping silica aerogel with graphite; used in the 
2003 Mars mission [18]. In several other works, doping has been done to 
modify the thermal transport in aerogels [104–107]. 

1.5.1.3	 Minimizing Gaseous Conductivity

The gaseous heat transfer in the porous material is described by Knudsen 
number (Kn), which can be described as the ratio of the mean free path of 
gas molecules (lg) to the effective pore size (D). For aerogels, the mean free 
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path of a gas molecule is less than the effective pore size, therefore, Kn<1. 
Hence, the resulting gaseous thermal conductivity depends on the number 
of gas molecules, i.e., the gas pressure [18, 108, 109]. The contribution of 
gaseous conductivity of aerogel to total thermal conductivity is very low 
and negligible near-vacuum. But as the pressure increases, the gas convec-
tion becomes important. The gaseous thermal transport can be reduced by 
using gas that has a large mean free path (low molecular mass), by reducing 
the pore size of aerogel, or by lowering the gas pressure within aerogel.

Filling aerogel with light gases is expensive and difficult as they escape 
easily. Therefore, this method is not feasible. The other method can be 
reducing the size of the pores in the aerogel. This can be done by reducing 
the solid density, leading to an increase in the solid conductivity. The pore 
size can be reduced while keeping the density constant by using a two-step 
sol-gel process.

1.5.2	 Mechanical Property

The vital property of aerogels is their mechanical ones, which led them 
to be used in aerospace applications. The fragility and brittleness of the 
aerogels correspond to the pearl necklace–like fractal network [106, 110–
112]. In addition to this, there is a prerequisite to enhance the mechani-
cal property by the reinforcement of another material, such as polymers, 
fibers, carbon, nanoparticle, etc. into the aerogels. The reinforcement of 
the materials not only improves the elastic properties but also the tensile 
strength, as well as compressive modulus magnitude [6, 106, 113–114]. It 
is observed that introducing fibers, polymers, etc. leads to enhancement in 
both the strength and elasticity present in the three-dimensional network 
of their structure. However, the increase in strength due to the dense and 
stiff structure of aerogels could result in a reduction of thermal insulation 
properties. In order to get rid of this issue, the one-pot surface initiation 
polymerization has been implemented to tune the mechanical property 
without weakening any other. The optimization of polymer/fibers used for 
the reinforcement process is known to increase the strength and flexibility 
with a slight effect on the various other properties in one pot surface initi-
ation polymerization [35, 95].

In order to tune the mechanical properties of the aerogels, the addition 
of a material-assembled blanket was added to the synthesized aerogel pow-
der, leading to the goal of achieving flexibility in the aerogels. However, 
the desire of achieving high mechanical properties in the condition of 
high temperature is still a challenge. The reinforcement could lead to the 
weakening of high temperature stability in the aerogels. The mechanical 
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properties of the synthesized aerogels solely depend on the microstructure 
of the material and different synthesizing techniques can be used to obtain 
different microstructures. Some of the preparation methods are chemical 
vapor deposition, solution blow spinning, and freeze-drying methods [29, 
115]. Another method to synthesize the aerogels with high mechanical 
properties is double chemical cross-linking and physical cross-linking, 
wherein they exhibit profound thermal insulation and mechanical behav-
ior and hence make these synthesized aerogels to be used in aerospace 
applications. In summary, the mechanical properties of the aerogels could 
be easily tuned simply by the synthesizing techniques and the reinforce-
ment particle depending on the requirement.

1.5.3	 Optical Transmittance

Apart from the extraordinary properties like low thermal conductivity, 
large surface area, low density, aerogel like silica aerogel also shows high 
optical transparency. When these properties are merged, it makes aero-
gel useful in extreme situations like hypervelocity particles to capture in 
outer space [116]. The transparency of aerogel has been used in solar ther-
mal application, Cherenkov counters, and window glazing technology, etc 
[117–119]. The particle size in aerogel is very small compared to the visible 
wavelength (between 2-50 nm), therefore, they do not contribute much to 
scattering. However, the surface imperfections and the mesoporosity play 
a key role here by acting as a scattering center. To reduce scattering and 
increase optical transparency, tailoring of particle size and bulk density is 
needed. For example, keeping the density constant, smaller particles yield 
more transparent aerogel. These parameters can be tuned during the var-
ious synthesis steps like precursor selection, solvent, catalysts, pH, gela-
tion, drying, etc. [49, 120, 121]. Some researchers studied the properties 
like transparency, particle size, and surface area of aerogels with the varia-
tion in the dielectric constant and polarity of the solvent. They found that 
increasing these parameters increases the rate of hydrolysis and conden-
sation, which leads to the formation of transparent aerogels with a larger 
surface area [121].

1.6	 Conclusion and Future Prospects

The aerogels are promising nanoporous materials that need to be applied 
in aerospace applications, importantly exploiting from their tuned optical, 
mechanical, acoustical, and thermal properties. Their thermal insulation 
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and poor mechanical property made them an ideal material to use in sev-
eral space missions mentioned in the above discussion. In literature, a wide 
range of cross-linking methods has been used to improvise the flexibility/
strength of the fabricated aerogels. In order to use aerogels in an aerospace 
application, there is a crucial need to alter their mechanical properties as 
well as flexibility. The fascinating properties of the resultant tuned aerogels 
by modifying the reaction conditions and type of precursor usage attribute 
to specific microstructure which made them beneficial to be used in aero-
space applications.

Importantly, the above discussion suggests that there is a need for further 
the development on tuning the aerogels properties. The properties of the 
synthesized aerogels are strongly correlated with the microstructure, and 
for the aerospace purpose, both the fragility as well as the strong mechan-
ical property is desirable. Henceforth, the research should be undertaken 
in the modernization of fabricating an aerogel with an optimized micro-
structure. Besides the theoretical, the practical application needs to be 
exploited in order to accelerate the aerogels application in space missions. 
The introduction of polymers in tuning the aerogels properties, emphasiz-
ing more on mechanical property, could be easily tuned to meet the vari-
ous specification needed for aerospace missions. However, there is a need 
for additional work, which is synthesizing aerogels at a commercial scale, 
and so adopting different fabrication techniques could result in more effi-
cient aerogels that could be folded around different space assemblage. The 
tuned aerogels could become a potential candidate for thermal insulation 
materials that can be used in the space vehicle/aerospace field. The major 
limitation of synthesizing aerogels up till now is their high cost and to 
deduce the manufacturing cost there is the requirement to synthesize cer-
tain types of aerogels, recently used are Maerogels, Xaerogels, etc. which 
are found to have less manufacturing cost. Since, a large number of fillers, 
such as polymers, fibers, etc., have been used and intrude the complexity of 
these aerogels, a detailed experimental as well as theoretical investigation 
for each is much needed. This reinforcement method could significantly 
tune their properties in the right direction or sometimes in an adverse 
way. Importantly, the aerogels fabricated through reinforcement of fillers 
have been primarily used for thermal insulation application, wherein the 
mechanical property, flexibility, and others become secondary, and hence 
it limits these materials to be used in aerospace. Henceforth, the synthesiz-
ing method along with the selection of filler used needs to be considered 
thoroughly through the rigorous experimental routine. 

To this avail, the advantageous properties of aerogels with their tuned 
surface chemistry lead them to be applicable in aerospace applications. 
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In the prospect of their aerospace applications, these materials have been 
considered as interesting ones and systematic efforts are needed to be 
addressed further to discern and investigate the tuning of mechanical/
thermal insulation properties and cost of production, not specifically in 
aerospace but various others, such as water treatment, biomedical field, etc. 
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Abstract
Polymer materials and polymer matrix composites are preferred in the avia-
tion sector due to their superior properties and high-performance applications. 
However, in most cases, it is not sufficient and possible to use a material alone, 
as it is, in other words, in its original form. In this case, it can be used by welding 
with other materials or by combining using different techniques (precipitation, 
mechanical bonding). This study aimed to compile welding methods used to 
join polymer materials and polymer matrix composites based on the literature 
information and originate a reference source for aviation sector. In the study, 
welding application used in aviation, the purpose of joining polymer materials 
and welding methods were mentioned, and commonly used welding methods 
were briefly explained under subheadings. It is known that polymer materials 
will be used much more in the aviation sector in the future than today due to 
reasons, such as reducing the carbon footprint, being able to go longer distances 
with less fuel, etc. The aerospace industry is traditionally one of the key indus-
tries in which new materials and production systems are developed, leading 
other sectors in this regard. Therefore, it is thought that new welding techniques 
will be developed in the future for use in the aviation sector by taking the exist-
ing welding methods used in joining polymer materials as a reference in line 
with the emerging needs. 
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2.1	 Introduction

Polymers and polymer matrix composites, which are accepted to find much 
more use in the future compared to the present day as engineering materials, 
have become an important part of our daily life for many reasons, such as 
being lightweight, having high corrosion resistance, design originality, easy 
processability, etc. [1, 2]. Upon examining their historical development, it 
is observed that polymer materials are considered competitors to metallic 
materials and their use has increased over the years. The mechanical proper-
ties of polymer materials are lower than those of metallic materials. However, 
the ability to obtain superior mechanical properties by incorporating vari-
ous dope additives and fillers (glass, carbon, talc, etc.) into the structure is 
one of the most essential features in increasing the use of polymer materi-
als. Nowadays, products made of polymer and polymer matrix materials are 
extensively used in different sectors, such as the automotive, medical, and 
packaging industry, as well as aviation, defense industry, electricity, electron-
ics, textile, construction, ship, and rail transportation [3, 4].

In the aviation sector, the use of polymers and polymer matrix com-
posites is increasing every day due to reasons, such as the ability to go 
longer distances with much less fuel (fuel saving), less carbon footprint 
and environmental awareness, a significant change in the way many air-
craft bodies are designed and produced with reinforced polymer com-
posites, weight/strength ratios, etc. [5]. Traditional plastics are used 
much more today than in the past in civil, commercial, and military air-
craft. Polymers are usually used in interior components, such as air chan-
nels, cabin partitions, floor panels, and overhead luggage space. Due to 
high thermal strength and stability, mechanical and chemical resistance, 
inflammability, insulation properties, low outgassing in vacuum, poly-
mers provide to obtain lightweight aerospace components (brackets, gas-
kets, guide pins, spacers and washers) with good performance. Moreover, 
polymers are also used in avionic sensor plates, electronic component 
mounting brackets, and ventilation blades. Wing ribs and pylons are 
among structural applications. In addition to these, polymers are per-
formed on the outer surfaces of aircraft, in parts, such as fuel tank covers, 
landing gear hubcaps, pylon fairings, and radomes. An increase in the 
utilization of polymer materials in the production of structural elements 
in aircraft is remarkable. This increase occurs in all type of aircrafts from 
small military to large commercial aircraft. For example, it is observed 
that carbon fiber reinforced polymeric materials are used at a higher rate 
in the construction of civil aircraft, such as Boeing 787 and Airbus A350 
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XWB [6]. As in the aviation sector, NASA has studies and investments 
for the future to increase the use of polymer composites in space vehi-
cles [1, 7]. With advancements in polymer technologies, the utilization 
of polymers in aviation sectors has been attractive interests, since this 
kind of materials show comparable load-bearing property, torque han-
dling property and gear drive capabilities with existing features in avi-
ation applications, as well as the materials have high thermal, chemical 
and radiation resistances. Since aircraft and aerospace components are 
generally manufactured with small quantities and mold costs are high, 
most plastic parts are machined rather than molded. Heat-resistant non-
abrasive plastics, such as PEEK, can be performed as substitutes for metal 
fasteners and screws. In this case, it does not require any changes to the 
general design of existing as-produced parts, allowing the direct switch 
of OEM components [7]. 

Their high resistance to corrosion and chemicals, the unlimited abil-
ity to develop the desired properties under laboratory conditions, and 
their use in molding complex-shaped products have brought polymers 
to a superior position compared to metallic materials [8, 9]. However, 
the molding of parts and machining alone are not always sufficient. A 
second procedure (joining/​welding) may be required to produce more 
complex parts using plastic materials produced as semifinished goods 
in different shapes, such as plates, profiles, pipes, etc. Joining of plastics 
is a very strategic issue, especially for leading sectors, such as innovative 
automotive, medicine, defense industry, and aviation. In many applica-
tions, such as fabrication or repair processes in these sectors, the need to 
join polymers with each other or with other materials emerges. Different 
methods are used to join these materials, depending on the material type 
and application conditions. Most polymers/polymer matrix composites 
are joined using mechanical bonding, adhesive bonding, and welding 
methods. When parts made of polymers/polymer matrix composites are 
joined, they must be joined in a way preserving the structural integrity in 
accordance with the purpose of production/use. Adhesives and mechan-
ical bonding methods are very important in joining polymers/​polymer 
matrix composites both among themselves (thermoset-thermoplastic) and 
with other materials [10]. Adhesives and mechanical bonding methods 
are very useful joining techniques for aviation and other industries due 
to their simplicity and ease of application. However, the lower strength 
of the adhesively bonded joints compared to the strength of the welded 
joints, the stresses and shear forces that the parts are exposed to due to 
the holes drilled for joining in mechanical joints, and the notch sensitiv-
ity of plastics lead to different problems in parts. Therefore, welding has 
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come to the forefront as a joining method in the aviation sector in recent 
years [11, 12]. 

This study aimed to compile the literature on welding methods used in 
aviation, create a reference study and explain welding methods that will 
ensure meeting completely new concepts and opportunities in aircraft con-
struction in the future for those working in the aviation sector and those 
interested in the subject.

2.2	 Major Polymer Welding Methods Applied 
in Aviation

Plastic welding can be defined as the process of forming a molecular bond 
between two compatible thermoplastics. Since plastics were used in small 
amounts and simple forms in the first years when polymer technology started 
to develop, welding techniques were not emphasized a lot. During World 
War II, the severe damage to metallic structures due to corrosion brought 
about the conditions for plastic and plastic matrix composite materials to be 
an alternative to other engineering materials used in industrial areas. First 
of all, the behavior of thermoplastics under heat and pressure was examined 
on PVC (polyvinylchloride), and the principles of joining these materials 
by welding were tried to be determined. These studies led the joining of all 
thermoplastics in line with the new plastic types developed over time and the 
emerging needs. From the beginning of the studies to the present day, a lot of 
different methods, such as hot element, hot gas, extrusion, laser, ultrasonic, 
friction, dielectric, induction, microwave, resistive implant, infrared heating, 
and vibration welding methods have been developed, and successful results 
have been obtained in welding thermoplastics [1, 4]. The welding method to 
be used varies depending on factors, such as part geometry, part dimensions, 
material type, and the number of parts to be welded. 

The sequence of operations in welding thermoplastics is usually car-
ried out as softening the joining surfaces, joining the parts under pres-
sure, and holding them until they harden [3]. In the welding of plastics, 
the heat required for welding is obtained by heat transfer or by forming it 
in the material itself. Heat softens or melts the surfaces of the plastics to be 
joined. As in metal welding methods, a filler material (electrode) is used 
or not according to the welding method. When a filler material is used, 
the welding mouth should definitely be opened. When no filler material is 
used, welding is performed by pressing the softened surfaces to each other. 
In Table 2.1, the methods used in welding thermoplastics nowadays are 
classified according to the way the heat is obtained. 
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Welding is a key factor for increasing the use of thermoplastic com-
posites in many industrial sectors and especially in aviation applications. 
Compared with adhesive bonding that is commonly used in thermoset 
composites, welding provides a faster assembly way for complex parts 
[13]. Parts produced of both thermoset and thermoplastic materials are 
extensively used in the aviation sector. Shorter preparation time, weld-
ability, shorter assembly time, better environmental resistance, endless 
shelf life, reshaping, lower production cost, and faster production possi-
bilities for welding thermoplastics and thermoplastic matrix composites 
bring thermoplastic materials to the fore in comparison with thermoset 
materials [14]. Researchers are currently conducting studies on whether 
thermoplastic and thermoset-based materials can be welded with each 
other due to reasons, such as the different usage areas of thermoset matrix 
composite (TSC) and thermoplastic matrix composite (TPC) materials, 
the necessity of using them together in some cases, etc. [15, 16]. There are 
two main problems in welding thermoset and thermoplastic matrix com-
posites with each other. The first problem is the adhesion process between 
thermoplastic and thermoset composites. The adhesive bonding must be 
strong enough, and the strength of the adhesive joint must be sufficient to 
hold the two structures together after welding. The researchers state that 
to ensure adequate adhesion between thermoset and thermoplastic com-
posites before welding, it is necessary to cure the thermoset composite by 
coating it with a thermoplastic-rich layer/film and create an interface for 
the welding process [3–9]. The adhesion between the thermoplastic-rich 
layer coated on the TSC surface may be based on micro and/or macro-
mechanical interlocking [17]. Micro-mechanical interlocking requires 
thermoset prepolymer molecules to diffuse into thermoplastic to form an 

Table 2.1  Classification of the thermoplastic welding methods.

Heat transfer 
methods Methods in which heat is created directly in the material

Thermal Mechanical (Friction based) Elektromagnetic

–– Hot gas 
–– Hot key 
–– Hot plate
–– Ekstrusion
–– Infrared 

heating 
–– Laser 

–– Friction (FW)
–– Friction stir (FSW)
–– Friction stir spor (FSSW)
–– Vibration (100–250 Hz)
–– Ultrasonic (20–40 kHz)

–– Resistance 
(Electrofusion, Implant)

–– Induction (5–25 MHz)
–– Dielectric (Hig 

frequency) (1–100 MHz)
–– Mikrowave heating 

(1–100 GHz)
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interlocking seminetwork [10, 18]. The strength of the adhesive bond can 
be increased by applying a surface treatment to this interface before the 
curing process. Therefore, it is very important to choose and use the right 
materials that will create the interface between thermoset and thermoplas-
tic matrix composites and provide the phase transition between materials 
[17–19] because TSC and TPC parts are welded to each other by using 
this interface/being locally melted after this process. The second problem is 
that thermoset composite undergoes thermal deterioration because of rel-
atively high temperatures occurred during this welding process. To prevent 
the thermal degradation of TSC, a thermoplastic/thermoset combination 
should be selected in such a way that the welding temperature is simi-
lar to or lower than the glass transition temperature of thermoset resin. 
Otherwise, this interface can be separated from each other due to thermal 
degradation during welding [10–18]. This considerably limits thermoplas-
tic composites that can be combined with thermoset composites driven by 
welding [10].

2.2.1	 Hot Gas Welding

Hot gas welding of plastics performs in the same way with oxy-acetylene 
welding applied to metals in terms of application [20, 21]. In this method, 
which is performed by using a filler material, a gas (air, carbon dioxide, 
hydrogen, oxygen or nitrogen) heated between 200°C and 600°C is used 
as a heat source, with the gas temperature varying according to the type of 
polymer material [1]. The heated gas is held in the weld zone and ensures 
the heating of the area to be welded. At the same time, the filler material 
is pressed into the welding groove and softened under the effect of the 
hot gas stream. Owing to the force applied to the softened filler material, 
the two materials are joined. It is used in oval, triangular, and rectangu-
lar cross-section rods as well as additional welding rods with a cylindrical 
cross-section that are commonly used. In this method, which is very useful 
for large parts, V butt and T welding, single or multiple pass welding appli-
cations can be performed depending on the position of parts. According to 
the welded material, additional procedures, such as multiple passes, inter-
pass grinding, cleaning, etc. may be required.

Hot gas welding is suitable for small batch productions and prototyp-
ing. Welding can be performed manually or semiautomatically. Hot gas 
welding techniques are typically divided into two categories; hand welding 
and speed welding. In hand welding, shown schematically in Figure 2.1, 
the welding rod is manually applied to the exact joint area. The hot air gun 
is moved along the weld line to heat the welding rod and joint surfaces.  
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It is controlled manually, without the help of a nozzle, by applying pressure 
to the welding rod. Hand welding is suitable for most configurations. This 
method is limited by welding positions, meaning that it is appropriate for 
welding narrow, constrained spaces or complex joint designs. The speed 
welding method uses a specific nozzle that makes the hot air gun and weld-
ing rod a single cohesive system. The nozzle provides the utilization of the 
welding rod to the weld zone via a feed line. The nozzle ensures uniform 
heating of the welding rod material and the application of a controlled 
pressure. The design of the nozzle base allows to increase the temperature 
of the joint surface and direct the welding rod into the groove. The applica-
tion of the speed welding method is restricted with simple joint design and 
guiding applications because of the nozzle size and the maneuverability of 
the system. 

The main welding parameters are gas type, gas flow rate, gas tempera-
ture, welding speed, welding angle, welding rod diameter and material, 
weld line, welding gap, and hot air/gas pressure [22]. These interrelated 
parameters considerably affect the weld integrity and the mechanical 
properties of the welded part. There are heaters on the hot air gun used 
in welding to heat the gas used for heating in welding. The density, com-
position, and temperature of the gas used in welding can be adjusted 
according to the type of material. The main reason for this is to prevent 
the plastic material from oxidizing at high temperatures. The welding 
temperature changes according to the gas temperature. Welding speeds 
(5-30 cm/min) that vary according to the welding gap and material flow 
rate are usually slow. The welding gap changes according to the distance 
between the nozzle, from which the hot gas exits, and the workpiece. 

Hot air gun
(Welding torch)

Hot air

Parts to be welded

Weld groove
Welding direction

Welding bead

Welding rot

Welding rot movement

Resistance
F

Figure 2.1  Schematic illustration of manual welding method in hot gas welding.
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Likewise, the angle may vary according to the position between the weld-
ing rod and the welding tool. The welding force varies according to the 
force applied to the filler rod, which has different compositions depend-
ing on the material to be welded. The most significant advantage of the 
method is that it is simple and has a wide usage area. The main disad-
vantages of the method are that the quality of the weld depends on the 
operator and it has a limited weld strength in some cases [20, 21]. The 
method is very suitable for welding polyvinylchloride (PVC) materials 
that soften in a wide temperature range. Polyethylene (PE), polypropyl-
ene (PP), acrylic, polystyrene (PS), and polycarbonate (PC) materials can 
be joined using this welding method [1]. Figure 2.1 shows the application 
of the method schematically.

2.2.2	 Hot Plate Welding

It is a welding method based on heat transfer and performed without filler 
materials [1, 21]. In this method, the joint surfaces of the parts to be joined 
are pressed with a heating element, and the surfaces are heated and waited 
until they soften. Then the heating element is removed from the weld zone, 
and the joint surfaces are pressed to each other and held until the weld 
zone cools. The most significant advantages of the method are that the 
method is simple and cheap and that it can be applied to multiple pieces. 
The long time required for welding and the oxidation of the softened poly-
mer under the effect of air are the disadvantages of the method [23, 24]. 
This method is usually used to join hard and soft materials, such as PVC, 
PE, PP, and polyamide (PA) [24]. The temperature used for welding gen-
erally varies according to the type of material to be welded and changes 
between 180°C and 230°C [1]. The application of the hot element welding 
method is shown in Figure 2.2, while different welding designs are pre-
sented schematically in Figure 2.3. 

Hot element welding is suitable for almost all types of thermoplastic 
materials. However, it is mostly used for softer, semicrystalline thermo-
plastics, such as PP and PE. Weld strengths that approach the main weld-
ing materials can usually be achieved with correct welding procedures. 
Different materials with parallel melting points and melt viscosities can be 
welded by employing the hot element method, provided they are chemi-
cally compatible. Areas that require high strength/impermeability in hot 
element welding should be supported by the tool. Especially in these areas, 
it is recommended to use protruding flanges. Adequate burr formation 
should be allowed during welding. During each welding, a burr of at least 
one millimeter in height will protrude from the joint surfaces. 
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The type of material will largely determine the weld time, required post-
weld maintenance and mechanical properties. In joints with an angle more 
than 45°, the weld strength will usually not be good enough due to the con-
straints in the weld zone. As shown in Figure 2.4, if welding is performed 
on two-piece horizontal machines and using a mold, the part will need 
alignment features to position the halves evenly. Otherwise, the necessity 
of using extra tools for these will increase the resource costs. 
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Figure 2.2  Schematic illustration of hot plate welding.
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2.2.3	 Extrusion Welding

It is a method generated from hot gas welding, and its application is similar 
to hot gas welding [20, 25]. The difference from hot gas welding is that the 
filler material is injected into the welding joint in a melted form. In this 
method, the filler material heated in the extruder is conveyed to the pre-
heated weld zone with the hot gas along with the advancement movement, 
and the welding process is performed by keeping it under pressure [1, 24]. 

With this method, which is usually used in long joints, parts can be 
welded in one pass as long as they are not too thick. This method is used in 
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places, such as joints in small cruise ships and the installation of thermo-
plastic air channels [24, 26]. Figure 2.5 shows the application of extrusion 
welding schematically.

2.2.4	 Infrared Welding

Infrared radiation (IR) is used as an alternative method in the form of a 
non-contact heat welding for the welding of polymers in cases when heat-
ing devices cannot approach the weld zone at a sufficient distance [26]. 
Infrared radiation (the short wave 0.78-1.4 µm and the medium wave 1.4-3 
µm), which is obtained from quartz heat lamps and has a wavelength of 
~ 1µ, is applied to the weld zone. With the absorption of the rays hitting 
the joint surfaces, the required temperature for welding is obtained, and 
the surfaces are softened uniformly at the appropriate depth [24, 26]. The 
application of welding is shown schematically in detail in Figure 2.6. As 
shown in Figure 2.7, three different methods, surface heating, through 
transmission IR welding (TTIr), and IR staking, are used in IR welding 
[27]. In the surface heating method, a metal plate that is electrically heated 
and coated with ceramics in some cases or IR lamps are used. The tempera-
ture varies between 310-510 C, depending on the type of polymer and the 
size of the weld. 

Since short-wave IR radiation (0.78-1.4 µm) can diffuse deeper into the 
polymer, it reduces the distribution of the surface [26]. The TTIr technique 
is assigned to IR energy that penetrate one of the materials to be welded and 

Hopper

Extruder

Resistance

Welding beat

Welding direction

Hot gas

Base plate

Welding
shoe Film weld

X-weld
Corner weld

V-weld

Resistance

Welding torch

Engine

t

t
t

t

t

Fillet weld

(a) (b)
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is soaked into the second component at the interface where the transparent 
polymer is melted. The method can be realized by combining a transparent 
structure with an opaque structure or performing a thin absorptive film as 
an interlayer. Weak forces are implemented to keep the layers to be welded 
in contact and permit heat transfer. 

The most important process parameters for infrared heat welding 
(IRW) are infrared intensity, radiator type and power, radiator distance, 
melting time, cooling time, and pressure applied for postweld joining pur-
poses. The most significant advantages of the method are the low cost of 
the equipment used and the process, the ability to make solid welded joints 
in a short time, and the ability to weld different types of materials [26]. 
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Since heating is done without contacting the plastic material in IRW, there 
is no time loss due to postweld cleaning or mold replacement. Likewise, 
the fast opening and closing times of IRW systems prevent energy and time 
losses during mold preheating. Advantages, such as being applicable to a 
wide variety of simple or complex 3D part geometries, faster and control-
lable noncontact heating distinguish IR welding from other plastic welding 
methods [27, 28]. Welding structural parts made of composite materials 
in aviation, joining pipes and large-volume tanks in the automotive indus-
try, welding fiber-reinforced and non-fiber reinforced high-temperature 
thermoplastics, lamination applications, thermoforming, CO detectors, 
IV bags and brake transmission lines, riveting applications, automotive 
instrument panels, door trims, center stack consoles and interior trim 
parts are just a few of the many products in which IRW is used [26, 27]. 

2.2.5	 Laser Welding

This method, which uses a laser beam to melt the weld zone of thermo-
plastics, was first discovered in the 1970s and was commonly used for mass 
production until the late 1990s [1, 26]. This method, which uses close con-
tact heating devices, is preferred for precise welding processes of minimum 
dimensions. The methods used in laser welding can be classified as direct 
laser welding, laser surface heating, through transmission laser welding, 
and intermediate film welding [29]. Nd-YAG, CO2, diode, and fiber lasers 
can be used in welding [30]. Table 2.2 presents the comparison of Nd-YAG, 
CO2, and diode lasers. The beam from Nd:YAG lasers (1.064 µm, 1.2eV 
photon energy) is absorbed much less easily in plastics than CO2 laser 
beam (10.6 µ, photon energy 0.12eV). The additive implication in plastics 
greatly affects the degree of energy absorption at the Nd:YAG laser wave-
length. If there is no filler or pigment in the structure, the laser will pass 
through the material to a few millimeters. The absorption coefficient might 
be improved with additives, such as pigments or fillers, resisting from 
direct absorption and resonation of this photon energy or scatteration 
of the radiation for more effective bulk absorption. The CO2 laser beam 
cannot be transferred to a silica fiber optic but can be oriented around a 
complex process path using mirrors and gantry or robotic motion. The 
Nd:YAG laser beam can be transmitted to a silica fiber optic allowing easy 
and flexible operation by a gantry or robot manipulation. The production 
of a diode laser beam is a much more energy-efficient (30%) process than 
CO2 (10%) or Nd:YAG (3%) lasers. Generally, diode lasers radiated the 
energy with the wavelength of 0.8-0.95 µm. Therefore, the interaction with 
plastics occur in the same manner with Nd:YAG laser, and applications 
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are identical. In case of diode laser, the beam is generally rectangular, and 
it restricts the spot size and the power density. The diode laser source is 
small and light enough to be mounted on a gantry or robot for complex 
processing [31].

Laser welding applications are shown in Figure 2.8, and the compar-
ison of the three laser transmission welding processes is illustrated in 
Figure 2.9. In the laser transmission welding method, the wavelength of 
the laser radiation depends on the optical transparency of thermoplastics. 
Usually, a laser beam with a length between 800-1100 µ provided by 40 
W (λ=10.6 µ) Nd-YAG or CO2 type devices is sent to the weld zone. The 
situation provides the laser radiation to penetrate the transparent part and 
produce heat in the absorptive part. Laser radiation is absorbed when the 
thermoplastic component includes appropriate additives, such as carbon 
black or carbon fibers [6]. The heat transfer between the contact surfaces of 
the parts to be joined and the beam, which causes echo frequency forma-
tion on the molecules, softens the weld zone by heating it [1, 26]. To obtain 
a good welded joint, it is very important that there are no gaps between the 
parts to be joined and that the softened surfaces are pressed to each other. 
It can be classified in three different ways as laser transmission welding, 
contour welding, quasi-simultaneous welding, and simultaneous welding. 

Table 2.2  Comparison of Co2, Nd:YAG and diode laser sources.

Laser type CO2 Nd:YAG Diode

Wavelength, μm 10.6 1.06 0.8-1.0

Max. power, W 60,000 6,000 6,000

Efficiency 10% 3% 30%

Beam 
transmission

Reflection off 
mirros

Fiber optic and 
mirrors

Fiber optic and 
mirrors

Minimum spot 
size, mm

Ø0.2-Ø0.7 Ø0.1-Ø0.5 0.5-5.0 often 
rectangular

Interaction with 
plastics

Complete 
absorption 
at surface in 
<0.5 mm

Transmission and 
bulk heating for 
0.1-10 mm

Transmission and 
bulk heating for 
0.1-10 mm

Specific to this 
application

Clear to clear Clear to 
pigmented or 
coloured surface

Clear to 
pigmented or 
coloured surface



Welding of Polymeric Materials in Aircrafts  43

In contour welding, which is responsible for the formation of three-
dimensional weld seams, the laser beam is directed once on the workpiece, 
and the energy required to melt the material is transferred to the material 
in one go. During quasi-simultaneous welding, the laser beam is directed 
several times at high speed onto the workpiece, resulting in a slower heat 
generation in the weld zone. In the laser transmission welding method, the 
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Figure 2.8  Laser welding methods, (a) transmission laser welding, (b) direct laser 
welding formats.
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welding performance varies according to the type of matrix material and 
the type and proportions of the reinforcement material. If there is glass 
fiber in the structure, glass fibers in the transparent part will scatter laser 
radiation. The orientation of the reinforcement material will also affect 
heat transfer and the formation of the weld seam. For example, the thermal 
conductivity of carbon fibers in the parallel direction is higher than the one 
perpendicular to the fiber direction [6].

The most important advantage of laser welding is that it is vibration-free 
and creates minimum weld protrusion. Deformations, such as overflow 
and swelling, are not observed in materials due to the minimum dimen-
sions of the weld zone. Laser welding is commonly used in different sec-
tors, such as aviation, electronics, automotive, textile, and food industry, 
biomedical instruments due to high welding speed, low residual stresses 
after welding, etc. [26]. 

2.2.6	 Vibration Welding

Vibration welding is known as a linear friction welding method in which 
materials are combined under the plasticizing effect of friction heat 
produced at a particular pressure, frequency, and amplitude [32]. The 
method is suitable for welding thermoplastics with low thermal conduc-
tivity, is also called linear friction welding and is similar to the ultrasonic 
welding method [1]. In vibration welding, welding is performed in four 
stages. As shown in Figure 2.10, at the first stage of welding, heat is gen-
erated at the material interfaces with the vibration movement, and the 
material is brought to the viscous flow temperature. At the second stage, 

z=a sin 2πnt

Vibrationdirection

a : Weld amplitude
n : Weld frequency
t : Weld time

Weld pressure

Weld interface

Weld pressure

y

x

z

The part surfaces are rubbed together longitudinally

along the z and heat is generated in the region by

friction. Pressure is applied to the vibration along the

y-axis at 90°

Figure 2.10  Linear vibration welding methods.
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the softening of the interface areas and the formation of weld penetra-
tion begin. At the third stage, the melting and flow are in a regular state, 
and penetration increases linearly with the weld time. At the final stage, 
the welding machine is turned off, but the increase in weld penetration 
continues by decreasing since the pressure applied to the weld zone con-
tinues [24, 26]. 

The most important advantages of the technique are that it is cheap and 
has a short processing time, that several parts can be welded at the same 
time, that it can be utilized for small, medium and large plastic parts, and 
that it can be applied to all thermoplastic materials [1, 22]. Although weld-
ing processes can be performed on different plastic materials, it is the dis-
advantage of the method that the weld zone can be strengthened by less 
than 50% compared to the base material [32–38]. It has more widespread 
use in the automotive industry and home appliance production in compar-
ison with the aviation sector. Figure 2.10 shows the application of vibration 
welding schematically.

2.2.7	 Friction Welding

Friction welding can be attributed to a solid-state forge welding method 
instead of fusion welding technique, since melting does not occur. Friction 
welding is applied for metals and thermoplastics in aviation and automo-
tive applications [39]. Its applications in thermoplastics are similar to the 
principles applied to metals. As seen in Figure 2.11, in this method, one 
of the parts is held fixed while the other part rotates on it at an angular 
velocity. Then it is compressed by applying pressure on the parts. The heat 
generated by friction causes the polymer to melt, and the parts are cooled 
to form welded joints [20]. In experimental studies, it was observed that 
the strength of the weld zone could reach up to 90% of the strength of the 
base material [1, 20, 40]. The most important advantages of the method are 
high welding quality and repeatability of the process. The disadvantage of 
the method is that at least one of the parts must be circular. 

Unpressurized adjusting Changeover and one-sided pressure

Rotating part

Joining and cooling down

Stationary part

Rotating 
force

Pressure
applied

Rotating 
force

Pressure
applied

Pressure
applied

Welded
area

1 2 3

Friction
surfaces

Figure 2.11  Schematic illustration of friction welding.
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2.2.8	 Friction Stir Welding

The friction stir welding (FCR) method is quite simple to implement. A 
tool with a cylindrical shoulder is immersed in the welding zone of the 
materials, such as fixed plates, pipes, etc., to be joined at a constant speed 
and is moved along the line to be welded at a constant forward speed. The 
heat required for welding is generated by the friction of the welding com-
ponents (welding tool and material), and this heat softens the material. 
The shoulder of the welding tool plays a role in welding the materials by 
applying pressure and controlling the materials that are softened by the pin 
and thrown back [20, 41–43].

Many definitions can be understood without explanation, but the defi-
nition of the advancing and retreating direction needs a brief explana-
tion. The FSW tool rotates clockwise and moves from right to left. In 
Figure 2.12, advancing is to the right, and the rotation of the tool occurs 
in the same direction as advancing (opposite to the flow direction), and 
retreating is to the left, i.e., the rotation of the tool is opposite to the 
direction of advancing (parallel to the flow direction) [42].

FSW is applied in three stages. At the first stage (Figure 2.12a) as shown 
in Figure 2.12, the materials to be welded are fixed by contacting each 
other without leaving any gap between the joining surfaces. At the second 
stage (Figure 2.12b), the welding tool is immersed in the weld zone from 
the surface with the opened center hole, and the welding process is started 
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Figure 2.12  Schematic illustration of friction stir welding.
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with the movement of the tool moving along the weld line at a certain 
speed. At the final stage (Figure 2.12c), the welding process is completed 
by pulling the tool up from the weld zone. 

In the application of the method, there are no expenses that increase 
the cost of the welded part, such as consumables, additional weld metal, 
gas, powder [42, 43]. The welding environment is more comfortable than 
fusion-based welds since no arc is formed and burning does not occur 
during welding. With FSW, welds with properties close to or even superior 
to those of fusion-based welded joints are obtained. The FSW method has 
superior properties, such as high joint strength, increased fatigue life, low 
angular distortion, very low residual stress, very low corrosion susceptibil-
ity and most importantly, obtaining faultless joints. 

The Boeing company has been the pioneer of FSW applications in 
the aerospace industry. After the introduction of the FSW method at the 
Schweissen & Schneiden fair in 1997, it was purchased by the Boeing com-
pany for research and laboratory studies by paying royalties [44, 45]. The 
first applications in the aviation field were carried out on the landing gear 
hubcaps used in aircraft. After the method became successful and yielded 
positive results, FSW started to be used in the production of the fuselage 
and wing parts of the aircraft [46]. At the request of NASA, FSW was used 
in the welding of the fuselage and fuel tanks by the Boeing company in the 
Delta II and Delta IV programs [44–47]. Compared to the old-fashioned 
production methods, the production time and cost (riveting cost 20%) 
were significantly reduced [44].

In civil aviation, FSW continues to be used in the production of small-
type passenger airplanes and in the production of floor systems of cargo 
planes [45, 46]. Studies have been recently conducted on the use of the 
FSW method in the fuselage and wings of military aircraft [44, 47].

2.2.9	 Friction Stir Spot Welding

Friction stir spot welding (FSSW) is a joining method that has emerged for 
the purpose of joining non-ferrous metals, which are difficult and costly to 
join using traditional methods, and has been successfully applied for plas-
tics recently [48, 49]. It was developed by the automotive industry in 2001 
for the purpose of joining aluminum alloys with the spot welding method 
[4]. It is similar to FSW in terms of its application. 

The welding tool used in FSSW is designed to have a wider shoul-
der diameter and a smaller agitator tip (pin) diameter [48]. As shown in 
Figure 2.13, FSSW is applied to plastics in three stages, called 1-Plunging, 
2-Stirring, 3-Solidifying and retracting [49, 50]. At the plunging stage, the 
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welding tool, which rotates at a certain speed, is immersed in the workpiece 
to the determined depth under the effect of the applied pressure force. At 
the stirring stage, the welding tool is rotated in the material for a certain 
period of time to obtain the heat required for welding and ensure the melt-
ing of the material. In the meantime, the melted material is stirred by the 
shoulder and pin part of the welding tool. At the solidifying and retracting 
stage, after the plastic material melts and is stirred by the welding tool, the 
rotational movement of the tool is stopped, and the welding tool is kept in 
the weld zone until the liquid material in the weld zone solidifies (~5 sec-
onds). After the weld zone solidifies, the pressure force on the workpiece is 
removed, and the welding tool is pulled upward. Speed and contact pres-
sure are the most important parameters in the FSSW method [49]. 

In the FSSW method, material damage due to excessive heat does not 
occur as in laser and arc welding. The strength in the weld seam and the 
heat-affected zone is larger than with conventional welding methods. 
Friction stir spot welds show high strength. Very good results are obtained 
in the welding of parts subjected to high loads. Besides automotive and 
rail vehicle construction, it is also used in places, such as welding of cock-
pit doors for helicopters in the aerospace industry, etc. [51]. Studies on 
improving the use of the method in the aviation industry are ongoing 
nowadays.

2.2.10	 Ultrasonic Welding

The ultrasonic welding method is essentially a type of friction welding [1]. 
It is the most common and most frequently used welding method for poly-
mers [20, 24]. Welding of mold bodies, plastics in the form of foil, strips 
and strings is possible. It is used extensively in different sectors, such as 
aviation, toy industry, home appliance production, electrical-electronics 
industry, automotive, food, and stationery industries [24]. In the aviation 
sector, it is used for joining floor panels in aircraft and for the production 

Plunging

1
2
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Drawing outStirring

Figure 2.13  Schematic illustration of friction stir spot welding.
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of fuselage brackets from additive-free thermoplastic [11]. However, not 
all thermoplastics are suitable for ultrasonic welding because one of the 
basic principles of welding thermoplastics using this method is the condi-
tion of chemical compatibility. It is generally preferred for welding materi-
als, such as PS, PE, rigid PVC, and PMMA [1, 24]. Thermoset materials do 
not melt when reheated due to their intermolecular cross-links. Therefore, 
thermoset materials are not suitable for ultrasonic welding [30].

Small-amplitude (5-50 μm) and high-frequency ultrasound vibration 
energy is usually used for the process. While one of the parts is held fixed 
during welding, sinusoidal ultrasonic vibrations are given perpendicular 
to the contact surface of the other part. The heat generated as a result of 
inter-part friction and internal friction (intermolecular friction) melts the 
contact surfaces. When the vibration is stopped, the weld cools and solidi-
fies, forming the welding joint. In order for homogeneous solidification to 
occur in the plasticized material, it is necessary to apply the joining pres-
sure to the welded parts [51, 52]. It is a very fast (one or two seconds) 
method, and welds that do not emit bright light are obtained compared to 
other welding methods [1, 24, 51]. High repeatability and suitability for 
automation, short processing times, moderate process temperatures, low 
energy input, no extra filler material, and finally the availability of extensive 
process data recording are the most important advantages of the method 
[52, 53]. Tool movement is invisible in ultrasonic welding. However, it can 
be felt and heard [54]. Figure 2.14 shows the pneumatic ultrasonic welding 
machine schematically.

The joint strengths obtained using this method are between 70-80% of 
the base material strength [20]. Using the ultrasonic welding method, it is 
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possible to join plastic parts with the same or different types of raw mate-
rials, and there is the possibility of embedding metals and nuts in various 
forms into plastics and riveting metals to plastic. 

2.2.11	 Resistance Implant Welding

The method is evolved for high-performance thermoplastics reinforced 
with continuous carbon fibers [26]. It is also called implant or electrofu-
sion welding. The method is quite simple and very suitable for welding 
parts with complex shapes. Figure 2.15 presents the application of resis-
tance welding schematically. 

Welding is carried out in three stages, as shown in Figure 2.15. At the first 
stage, Cr-Ni alloy metal wires, metal or carbon fiber fabrics, meshes, etc. 
are placed on the joint interfaces of the plastic materials to be joined. At the 
second stage, an electric circuit is generated from passing an electric cur-
rent through the wires, and depending on resistance losses, the weld zone 
is heated, and pressure is applied to the parts. The welding pressure, which 
must be applied throughout the entire welding process, allows close con-
nection between the surfaces to be joined and assists molecular diffusion 
at the interface [14]. At the final stage, the welding process is completed by 
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cooling the plastic melted under the effect of heat. The metal wires used in 
this method are left inside the weld zone to provide extra strength. 

Depending on the use of fiber-reinforced thermoplastic composites 
in aviation applications, the use of the method in the aviation sector is 
increasing and has significant potential for future applications. The first 
applications of the method in aviation are the main landing gear of the 
Fokker 50 turboprop aircraft [11], the joining of ribs to the wing leading 
edges (J-nose) of Airbus A340 and A380 [14, 55, 56]. The U.S. Air Force 
is working on the resistance welding of PEEK and PEI laminate compo-
nents and their use in aircraft [57, 58]. Nowadays, the method is exten-
sively used in the construction of boats in maritime, joining plastic pipes 
and poles, and welding two-piece bumpers in the automotive industry [1, 
26]. Table 2.3 presents a comparison of some welding methods used in 
welding thermoplastic composites with resistance welding. 

2.2.12	 Induction Welding

As seen in Figure 2.16, induction welding is based on the principle of soft-
ening the weld zone by heating a metal, which is placed between the sur-
faces to be joined using an induction coil, by creating a high-frequency 
electric current of 1-5 kW and heating it under the effect of a magnetic 
field of 200-500 Hz. When the weld zone reaches a sufficient temperature, 
the electric current is cut off, and the materials to be joined are pressed to 
each other for 3-30 seconds under a pressure of 0.7 MPa so that the mate-
rials to be joined remain in the heated metal part, and the welding process 
is performed [1, 26]. The most well-known example of its use in aviation is 
the tail assembly of the Gulfstream G650 [56].

The inductor geometry, inductor distance, feed rate and generator 
power used in welding are important process parameters. The commonly 
used coil geometry is the circular cross-section [13]. The method is suit-
able for automation. The most important advantages of the method are 
that the process is flexible, high heat input is provided, it is cost-effective, 
and the necessary equipment for welding can be easily obtained. To 
increase the method’s efficiency, research and development studies are 
needed on temperature control and increasing the welding speed [13, 59].

2.2.13	 Dielectric Welding

Dielectric welding is a welding method, also called radiofrequency or 
high-frequency welding, which is applied in large-scale productions and 
in cases when direct heating cannot be used. The method is based on the 
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softening of the surfaces to be welded by the heat released with a high-
frequency field and joining them under pressure. As shown in Figure 2.17, 
firstly, a high-frequency field is created inside the plastic sheets (films) 
squeezed between two metal plates (electrodes), and the interface area is 
heated and softened as a result of turbulence movements and molecular 
heat formed in the weld zone under the effect of the high-frequency energy 
generated. The softened parts are pressed to each other, and the electro-
magnetic field is cut off. Welding is accomplished by the cooling and solid-
ification of the parts. The parameters that are important for the welding 
process are the application time of the electric field/weld time, the electric 
field strength applied to the joint area, the holding pressure, the duration 
of the holding pressure applied after the power supply is turned off, the 
temperature of the mold used for the electrodes, and the number of cycles. 

The disadvantages of the method are that the method is expensive and 
not suitable for non-polarized plastics, such as PE, PS, and PTFE, thick 
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and complex geometries. However, it is also likely to weld non-polar plas-
tics using a conductive composite implant to enhance dielectric loss in the 
method [27]. Likewise, additional elements can be added to the joint due 
to reasons, such as improving thermal insulation, preventing parts from 
sticking to the welding equipment, maintaining uneven compression pres-
sure, or electric field [60]. The method is very suitable for mass production. 
The most common use of this procedure is lap joints on thin plastic sheets 
or parts, or joining air- and liquid-tight gaskets. Dielectric welding is pre-
ferred in the joining of polymer films used in the medical field and in the 
very good packaging of consumer goods, sealing thin polar thermoplastic 
layers, such as PVC, and joining products, such as airbags, life jackets, etc. 

2.2.14	 Microwave Welding

Microwave welding based on volumetric heating is still a technology under 
development. Volumetric heating provides less energy loss in total since it 
provides better control of the process temperature. This ensures shorter 
processing times and higher process efficiency [61]. Microwave welding 
has a higher frequency (frequency ranges used in the USA are 915 MHz, 
2.45 GHz) than induction and dielectric welding. As a method, it is simi-
lar to dielectric welding. A material that does not absorb electromagnetic 
energy (HDPE, PANI, etc.) is placed between the surfaces to be joined. 
The joining process is performed using microwaves under pressure. High-
frequency electromagnetic waves are converted into heat energy by the 
material between the joint surfaces. The intermediate material that melts 
by being heated is separated by leaking from the joint interfaces under 
the effect of the applied pressure. With the separation of this intermediate 
material, the joint surfaces that soften with the increase in temperature 
created in the weld zone come into contact with each other under the effect 
of the applied pressure. Welding occurs with the cooling of the zone [26]. 
Figure 2.18 shows the application of microwave welding schematically. 
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Figure 2.18  Schematic illustration of microwave welding process.
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2.3	 Conclusion

In this chapter, welding techniques used in the aviation sector were pre-
sented in a compiled form using the data in the existing literature. In the 
aviation sector, the use of continuous glass and carbon fiber-reinforced 
composite structures is gradually increasing due to reasons, such as ease 
of production, lightness, etc., in addition to mechanical properties, such as 
hardness and strength. In aviation applications, the welding method should 
be selected by taking into account the geometry of the part and the proper-
ties of the material, the expectations from the part and the basic character-
istics of the place where the part will be used. Obtaining the desired welding 
performance from the postweld material and making a weld suitable for its 
purpose depend on the correct selection of the welding method. According 
to the methods used in the welding of polymeric materials, machinery and 
welding equipment are quite different from each other. For a good weld-
ing process, it is very important to know the basic data about the welding 
method to be used in joining the materials, as well as to know the material 
properties. Most welding methods are suitable for automation and the use 
of welding robots. However, in some welding techniques, the competence 
of the operator is more important for a good welding performance. In line 
with the increasing needs in the future, it is observed that the personnel 
who have knowledge about the development and welding of polymeric 
materials in the aviation sector and who are trained in the application and 
quality control of welding will gain more importance.
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Abstract
In this chapter, the reinforcing of polymers by carbon nanostructures is described. 
The main carbon nanoparticles include graphene, nanotubes, and fullerenes. In 
this regard, in the first section, the mechanical properties and modeling of these 
particles are mentioned. In the next section, the reinforcement process includ-
ing modeling and preparation of these nanocomposites is presented. Molecular 
dynamics, molecular mechanics, and continuum mechanics are the main theoret-
ical approaches for the modeling of nanoparticles, surrounding matrix and inter-
face region. Also in preparation cases, the optimized processes are described. In 
the next section, the mechanical properties of Carbon nanoparticles/polymers are 
studied. In the final section of this chapter, the applications of these reinforced 
polymers in mechanical and aerospace engineering are presented. In the case of 
mechanical properties and applications of these nanocomposites, it is observed 
that adding carbon nanoparticles to polymers can increase the yield strength, flex-
ural modulus, Young’s modulus, flame retardancy, anticorrosion resistance, and 
coating resistance. These terms show the technical potential of these nanocompos-
ites in aerospace and mechanical engineering applications.
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3.1	 Introduction

Today, carbon nanoparticles are the most important particles that have a 
lot of applications in many industries. In this regard, aerospace, mechan-
ical engineering, electronics are the main domains of industry [1]. The 
amounts of these applications will be increased in the next years [2].

The extensive categories of nanostructures are apparent base on the dif-
ferent arranges of carbon atoms. These arranges, describe the structures 
and properties of nanoparticles. Flat, tubular, spherical, and elliptical 
shapes of carbon atoms arrangements are the common geometrical shapes 
of these nanoparticles.

Graphene is a planar carbon allotrope. In graphite, the graphene layers 
stick together through noncovalant forces [3]. In this category, graphene 
oxide (GO) is a functionalized sheet of this allotrope. The functionalizing 
of graphene is by adding carboxylic, phenol hydroxyl, and epoxide groups. 
These nanostructures show exclusive electronic, thermal, and mechanical 
properties and hold great promises in potential applications, such as nano-
composites, nanoelectronics, and nanosensors [4]. Because of these capac-
ities, researches into the graphene family (graphene, graphite, and GO) is 
one of the most important fields for researchers in mechanical engineer-
ing, chemistry, physics, and electronics [3].

The tubular shape of carbon atoms is called carbon nanotube (CNT). 
Three different types of CNTs are introduced by researchers. Single-walled 
nanotubes (SWNTs) is the type of CNTs that is a rolled graphene. Double-
walled nanotubes (DWNTs) is another type of CNTs that includes 2 rolled 
layers of graphene. In the final type, multiwall nanotubes (MWNTs) con-
sist of multi rolled layers of graphene. The Van der Waals interaction is the 
main interlayer force between rolled graphene layers [5].

CNTs have enormous applications in electronic, aerospace, biomed-
ical, mechanical engineering, sport and marine industries. Base on the 
mechanical landscape, the most advantage of these nanoparticles is the 
increment in strength and stiffness. In addition, these strong nanofillers 
can reduce the mass of structures. So, especially in aerospace, access to 
strong and light structures/vehicles are the most important application of 
these carbon nanoparticles. For instance, in the design of UAV†s1, the use of 
strong and light material is one of the necessary requirements that must be 
considered by designers and engineers. Consequently, CNT base materials 
can be the exclusive chooses for these designs [6]. 

†

1Unmanned Aerial Vehicles.
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The spherical/elliptical structures of carbon atoms are mainly named as 
fullerene. The spherical structures are names as Buckyball. In this category 
C60 is the most important spherical molecule that include 60 carbon atoms 
in spherical structures [7]. Previous researches show that these carbon 
nanoparticles can be used as a nanofiller. Also, the experimental studies 
are indicated that generally, the dispersion of these nanofillers in polymers 
is one of the main positive factors of the using fullerene in composites [8].

Based on the previous considerations, one of the applications of the nanopar-
ticles is to reinforce the polymers. In another word, by mixing the carbon 
nanofillers and polymers, the strong and lightweight materials are reachable. 
So in recent years, many researchers focused on the modeling and preparing 
of these high performance materials [9]. Consequently, in this chapter, carbon 
nanostructures for reinforcement of polymers in mechanical and aerospace 
engineering will be studied. This study contains modeling and investigating 
of the properties of carbon nanostructures, including graphene, CNTs and 
fullerenes. Furthermore, modeling and properties of carbon nanoparticles/
polymers and finally the technical potential and application of these nanocom-
posites in mechanical and aerospace engineering will be studied. 

3.2	 Common Carbon Nanoparticles

Based on the previous section, it is clear that carbon nanoparticles such 
as the graphene family, CNTs and fullerenes have the technical properties 
for use in several industries. Principally, these nanoparticles can be used 
as nanofiller in the composite industry. Strong and Stiff composite can be 
constructed with these particles. 

3.2.1	 Graphene

Graphene sheets are the first group of carbon nanomaterials that many 
researchers focused on their applications. Graphene, a planar structure of 
carbon atoms, consisted of the hexagonal grid with strong covalent bonds 
that can be used for reinforcing composites. Single sheet and multi sheets 
of graphene are used by several researchers in order to reinforce the poly-
mers [10] (Figure 3.1a).

3.2.2	 Carbon Nanotubes

Based on the Introduction, CNTs divided into three main groups. SWNTs, 
DWNTs, and MWNTs. The difference between CNTs is based on the 
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number of Wrapped graphene sheets. The distance between the tubes is 
about 0.34 nanometre [11].

3.2.3	 Fullerenes 

Fullerenes are generally closed mesh of carbon atoms. The shape of these 
closed structures may be in spherical and elliptical forms [7]. One of the 
famous fullerenes is C60. these nanostructures consist of 60 atoms of car-
bons in spherical shape [12] (Figure 3.1c). Also, generally, the number of 
carbon atoms in fullerenes lattice is less than 300. In Figure 3.1d, a semi
elliptical fullerene is shown.

3.3	 Modeling and Mechanical Properties of Carbon 
Nanoparticles

Modeling of nanomaterials is mandatory for the investigation of the 
mechanical properties of nanoparticles. Many studies have focused on 
the modeling process and investigation of the mechanical properties of 

(a) (b)

(c) (d)

Figure 3.1  Carbon nanoparticles. (a) graphene sheet, (b) carbon nanotube, (c) Spherical 
shape of Fullerene, (d) elliptical shape of fullerene.
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nanoparticles and also nanoparticle/polymers [9, 13, 14]. In the modeling 
process, nanoparticles are modeled in nanoscale. The effects of interaction 
between nanoparticles and polymers, volume percentage of nanofiller, 
shape and size of nanoparticles, agglomeration and dispersions of nanopar-
ticles are modeled in micro to macro scales. Today, three main groups of 
modeling are mainly used for this simulation in nanoscale by researchers. 

Molecular dynamics (MD) method is the first approach for modeling of 
nanocomposites. In this approach, the atomic forces were considered. In this 
method, the interactions between atoms have been simulated directly [15].

Molecular mechanics (MM) is the second method. In this method, the 
atomic forces (C-C covalent bond between atoms of carbon nanoparticles) 
are modeled by a mechanical element such as a beam. These elements were 
used to modeling the interactions between atoms in lattice structure of 
nanoparticles [9].

Continuum mechanics (CM) is the third method for this simulation. 
In this method, nanoparticles are modeled by a continuous element. 
Continuous beams and shells are the most important elements in this 
field. the behavior of these elements is simplified in some research and in 
another group, nonlinear behavior is considered by researchers for model-
ing of the continuum elements [9]. In Table 3.1, the mechanical properties 
of carbon nanoparticles based on different types of modeling are shown.

3.4	 Modeling of Carbon Nanoparticles Reinforced 
Polymers

Modeling of carbon nanoparticles/polymers were considered by many 
researchers. Molecular dynamics simulation of CNT/polymer is shown in 

Table 3.1  Mechanical property (elastic modulus) of carbon nanoparticles.

Elastic modulus (Tpa)

Method of modeling Graphene Nanotube Fullerene (c60)

Molecular dynamics 
simulation

0.68-1.08 
[48]

3.96-4.88 [49] -

Molecular mechanics 
simulation

1.04 [50] ~1 [9] ~ 5 [51]

Continuum mechanics 
simulation

1.033 [52] ~1 [9] ~ 5 [51]
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Figure 3.2. Also in Figure 3.3, simulation approaches based on molecular 
mechanical modeling and continuum mechanics are shown. According to 
the previous researches, for modeling of carbon nanoparticles reinforced 
polymers three phases must be considered. The first phase is modeling of 
nanoparticles. The modeling of polymer is the second phase. In the final 
phase, the interaction between polymer and nanomaterials is considered. 
This phase is called interphase modeling. For modeling of the interphase 
region, the Van der Waals forces are simulated by several methods. In 
molecular mechanics, this region is modeled by Lennard–Jones potential 
as follow (equation 3.1) [9]:

	 ε
σ
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σ
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In equation 3.1, x is interatomic distances, ε is Lennard–Jones parame-
ter (0.232 kJ/mol), σ is another Lennard–Jones parameter (0.34 nm).

After modeling this phase, multiscale modeling method is considered for 
simulation of nanocomposites. In the multiscale approach, the next phase 
is micro modeling. meso and macro scales are the next phases for the mod-
eling of nanocomposites. In this approach, the output of smaller scales is 
considered as an input of higher scales [16] (Figure 3.4). In another word, 
in the multiscale approach, in the first phase, the structure of nanoparticles 
is modeled in nanoscale to investigate the properties of these nanostruc-
tures. After that, the interactions between matrix and nanofiller are mod-
eled on the microscale. This interaction is mainly studied as an interface 
region [16]. The different properties of nanoparticles, such as waviness, 
agglomeration, and orientation, are modeled in mesoscale [32]. Also, on 
the macro scale, the effects of overall properties are considered. 

Interfacial
interactions

Mechanical
interlocking

Functionalized CNT-epoxy nanocomposite

Figure 3.2  MD simulation of CNT/polymer [46].
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In another similar approach, for investigation of the properties of 
nanoparticles reinforced polymer, the nanofiller and matrix are con-
sidered as a volume element (VE). In this approach the volume frac-
tion of the VEs is equal. But the differences between these elements are 
because of the shape, angles, and size of nanofillers. So at the end of this 
approach, a representative volume element (RVE) for nanocomposite is 
modeled that can predict the mechanical properties of nanocomposites 
on macroscale (Figure 3.5) [13]. In other words, the mechanical prop-
erties of nanoparticles/polymer composites in macroscale can be calcu-
lated by simulation of an RVE in nano/microscale. Based on the previous 
discussions, for modeling of the RVEs, several methods, such as molec-
ular mechanics, continuum mechanics, and molecular dynamics are 
used. The mechanical properties of RVEs can be calculated by mechan-
ical composite approaches. For the study of the mechanical properties 
of nanoparticle reinforced polymers, the rule of mixture estimation was 
used (Equation 3.2).

Interphase
(vdW links)

CNT

Molecular mechanics
FE method

Continuum mechanics
FE method

Continuum mechanics
analytical method

Polymer
matrix

Polymer
matrix

Polymer
matrix

CNT CNT

Interphase
(3-layers)

The bonding between CNT and
matrix is assumed perfect.

-

Figure 3.3  Modeling of the CNT/polymer [9].

R

ρ ε

σ
Cepoxy

CCNT

Cinterface

Figure 3.4  Multiscale modeling-CNT/polymer [47].
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	 Ec = (1 − νf)EM + νf Ef	 (3.2)

where Ec is the elastic modulus of composite, Em is the polymer elastic 
modulus, the elastic modulus of filler is Ef. Also, νf is the volume fraction 
of fillers. This approach cannot exactly predict the mechanical properties 
of nanoparticle/polymer. So, many researchers focused on this field in 
order to predict of mechanical properties of RVEs. Jamal Omidi et al. [13], 
for modification of this estimation in nanotube reinforced polymers case, 
present a new formulation (equation 3.3).
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In another approach, the modified Halpin–Tsai equations (equation 
3.3 to equation 3.6) were utilized for the evaluation of the elastic modulus 
of nanocomposites. This evaluation is for the rectangular fibers. W is the 
width, L is the length and t is the thickness of the effective fibber [17].
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Nanocomposite model �lled by volume elements
with di�erent angles of rotation
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Figure 3.5  Modeling of the equivalent RVE [13].
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ξ = +W L

t 	
(3.6)

The well-established Halpin–Tsai relation of estimation of the elastic 
modulus of CNTs/polymers is presented in equation 3.7 [17].
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In equations 3.2, 3.3, and 3.7, ENC is Young’s modulus of nanocomposite, 
ϑ and is the nanoparticle volume percentage, EM is the polymer modulus 
and Ef is the elastic modulus of nanofiber (equation 3.7).

3.5	 Preparation of Carbon Nanoparticles Reinforced 
Polymers

The traditional method for the preparation of nanoparticles/polymer are 
mechanical mixing, roll milling, shear mixing, solution blending, and melt 
mixing [18]. The multistage preparation and manufacturing methods of 
carbon nanoparticles reinforced polymers is based on three main routes: 
functionalizing, mixing and sonicating. Nanofillers dispersion is the most 
important aspect in the preparation of nanocomposites. The Van der Waals 
interactions between nanoparticles are the main cause of agglomeration 
of nanoparticles in polymers. in Figure 3.6, the effect of dispersion of the 
mix is shown by Scanning electron microscopy (SEM) [14]. The agglomer-
ations behavior in the matrix is such as a defect. So previous studies show 
that the mechanical performance of nanocomposite is critically deepened 
on the quality of dispersion of the nanoparticles in the matrix [14, 19]. The 
importance of dispersion can be satisfied by the triple method of preparing 
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of solvent. In the first, the mechanical dispersion of nanofillers is a simple 
important series for dispersion. These techniques included calendaring, 
stirring and extrusion and ball milling [14].

Functionalization of nanofiller is a chemical treatment that is utilized 
for dispersing fillers (second method). In the case of carbon nanotubes, 
chemical functionalization is based on the covalent linkage of functional 
entities onto the carbon scaffold of CNTs. This method can improve the 
dispersion process of CNTs. Similarly, graphene oxide is the functional-
ized graphene. Also, theoretical and experimental works appeared on the 
minimal hydrogenated fullerene, C60H2. It was shown that the most stable 
configuration of hydrogen on the fullerene corresponds to the functional-
ization of the neighbouring carbon atoms [20]. 

In the final step for dispersion of nanoparticles in matrix, some research-
ers use ultrasonication. They applying ultrasound energy to dispersing the 
nanotubes. The sonication process is based on two approaches. In the first 
approach probe sonication is utilized and in the next, bath sonication is 
used [14]. In Figure 3.7, this multistage method for dispersing of nanofill-
ers in polymers is shown. Also, the schematic preparation process (disper-
sion method) of the fullerene/polymer for coating application is shown in 
Figure 3.8 [21].

3.6	 Mechanical Properties of Carbon Nanoparticles 
Reinforced Polymers 

The polymer composites with reinforcement of 1 to 100 nm are defined 
as nanocomposites. Based on the previous parts, the general fillers used 

26 KV 60.0 KX 1 um KYKY-EM3200 SN:0702 26 KV 60.0 KX 1 um KYKY-EM3200 SN:0702

(a) (b)

Figure 3.6  SEM of CNTs dispersion in epoxy (a) traditional method (b) multistage 
method [14].



Carbon Nanostructures for Reinforcement of Polymers  71

for reinforcement of polymers are CNTs, graphene family (graphene, 
graphene plate, graphene oxide, and graphite nanosheets) and fullerenes. 
using composite-based polymers has considerably increased because of 
their notable applications [23]. Furthermore, there is an increased use of 
nanocomposites because of easy manufacturing, lighter weight, decent 
chemical characteristics and lower price [24] specially nanocomposites 
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based on polymers, chosen over metallic structures due to their fatigue 
and corrosion resistance [22]. Consequently, researchers are focusing on 
the structural applications such as reparability and protective coating 
to assimilate these kinds of materials in many industries like aerospace 
structures [24]. So in this section, the characterization of mechanical 
properties of carbon nanoparticles/polymers are presented. This char-
acterization is based on the use of these nanocomposites in structural 
engineering. The mentioned improved aspects besides the direct use of 
nanocomposites in structural industry are the main discussions of this 
section. So the elastic properties, coating and flame resistance and simi-
lar aspects of different carbon nanofiller/polymer will be discussed in the 
present section.

3.6.1	 Graphene Family/Polymer

Graphene plate is the main element in the graphene family. This group 
of nanoparticles is divided into several types of nano and micro fillers. 
Graphene, graphene oxide, graphene nanoplate, graphite nanosheets, 
graphite, and graphite oxide. In Figure 3.9, the classification of these 
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particles based on the size, carbon-oxygen ratio(C/O) and the number 
of sheets is shown [18].

The interactions between graphene layers are Van der Waals bonds. The 
distance between these layers is 0.34 nanometres. One of the attractive 
applications of graphite nanosheets is to improve the mechanical prop-
erties of polymers. The multifunctionality of these nanosheets is another 
aspect that many researchers are focus on it. The process of production of 
graphite nanosheets is cheaper than other carbon nanoparticles such as 
CNTs. This nanofiller can be derived from the natural source of graph-
ite [25]. Consequently, this nanofiller is the economical replacement for 
expensive nanocomposites such as SWNTs/polymer in industry.

3.6.1.1	 Graphite Nanosheets/Polymer

Today, graphite nanosheets are developed to improve and modify the 
mechanical properties of polymers. This improvement depends on the 
dispersion status of nanofillers in polymers. Also, hybrid reinforcing of 
polymers is another developed application of graphite nanosheets hybrid 
reinforcing. In this approach, graphite nanosheets besides other nano-
fillers can reinforce the polymers. So this multifunctionality of graphene 
nanosheets increases the technical potential of usage in the high tech 
industry, such as aerospace.

By focusing on the mechanical properties of graphite nanosheets/
polymers, there was an improvement in mechanical properties with the 
increase in graphite nanosheets content. Jana and Zhong [26] show that 
flexural modulus of polymer increases ~13% by adding 5% graphite 
nanosheets. Flexural strength increases ~45% by the same additive. In the 
case of toughness and strain resistance, increment is ~28% for 5 wt.% of 
graphite nanosheets. In the lower weight percentage of nanofiller, some of 
the mechanical properties increase worthy. In this regard, by adding 2 wt.% 
of graphite nanosheets, the increment for flexural strength is ~37% and 
improvement for toughness is ~20%. The study of graphite nanosheets/
polymers shows the potential of these nanocomposites in the mechani-
cal and aerospace industries. In Table 2, the effects of adding graphite 
nanosheets on the mechanical properties of epoxy resin are classified. The 
preparation method for all nanocomposites is based on the solution blend-
ing method. The result indicated that elastic modulus improves by adding 
this nanofiller between 20% and 50% with respect to 0.1%Wt. of nanofiller. 
Also, the increment of fracture toughness is ~60%. But in the case of ten-
sile strength, the result is shown a decrement by adding more than 1% Wt. 
graphene nanosheets.
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3.6.1.2	 Graphene and Graphene Oxide/Polymer

Based on the previous sections, reinforcing of the polymers by graphene 
and GO can improve the mechanical properties, such as elastic modulus 
and tensile strength. These improvements besides lightweight and easy 
manufacturing of these materials can candidate them to be used in struc-
tural engineering in field of mechanical and aerospace engineering. 

Several theoretical and experimental researchers have studied the 
improvement of mechanical properties of these nanocomposites. In the 
case of elastic modulus by adding up to 6% GO into polymer, this property 
is increased ~80% [27].

In another research, by adding 0.1% graphene (graphene plate) to epoxy 
resin, the elastic modulus has ~30% increment. Also, the tensile strength 
is improved ~40% by this reinforcing. In this research, the theoretical 
approaches verified the experimental investigation. Besides this reinforcing, 
the fracture toughness of nanocomposites increases ~50%. The fatigue resis-
tance analysis also shows the effects of adding Graphene to epoxy resin [17].

In another experimental research, in the case of graphene/polystyrene, it 
is observed that by adding ~1 wt.% graphene sheet to polystyrene, Young’s 
modulus increase ~60% and also tensile strength improves 70% [28]. In 
another reinforcement, GO/polyvinyl, Young’s modulus increase ~75% 
and fracture strength improved ~60% by adding 0.7 wt.% GO nanofillers 
[29]. In Table 3.2, the improvement of mechanical behavior of graphene/
epoxy is shown.

3.6.2	 CNT/Polymer

By the development of nanotechnology, many researchers are focused on 
the reinforcement of polymer with CNTs experimentally and theoreti-
cally. In this regard, the flexural (bending) test shows that the addition of 
SWNTs, DWNTs, and MWNTs has modified the polymers. These result 
indicated that this addition(0.1 wt.% of SWNTs) increase elastic modulus 
10% [14]. In other research, by adding 1 wt.%, the elastic modulus, yield 
strength, and flame retardancy of polymers improved [30]. 

In the case of CNTs reinforced fibers/polymer composites, adding CNTs 
can develop the overall properties of nanocomposites. This hybrid com-
posite included three phases, fiber, nanoparticles, and matrix. Generally, 
carbon nanotubes can prevent crack propagation in these composites [31]. 
For instance, in this field, fiberglass polymer composite is modified by 0.1 
wt.% CNTs. The elastic modulus of hybrid composited improved ~12%. 
Also, ~33% increments occurred in yield strength [32]. 
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In another group of hybrid composites, the CNTs are utilized to modi-
fying the fibers. In these nanocomposites, CNTs have grown on the surface 
of the fiber by several methods (Figure 3.10 and Figure 3.11). Chen et al. 
show that the interfacial shear strength of composites increase by ~100% 
by grafting CNTs [33]. In a similar research by Feng et al., the bending 
strength is improved ~30%, compressive and shear strengths are improved 
~100% [34]. In another research, the fibers improved by GO and CNT 
grafting (Figure 3.12). The result of this study shows excellent improve-
ment of the mechanical properties of hybrid composite [35].

3.6.3	 Fullerene/Polymer

Characterization of the mechanical properties of fullerenes is one of the 
fields of interest for researchers. Many theoretical and experimental stud-
ies are focusing on this field. The elastic properties of C60/polymers are 
studied by Izadi et al. [36]. In this research, MD simulation is used. These 
elastic properties consist of Young’s modulus, shear modulus, and bulk 

CNT

CF

Epoxy

Figure 3.10  Hybrid composite [33].
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Figure 3.11  Carbon fiber grafted with CNTs [34].
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modulus. The effects of adding 4% Wt. fullerenes to polymethyl methac-
rylate are shown in this research. The results indicated that by this addi-
tion, Young’s modulus of polymethyl methacrylate increased ~25%. The 
improvement for shear modulus and bulk modulus is ~20%. In another 
theoretical research, Gahruei [37] investigated the mechanical properties 
of fullerene/polymer by a numerical simulation. In this research, the inter-
face region is modeled into three different types. Perfect bonding between 
the nanoparticle and the matrix is the first modeling of the RVE. The elas-
tic region is the next type. Modeling of the interface by spring element is 
the final type of interphase modeling. The result of this numerical study 
shows that in different volume percentages of fullerenes in polymer, the 
mechanical properties are improved. This result indicated that adding 3% 
Wt. fullerenes can cause the ~50% improvement in Young’s modulus and 
shear modulus of the polymer.

Thermo-mechanical properties of fullerene/polymer are investigated in 
another theoretical study[38]. The models in MD simulation are included 
~9 and ~16% Wt. Fullerenes. This study shows that by adding Fullerenes 
to epoxy, the thermal expansions ratio is decreased. Also, Young’s mod-
ulus and other mechanical properties improved by these additions. This 
result is compared by an experimental study that reported ~ 20% and 8% 
improvement in the case of Young’s modulus.

In hybrid composites, fullerenes are used to improve the mechanical 
properties of matrices and fibers. The strength between element bonds of 
composite in nanoscales is improved by the addition of fullerenes. In an 
experimental study by Jiang et al. [39], Young’s modulus, tensile strength, 
elongation at break and fracture toughness of carbon fiber composite are 
improved by adding 2%Wt. fullerenes.

Figure 3.12  Modified carbon fiber by GO and CNT [35].
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Finally, some researchers reported the potential of fullerenes in the 
improvement of fire resistance/retardancy, coating, roughness/surface 
hardness, adhesion and wear resistance, and heat stability. In the case of 
flame retardancy, many researchers are showing the potential of fullerenes. 
For example, in the research by Wang et al. [40], it is shown that the addi-
tion of ~1% Wt. fullerenes can improve the flame retardancy of polymer. 
Also, 55% reduction of flammability is reported by Kausar [41]. In another 
study, the effect of fullerene/polymer coating is investigated by Liu et al. 
[21]. The result indicated that this coating has a better friction coefficient, 
wear traces area, and higher anticorrosion than pure polymers. Also, in 
this research, the comparison between fullerene/polymer coating and 
graphene/polymer coating is evaluated. This result shows the improved 
corrosion resistance of reinforcing with graphene than fullerene/polymer. 
In Table 3.3, the potentials and applications of carbon nanoparticles rein-
forced polymers in mechanical and aerospace engineering are described.

3.7	 Application of Carbon Nanoparticles 
Reinforced Polymers in Mechanical 
and Aerospace Engineering

In this section, the application of the three main groups of carbon nanopar-
ticles/polymers in the related domain for mechanical and aerospace are 
studied. In the case of graphene/polymers, the automobile industry is one 
of the important domains that have a lot of technical potentials for using 
nanocomposites. The structures and parts of an automobile, such as tail-
gate, internal body, internal body, and bumper can be made of graphene/
polymers [42]. In the aerospace industry, lightweighting the structures is 

Table 3.3  Potential in technical applications of carbon nanoparticles reinforced 
polymers in mechanical and aerospace engineering.

Graphene/Polymer Increase of: Yield strength, Flexural modulus, Young’s 
modulus, machinery. reduction in weight

CNT/polymer Increase of: tensile strength, temperature resistance, 
flame retardancy, Young’s modulus. reduction in 
weight

Fullerene/polymer Increase of: Heat constancy, Tensile strength, anti-
Corrosion resistance, roughness/surface hardness, 
adhesion, coating and wear resistance, heat stability
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one of the main challenges. So reinforced polymer with graphene, it can be 
used in the components of the aerospace structures, such as the wing and 
body of airplanes. Another application of graphene/polymer is the coating 
of the body and wings. Self-healing graphene nanocomposites are the new 
group of composites that has a lot of application in mechanical, biome-
chanical, and aerospace engineering. This kind of material can be used for 
sealing and coating [43].

The advanced properties of CNT/polymer encouraged the mechanical 
and aerospace engineers for using this king of nanocomposite in mechan-
ical and aerospace structures.

The application of this nanocomposite in mechanical engineering is cat-
egorized to the automotive industry, sports equipment, wind energy, and 
marine structures. In the case of automotive, covers can be made by CNT/
polymer, such as the shield of the timing belt. Also, this kind of nanocom-
posites is used for the main structure and the body of cars. The interior 
body and painting of the automobiles in the other fields for using the CNT/
polymers. At present, in sports equipment and goods, the polymers in rac-
quets, baseball bats, hockey sticks and the frame of bicycles are reinforced 
by carbon nanotubes. In wind energy and marine, because of the light-
weight and the strength of CNT/polymers, wind turbine blades and boat 
bodies are constructed by these nanocomposites.

Aerospace structures are another field of interest for using CNT/poly-
mer. In airplanes, Fuselage frames, bulkhead wing structure, ribs, spars, 
flaps, ailerons, and skin can be made of CNT/polymers. In the other aero-
space structures, such as UAVs, missiles, space crafts, and satellites carbon 
nanotubes, nanocompositesares applied. In Table 3.4, these applications of 
CNT/polymers in the aerospace industry are categorized [6, 22, 44].

Table 3.4  Application of CNT/polymer in aerospace industry.

Applications of CNT/polymer [6, 22]

Military aircraft F35
V22 Osprey

UAVs (HALE) high altitude-long endurance

Missile Tomahawk

Commercial aircrafts Boeing 787- A350 XWB

Space industry space shuttle and Satellites
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In the case of fullerene/polymer, the adhesion property of these nano-
composites is the most important aspect that has a lot of application in 
aerospace and mechanical engineering. Also, the coating of surfaces with 
fullerene/epoxy is another application of these nanocomposites. Flame 
retardancy of this nanocomposite is interested in military, defends and 
aerospace industries. In addition, fullerene/polymers can be used in solar 
cells and also as components of membranes for purification of water and 
gas. Also, nother applications of fullerene/polymers are in photovoltaic, 
optical and temperature sensors and where the photoconductivity and 
antimicrobial properties are needed [44, 45].

3.8	 Conclusions 

In this chapter, the reinforcement of polymers by carbon nanoparticles 
is fully described. In this regard, three main groups of data were stud-
ied. In the first group, in nanoscale, the structures and modeling of car-
bon nanoparticles were studied. This group of nanocarbons are included 
the graphene family, carbon nanotubes and fullerenes. The structures 
and modeling of the different kinds of these nanoparticles were studied. 
Molecular dynamics, molecular mechanics, and continuum mechanics 
were the three general methods that are illustrated in this chapter. In the 
next group, modeling and preparing these nanocomposites were consid-
ered. Multiscale modeling and representative volume element are the main 
approaches for the investigation of the properties of nanocomposite, espe-
cially carbon nanoparticles/polymers. In preparing the nanocomposites, 
it was concluded that the incomplete dispersion of nanoparticles in the 
epoxy matrix can be affected the final properties of nanocomposites. So, 
preparation method is one of the important parts of the manufacturing of 
nanocomposites. Also, the quality of nanocomposites depends on differ-
ent parameters, such as the weight percentage of nanoparticles and aspect 
ratio.

Finally, the characterization of mechanical properties and the poten-
tial and application of carbon nanoparticles in structural aerospace and 
mechanical engineering were considered. These technical potentials for 
graphene are improving the mechanical properties, such as yield strength, 
flexural modulus, Young’s modulus, machinery, and reduction in weight. 
For CNT/polymer nanocomposites, tensile strength, temperature resis-
tance, flame retardancy, Young’s modulus can increase in comparison with 
pure polymers. Adding fullerenes to polymers can increase the anticorro-
sion resistance, coating resistance, and elastic properties.
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Abstract
Self-healing carbon fiber–reinforced polymers (CFRPs) have been explored 
in-depth since the 2000s. Microcapsules, vascular networks, dissolved thermo-
plastics, and reversible interactions can be used to give polymer matrix com-
posites with self-healing properties. Recent improvements, particularly epoxy 
employed as a matrix phase in carbon fiber–reinforced polymers, are chosen and 
examined in terms of their repair mechanisms, validation testing methods, and 
any other attributes that might be relevant in aerospace applications. Extrinsic 
self-healing, which is pioneered in this field, paves the way for more modern 
approaches that take advantage of intrinsic self-molecular healing pathways. 
The latter appears to be the more promising self-healing carbon fiber–reinforced 
polymers in the long run. Self-healing carbon fiber–reinforced polymers are 
critical for increasing aircraft fatigue, impact, and corrosion resistance. Complex 
aviation composite geometries that are formerly made using time-consuming 
and expensive techniques (e.g. autoclave) can now be made utilizing simpler 
(and hence less expensive) processes, such as co-electrospinning, vacuum-
assisted injection molding, or hand-lay up molding. Engines, fuselages, and 
aerostructures, as well as anticorrosion coatings, have profited from the usage 
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of self-healing carbon fiber–reinforced polymers. Each area demands its own set 
of processes for improvement. Anyhow, carbon fiber–reinforced polymers face 
some problems of disposal and recycling.

Keywords:  Self-healing, composite, carbon fiber–reinforced polymers, aerospace

4.1	 General Principle of Self-Healing Composites

Self-healing composite materials are man-made materials that have the 
ability to repair themselves after damages. Incorporating microcapsules 
or microvessels into the host material that contains a healing agent is a 
common approach for fostering self-healing. Biological systems recovery 
processes influenced the design at first. For decades, researchers have been 
studying self-healing materials and composites, spurred in part by the 
invention of self-healing epoxy resins [1]. When material damage causes 
capsules or veins to rupture, the healing agent is then unleashed to com-
pletely close the fracture, as seen in Figure 4.1. Self-healing mechanisms 
fall into two categories: i.e., extrinsic and intrinsic. Unlike extrinsic heal-
ing, intrinsic healing relies on reversible molecular connections (supermo-
lecular chemistry) inside the material’s structure. In addition, autonomic 
repair is recognized as a process of restoring the systems to a stable oper-
ating level in response to damage, while nonautonomic healing occurs in 
response to an external stimulus such as UV or thermal. 

4.1.1	 Extrinsic Healing

The healing that occurs outside of the matrix is known as extrinsic heal-
ing [1]. Microcapsules or hollow threads are commonly used to deliver 
the therapeutic ingredient. The healing agent is frequently coupled with 
a catalyst encapsulated or dissolved in the matrix (Figure 4.2). Local con-
tainers break when a structure is injured, releasing the healing agent and 
catalyst and causing fracture repair, crack development, and fracture fail-
ure. As a result, large regions of damage can be repaired using this tech-
nique. Depletion of the healing agent, on the other hand, results in a single 
healing event. Another example of an extrinsic self-healing system is a 
three-dimensional network of capillaries or hollow fibers implanted in a 
polymer matrix [3]. Due to the linked nature of the microvascular structure, 
the healing chemicals contained in the hollow fibers can move to depleted 
locations. As a result, these composites enable several healing events. In 
the event of damage, the mesoporous network stores or transports healing 
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chemicals from an external reservoir [3]. When a component is damaged, 
the healing agent enters the crack and repairs it with the aid of the catalyst. 
Moreover, materials that are damaged via extrinsic means are prone to per-
sistent damage in the same place [4, 5].

However, once the healing chemicals have been drained or the contain-
ers have been empty, the structure cannot be repaired. As a result, healing 
agents were incorporated into microvascular networks, broadening the 
scope of the microcapsule concept [7]. The microvascular network pre-
serves its ability to give the essential healing agent after repeated injections, 
allowing for several damage-repair cycles. These microvascular networks 
can be created in a variety of ways, including using hollow glass tubes or 

Polymer matrix Propagating crack

Catalyst

Microcapsule containing healing agent

Monomer �ows into crack and
contacts with the catalyst

Polymerization and crack closure

Figure 4.1  Schematic representation of self-healing approach (Reprinted with permission 
from [2]. John Wiley & Sons. Copyright © 2000-2021 by John Wiley & Sons, Inc., or 
related companies. All rights reserved).
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incorporating sacrificial fibers into the matrix [8, 9]. This exposes hollow 
tunnels which allow the healing chemicals to pass through them once the 
filaments are removed. For administering the right healing agent (which 
varies depending on the type of injury) [8, 10], the direction of the circula-
tory networks is critical. An experiment examining how the alignment and 
density of the channels that 3D printing produced within a matrix affected 
its ability to repair found that the results were quite significant [11].

Thus, extrinsic healing is a fairly robust technique that is applicable to a 
broad range of polymer matrixes. Because these parameters determine the 
healing efficiency and time necessary for healing, a wide range of healing 
agents and chemistries can be employed to develop suitable systems, going 
to result in a very large potential area of application. However, the problem 
lies in the limited amount of repair agents, whereupon its depletion, the 
material loses the ability to self-repair [12, 13].

4.1.2	 Intrinsic Self-Healing

Intrinsic self-healing systems can also be classified according to the type 
of healing process. Physical interaction and chemical bonding are the two 
primary categories (Figure 4.3). A technology specifically designed for use 
with all-soft thermoplastic polymers (hydrogels [14]) or semithermoplastic 

Micro capsule self-healing

Vascular self-healing

Before damage During healing Healed material

Before damage During healing Healed material

Figure 4.2  Schematic of extrinsic self-healing mechanisms for micro-capsule and 
vascular seal-healing types (Reprinted (Adapted) with permission from [6]. Copyright © 
2000-2021 by Elsevier. All rights reserved).
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polymeric matrixes, which have a mix of thermoplastic and thermoset poly-
mers. The other usually requires temperature as a stimulus to activate the 
healing agent, enabling polymers to penetrate and fill fractures, thereby 
accelerating healing [15]. Chemical healing, on the other hand, depends on 
external stimuli, such as temperature or UV light, to separate and repair the 
bonds of the matrix structure. Non-covalent interactions, including hydro-
gen bonding, metal coordination, diffusion, and interaction, hydrophobic or 
ionic contacts, and π-π stacking are involved in this process. To mention a 
few examples of physical self-healing materials, there are ionomeric, supra-
molecular, and molecular diffusion and entanglement self-healing materials.

Ionic copolymers in thermoplastics that contain metal or quaternary 
ammonium ions to partly or fully neutralize carboxylic acid sites (termed 
ionomers) are often used in self-healing ionomer systems. Poly(ethylene-
co-methacrylic acid) (EMAA) is a commonly used example. Ionic parts 
of poly(ethylene-co-methacrylic acidionic) can form reversible cross-links 
that may be broken and regenerated by external stimuli activation [15, 16]. 
Supramolecular self-healing materials comprised polymers, bonding, and 
storing hydrogen in both π-π stacking and metal atom [17, 18]. Hydrogen 
bonding is restored by bringing the broken fragments of these materials 
into close contact. While self-healing is known for many kinds of com-
plex repair and recuperation mechanisms, this is among the simplest and 
most basic versions. Heating or pressure may be used to cause diffusion, 
entanglement, and surface contact, which are all connected to helping the 
healing of damaged areas (void closure). This method may theoretically be 
used to repair any thermoplastic material as long as the external stimuli are 
strong enough to distribute and entangle the healing agent. This technique 
has been successfully used to repair defects in polystyrene and block copo-
lymers of styrene, isoprene, and styrene [18].

Conversely, covalent bonds serve as reversible chemical anchors in the 
form of self-healing compounds. In contrast to physical bonding, which 

Intrinsic self-healing

Before damage During healing Healed material

Figure 4.3  Schematic of intrinsic self-healing mechanisms (Reprinted (Adapted) with 
permission from [6]. Copyright © 2000-2021 by Elsevier. All rights reserved).
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only offers greater mechanical strength and dimensional stability, chem-
ical reversible bonding procedures are especially reliable. Diels-Alder 
(DA) is a well-known reversible reaction for chemical self-healing, and its 
reverse is called retro-Diels-Alder (rDA) [19]. They join and unbond in a 
way that is easy to manipulate with changing temperatures; thus, they are 
able to migrate into fractures in order to repair damaged surfaces, which 
enables them to return part of their original strength. This chemical has 
been demonstrated to be effective in accelerating the creation of a number 
of self-healing polymers [20]. These intrinsic systems can theoretically be 
repaired many times due to their intrinsic characteristics [21, 22].

In summary, this section summarizes and compares the extrinsic and 
intrinsic self-healing processes with emphasizing their distinct bene-
fits, limitations, and existing technologies (Table 4.1). As discussed in 
Sections 1.1 and 1.2, the main disadvantage of both microencapsulated 
and phase-separated healing agent systems is that repeated healing is 
achievable only if a continuous liquid supply is present at the damaged 
location following the initial healing event. When all of the liquid healing 
elements have been consumed, it is difficult to know. Alternatively, utili-
zation of hollow tubes or fibers structure can increase the amount of fluid 
healing agent delivered to the fracture plane.

4.2	 Self-Healing Carbon Fiber–Reinforced Polymers

4.2.1	 Carbon Fiber–Reinforced Polymers (CFRPs)

Carbon fiber–reinforced polymer is a term that is occasionally used inter-
changeably with carbon fiber composite or simply carbon fiber. They are 
another kind of self-healing composite that gained prominence in the early 
years of the twenty-first century [23]. Self-healing was shown by Kessler 
et al. (2003) [24] in an epoxy matrix composite with carbon fiber–reinforced 
utilized in engineering material. A plain-weave carbon fabric is inserted in 
an EPON 828 epoxy matrix to form the composite. In situ polymeriza-
tion of a dicyclopentadiene healing agent contained in poly-ureaeformal-
dehyde microcapsules enabled autonomic self-healing in this work. The 
matrix contained Grubbs’ catalysts (Carbene transition metal compounds 
utilized as catalysts in olefin metathesis). They are a marvel of strength and 
lightness. Although carbon fiber–reinforced polymers are costly to manu-
facture, they are widely used in high-rigidity applications, such as aircraft, 
shipbuilding, transportation, civil engineering, and sporting goods, as well 
as an increasing number of commercial products [23]. While thermoset 
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resins such as epoxy are frequently employed as the binding polymer, other 
thermoset or thermoplastic polymers various thermoset or thermoplas-
tic polymers (vinyl ester, nylon, or polyester) are also used [25]. Epoxies 
have superior mechanical properties, adhesion to substrates and fibers, 
resistance to moisture absorption, and resistance to corrosive environ-
ments when compared to other thermosetting polymers (e.g., polyesters). 
The type of additives used in the binding matrix can have an influence on 
the final properties of carbon fiber–reinforced polymers. While silica is the 
most often utilized material, other materials like rubber or carbon nano-
tubes can also be used. These characteristics make epoxies-based carbon 
fiber–reinforced polymers an excellent choice for aerospace applications. 
Additionally, they function well at higher temperatures due to their high 
glass transition temperatures (Tg). Indeed, Tg is a critical parameter to 
consider when developing the ad-hoc materials for the aviation and space 
industries, as these materials should not undergo softening transitions 
within the operating temperature range, which is approximately −50°C to 
60°C for aeronautical applications and −150°C to 150°C for space applica-
tions [22, 23]. As a result, Tg is expected to exceed these maximum tem-
perature limits. 

Thus, incorporating the self-healing concept into aerospace composites 
can benefit both dependability and safety, while also significantly lowering 
maintenance costs. As a result, research has focused on the development of 

Pe
rf

or
m

an
ce

Damage Points

Limit of
Reliability

Product use
region

Replacement
region

Time

(a) Original
material

(b) Tradionally
improved material

(d) Ideal SH Material

(c) SH Material

Service lifetime
extension

Figure 4.4  Extending the life of engineered materials by the use of the self-healing 
principle (Reprinted with permission from [26]. Copyright © 2000-2021 by Elsevier, Inc., 
or related companies. All rights reserved).
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self-healing materials that are capable of regaining functionality in order to 
extend their service life [26], as illustrated in Figure 4.4.

Before venturing into carbon fiber–reinforced polymers in search of 
self-healing properties, it is vital to establish how healing can be quantified 
in order to conduct comparative research among self-healing systems.

4.2.2	 Healing Efficiency 

The term “healing efficiency” (η) refers to the pace at which a feature made 
entirely of virgin material regenerates. Healing evaluation is generally trig-
gered by a controlled and measured experiment in which new surfaces 
are formed as a result of damage initiation and propagation. Following 
the start of the healing process, the exact same experiment is performed 
in order to compare the outcomes of the two experiments. The following 
Table 4.2 contains a collection of frequently used material characteristics 
that have been used to measure the efficacy of healing, along with the 
related equations. Which definition of healing efficiency is used is deter-
mined by a variety of factors, considering the polymer characteristics, the 
mode of failure, the self-healing mechanism, and the shape of the sam-
ple. As a general rule, impact damage recovery, compression after impact 

Table 4.2  Various definitions of healing efficiency based on 
the recovery of various material characteristics.

Material characteristic η definition

Fracture toughness
η K

K
x100IC

H

IC
V=η K

K
x100IC

H

IC
V

Strain energy
η K

K
x100IC

H

IC
V=η U

U
x100H

V

Stiffness
η K

K
x100IC

H

IC
V=η E

E
x100H

V

Strength
η K

K
x100IC

H

IC
V=η σ

σ
x100X

H

X
V

Note: H = healed, V = virgin, KIC = fracture toughness (mode I), 
σ = stress, X = tensile, compressive, impact or flexural, E = Young’s 
modulus, and U = stain energy.
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(CAI), or flexural after impact strength and fracture mechanics testing are 
recommended evaluation techniques, as impact damage and delamination 
are significant variables [27].

Healing efficiency is a single, extremely valuable metric for assessing a 
single capacity for self-healing. However, caution must be exercised in order 
to prevent being misled by it. The addition of self-healing ability should not 
be at the cost of the pristine material characteristics, since improving heal-
ing efficiency may be achieved by both increasing the seal-healing material 
attributes and lowering the pristine performance. Thus, in all circumstances, 
the virgin properties and their changes as a result of the addition of self-
healing capabilities should be evaluated. Additionally, when fracture-based 
definitions of healing efficiency are used (i.e., fracture toughness (KIC) and 
fracture energy (GIC), efficiency may exceed 100% due to the presence of 
pre-crack before fracture test, which may underestimate the fracture proper-
ties of pristine, uncracked samples. Finally, because materials are rarely fully 
cured prior to testing, residual curing may restore some of the lost capa-
bility. Nevertheless, this effect is easily quantifiable using Fourier-transform 
infrared spectroscopy (FTIR) or calorimetric analysis and is thus taken into 
account when assessing healing effectiveness. As a result, comparing the 
healing efficacy claims made in diverse publications and evaluated using a 
variety of functions and test protocols may be misleading. 

4.3	 Manufacturing Techniques

Manufacturing solutions for novel self-healing materials embedded in 
composite structures must be consistent with known processes; other-
wise, rapid and efficient manufacturing will be difficult. Additionally, 
self-healing characteristics should not be introduced at the cost of other 
epoxy properties; in other words, self-healing epoxies must have the same 
mechanical and thermal properties as conventional resins.

Carbon fiber–reinforced polymer composites have been manufactured 
in a number of different ways, as via pyrolysis-related processes, chemi-
cal reactions, gas deposition, sintering, electrophoretic, or electrospinning 
deposition. Typical cure temperatures for aerospace epoxy resins are 120°C 
to 135°C but can be extended to 180°C to provide high-Tg matrices that 
withstand heat degradation [28]. Curing of carbon fiber–reinforced poly-
mers is frequently performed in an autoclave or with a closed cavity tool at 
pressures up to 8 bar, with the addition of a postcure treatment at a higher 
temperature on occasion. Additionally, the absence of harmful emissions 
during the curing process (especially when compared to styrene-containing 
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polymer formulations) significantly increases the manufacturing adapt-
ability of epoxy resins, as open-mold processing (e.g., vacuum bagging or 
automated lay-up) is possible. Epoxies are compatible with a wide range of 
composite manufacturing methods and have a low viscosity need. 

Wu et al. [29], for example, created a hybrid carbon fiber/epoxy com-
posite containing self-healing core-shell nanofibers at the interfaces. These 
multifunctional nanofibers were synthesized by coelectrospinning, with 
the healing agent dicyclopentadiene (DCPD) enclosed within polyacry-
lonitrile (PAN) to produce core-shell dicyclopentadiene/polyacryloni-
trile nanofibers. The polymer matrix composite (PMC) demonstrated 
a healing efficiency of 103% when subjected to the three-point bending 
test. The cost-effectiveness of this ultrathin core-shell nanofiber is aided 
by the incredibly low cost of fabrication technique, low nanofiber usage, 
low weight, and minimal impact on composite mechanical characteris-
tics. Trask and Bond [30, 31] demonstrated the use of epoxy-filled hollow 
glass reinforcing fibers (HGF) in glass fiber–reinforced polymers (GFRPs) 
and carbon fiber–reinforced polymers. This study found that hollow glass 
fibers containing a two-part healing resin can be manufactured and pro-
cessed in a standard autoclave, indicating that even this composite may be 
easily integrated into existing composite production processes. Although 
their initial strength was decreased in a four-point bending test, both 
self-healing composites exhibited outstanding healing efficiency. Williams 
et al. [32] shown that resin-filled hollow glass fibers embedded in carbon 
fiber–reinforced polymer laminates regenerate without impairing the 
mechanical properties of the matrix. When subjected to quasistatic impact 
damage, the self-healing specimens recovered strength at a rate greater 
than 90%. This research discovered that a self-healing delivery system 
lowers system mass while maintaining redundancy against blockages and 
leaks, implying that a segregated network is an optimal configuration for 
aerospace applications where system mass is a critical parameter.

Ghezzo et al. [33] used a modified resin transfer molding (RTM) 
method to manufacture carbon fiber–reinforced polymer laminates with 
remendable cross-linked polymeric matrices that were remendable after 
being cured. Bis-maleimide tetrafuran (2MEP4F) was synthesized by heat-
ing two monomers, furan (4F) and maleimide (2MEP), to produce a heal-
able composite resin. Additionally, Park et al. [34] developed a self-healing 
and shape memory composite using 2MEP4F and carbon fibers. Because 
mending is limited to the thermally remendable polymer, composites lose 
their strength when fibers are injured. However, if no fibers break, the first 
stage of healing may recover up to 90% of the strain energy just by heat-
ing the material (100°C for 3 hours) without applying any pressure with 
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a slight decrease from the first healing cycle. By combining self-healing 
and shape memory effects through electrical resistive heating, a novel self- 
healing material can be developed.

According to Meure et al. [35], poly(ethylene-co-methacrylic acid) was 
processed via continuous fiber extrusion and subsequently included as 
discrete particles (CFRPp) or a fiber mesh (CFRPf). Following 30 min-
utes of healing at 150°C, both configurations were capable of entirely 
restoring peak load, resulting in healing efficiencies of over 100% in terms 
of mode I interlaminar fracture toughness, fracture energy, and peak 
load. Furthermore, Kumar et al. [36] developed vascular tubes as heal-
ing carriers to improve the mechanical properties and healing efficiency 
of healing compounds by combining vinyl ester and epoxy (in an 80:20 
ratio) with phenol-treated carbon fibers and inserting them through the 
vacuum-assisted resin transfer molding (VARTM) process. The tensile 
strength of carbon fiber is increased by 7% of the use of phenol treatment. 
Three distinct designs were used to present the various healing agents for 
comparison. It was shown that vinyl ester showed 166.34% healing effi-
ciency greater than those using epoxy or hybrid resin. The viscosity of the 
healing resin is the most important factor influencing its efficacy. In Table 
4.3, we summarized the current self-healing carbon fiber-reinforced poly-
mers and their manufacturing techniques.

Although the adoption of self-healing polymeric matrices is forecast to 
positively affect the composite landscape (in particular for high-end appli-
cations), the costs of raw materials and tailored chemistries are generally 
higher than those currently in use.

4.4	 Recent Development of Carbon Fiber-Reinforced 
Polymers in Aerospace Applications

Aerospace essential objectives include increasing structural efficiency and 
mass reduction without compromising structural strength. Over the last 
few decades, composites, notably carbon fiber–reinforced polymers, have 
attempted to meet these requirements by combining low density with high 
strength and stiffness along the fiber direction (Figures 4.5(a) and 4.5(b)). 
Customizable strength and stiffness can be achieved by altering the ply layup 
and fiber orientation, although environmental degradation, such as moisture 
absorption, must be taken into account. Numerous new civil airplanes are 
now being manufactured with at least 50% carbon fiber–reinforced polymers 
(for example, the Airbus A350XWB is constructed with 53% carbon fiber–
reinforced polymers. Automobiles and top-of-the-line athletic equipment 



100  Aerospace Polymeric Materials

are additional application areas [38, 39]. In aviation, carbon fiber–rein-
forced polymers are widely used for wing frames, top and bottom stabiliz-
ers, and wing paneling [40]. The airframe of Airbus A380 is constructed of 
25% composite materials, including 22% carbon fiber–reinforced polymers 
or glass fiber–reinforced polymer and 3% fiber metal laminate (FML) [41]. 

Technical
ceramics

Composites

Natural
materials

Foams Elastomers

Polymers

Metals

Porous
ceramics

Yo
un

g’
s 

m
od

ul
us

, E
 (G

Pa
)

Density, ρ (Mg/m3)

1000

100

10

1

10-1

10-3

10-2

0.1 1 10

E1/3/ρ = constant

E/ρ = constantAl alloys Ti alloys Steels Ni alloys

Cu alloys

Concrete
Nylon

Epoxies
PC

PP

PE

Butyl
rubber

WoodT

grain

Bamboo

Wood
// grain

CFRP

CFRP

Polyester

Mg alloys

Polyurethane

MFA/HRS, 15

(a)

Composites

Natural
materials

Foams

Ceramics

Polymers and
elastomers

Metals

10000

1000

100

10

0.1

1

0.1 1 10
Density, ρ (Mg/m3)

St
re

ng
th

 (e
la

st
ic

 li
m

it)
, σ

el
(M

Pa
)

σe1/2/ρ = constant

σe/ρ = constant

Wood,
// grain Nylon

CFRP

GFRP

Bamboo

Wood,T

grain

PP

Butyl
rubber

PC

PE

Ni alloysMg alloys
Al alloys

Ti alloys
Steels

Cu
alloys

Concrete

Epoxies
Polyester

Polyurethane

MFA/HRS, 15

(b)

Figure 4.5  Material selection chart, (a) Young’s modulus (E) plotted against density ρ, 
with two index lines for stiffness-limited lightweight design and (b) Strength (defined by 
the elastic limit) vs density, where two index lines for strength-limited lightweight design 
are illustrated. (Reprinted (Adapted) with permission from [42]. Copyright © 2000-2021 
by Elsevier All rights reserved).
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Carbon fiber–reinforced polymer composites have recently contributed sig-
nificantly to the structural mass of various civil aircraft, including the Boeing 
787 and the Airbus A350 XWB (see Figure 4.6). Composite materials are 
crucial in the space industry, as they are used to develop and manufacture 
launchers, satellites, spacecraft, and sensors, as well as space habitats such as 
the International Space Station.

4.4.1	 Engines

During the early stages of development, aerospace engines were mostly 
composed of ceramic composites or nickel superalloys. However, ceramic 
composites exhibit brittle failure and impact damage, which reduces the life 
and reliability of the ceramic compound. Additionally, because the nickel 

Boeing 787 “dreamliner” composite structure
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Figure 4.6  Usage of composite materials in aerospace structures: (a) Boeing 787 and 
(b) Airbus A380 (Reprinted with permission from [43]. Copyright © 2000-2021 by 
Elsevier, Inc., or related companies. All rights reserved).
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superalloy has a high melting point, engine manufacturers are unable to 
increase operating temperatures, so reducing engine efficiency. For tur-
boshaft aircraft engines, the thrust-to-weight ratio is an important evaluation 
parameter. Increased stiffness and strength can be achieved by substitut-
ing carbon fiber–reinforced polymer components for metal components. 
Currently, available carbon fiber–reinforced polymer components include 
fan blades and fan enclosures [44]. Carbon fiber–reinforced polymers have 
been utilized in turbofan blades and protective fan boxes to protect other 
aircraft components from damage caused by “blade out” incidents.

4.4.2	 Fuselage

Since 2003, the next generation of aircraft aims to decrease the weight of 
fuselage and manufacturing costs by 30% and 40%, respectively [45]. This 
goal was accomplished through the transition from aluminum alloys to 
carbon fiber–reinforced polymers Advanced composite fuselage specifica-
tions must be met in order to maintain compatibility with standard alumi-
num fuselages. While designing the structure, the following mechanical 
loads must be considered: (1) Forces introduced into the fuselage by the 
fuselage assembly (wings, empennage, and landing gear); (2) Inertia forces 
caused by fuselage components, weights, and equipment (including land-
ing impact); (3) Forces exerted on the fuselage structure by mass; (4) Air 
forces acting on the fuselage surface; and (5) Forces induced by the fuse-
lage assembly. Along with the factors mentioned previously, the design 
must account for hail, stone strikes, adjacent debris, and fire. Additionally, 
considerations for in-service characteristics, comfort, and compatibility 
with other aircraft must be made when developing aircraft. The develop-
ment of a consistent resin injection technology for carbon fiber–reinforced 
polymer composites, as well as the potential for utilizing textile technology 
for dry semi-finished goods, were both accomplished (preform technique, 
stitching technique, etc.).

When carbon fiber–reinforced polymer is applied to the body of an 
aircraft, a conductive path must be created across the surface to prevent 
devastation from thunderbolts and electric field attacks caused by thunder-
storms. An electrically conductive path can be created by applying a metal-
lic coating to the carbon fiber–reinforced polymer surface. Cold spray is 
one method of metalizing polymers and making them resistant to lightning 
strikes. Jon Affi et al. [46] investigated the use of an interlayer to fabricate an 
aluminum coating onto a carbon fiber–reinforced polymer substrate. The 
resistance is 2,000 times greater when carbon fiber–reinforced polymer is 
used than when aluminum is used, which has a resistance of 2.8 mΩ cm. 
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A lightning strike with a high enough current density can dissipate heat 
and cause the plastic matrix to degrade. Thus, lightning protection requires 
a low-volume resistivity aluminum coating on the carbon fiber–reinforced 
polymer surface. As a result, there is a need for preventing lightning strikes 
on airplane frames in the present and future development. Metallization 
of carbon fiber–reinforced polymers is one of these methods, which has 
garnered increasing attention in recent years.

Additionally, flexural deformation is a key mode of deformation in 
fuselage structures subjected to material bending. Magnesium (Mg) and 
carbon fiber–reinforced plastic both have a high modulus of flexural or 
bending. Ostapiuk et al. [47] evaluated the shear strength of laminated 
magnesium and carbon fiber–reinforced polymer as fiber metal laminates 
(FMLs) recently (Figure 4.7(a)). They investigated the effect of isocyanate 
microcapsules (MCs) used as an interlayer between magnesium-carbon 
fiber-reinforced polymer layers. Additionally, the interlaminar shear 
strength (ILSS) of the laminate was determined to ascertain the orienta-
tion of the carbon fibers. As viewed from the exterior of the microcap-
sules, the microcapsules seemed to have ruptured during the test, releasing 
self-healing material (Figure 4.7(b)). Shear strengthening occurs as a result 
of the interlocking and self-healing properties of microcapsules. Self-
healing capability, in particular, could be crucial for key pressurized mod-
ules and reservoir-type components in spaceship applications.

(a)
Mg

PEO

MCs

CFRP

(b)

Figure 4.7  The cross-section of magnesium (Mg)/plasma electrolytic oxidation (PEO)/
microcapsule (MC)/carbon fiber–reinforced polymer structure: (a) optical microscopy 
and SEM images and (b) Microcapsules in Mg/PEO/microcapsules/carbon fiber–
reinforced polymer laminate with degraded interface layer (Adapted with permission 
from [47], Copyright © 2000-2021 by Elsevier, Inc., or related companies. All rights 
reserved).
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4.4.3	 Aerostructure

As carbon fiber–reinforced polymers are increasingly utilized in aircraft 
structural components, self-healing composites are expected to be utilized 
in these applications. Indeed, self-healing composites enhance fatigue resis-
tance by fixing microcracks prior to the formation or extension of cracks 
that would otherwise fail. Additionally, they frequently surpass standard 
composites in terms of mechanical qualities at the start. The Airbus A380, 
in which carbon fiber–reinforced polymer was initially used in the central 
wing box, was also the first commercial plane to have a smooth, uncut 
wing rather than one made up of distinct sections. This flowing, continu-
ous cross-section improves the aerodynamic efficiency [48]. On the other 
hand, interfacial defects and debonding result in catastrophic component 
failure, reducing their lifetime and economic sustainability [39]. Carbon 
fiber–reinforced polymer composites use many kinds of polymer resins 
with damage tolerance enhancement methods, many of which are ther-
moset and thermoplastic, and some of which may heal on their own due 
to the application of external stimuli. Thus, carbon fiber–reinforced poly-
mers may have their mechanical characteristics enhanced by altering their 
matrix and fibers [49], and integrating the self-healing capabilities of com-
ponents in response to natural triggers is essential.

Modifying the matrix of carbon fiber epoxy-laminated systems for 
mechanical purposes was carried out by Banerjee et al. [50]. They explored 
thermoreversible links and graphene oxide interconnections to enhance the 
mechanical properties of carbon fiber-reinforced polymer laminates with 
self-healing capabilities (GO). According to Figure 4.7(a), vacuum-assisted 
resin transfer molds were used to create the laminates. They have graphene 
oxide-infused epoxy, with variations in the degree of the modification. To 
establish thermoreversible linkages with graphene oxide at the fiber-matrix 
interface, carbon fibers were covalently linked using bis-maleimide (BMI). 
BMI-deposited graphene oxide enhanced the flexural and interlaminar 
shear strengths of epoxy laminates by 30% and 47%, respectively (Figure 
4.8(b)). After a self-healing cycle at 60 °C, the interlaminar shear strength 
recovered by 70%. These improvements are particularly beneficial for air-
craft wings made of carbon fiber-reinforced polymer laminates.

Zhang et al. [51] synthesized carbon fiber–reinforced polymers using 
an isocyanurate-oxazolidone (ISOX) matrix. Although composites suf-
fer from many delaminations and therefore lose strength, they are able to 
regain the majority of their original strength and stay more efficient with 
just 15% loss after thermal treatment. The healing process begins when the 
isocyanurate transfers an epoxide group to the fracture surface, resulting 
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Figure 4.8  (a) Modified carbon fiber epoxy-laminated systems manufacturing method 
for mechanical analysis and load versus displacement, (b) flexural strength and 
(c) interlaminar shear strength (ILSS) (Reprinted (adapted) with permission from [50]. 
Copyright 2021. American Chemical Society).
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in the formation of additional oxazolidone rings. The glass transition tem-
perature (Tg) of the material had increased to 285°C, and it was exten-
sively cross-linked. Comparable to traditional engineering-grade polymer 
matrix composites used in aerospace applications, these composites offer 
superior strength and stiffness, as well as increased toughness. This means 
that they have the same thermal stability as polybismaleimide. The fact 
that this polymer has the highest Tg (glass transition temperature) of 
any self-healing material identified thus far is one of its most noteworthy 
characteristics. Additionally, the reactants are readily available, making 
them an attractive alternative for use in structural composites for extreme 
environments.

Thus, self-healing carbon fiber–reinforced polymers must meet mechan-
ical strength criteria and be resistant to impact, fire, and external lighting 
in the case of an aerostructure. At the moment, it is critical to improving 
the mechanical properties of carbon fiber–reinforced polymers by altering 
the matrix and incorporating self-repairing components activated by nat-
ural stimuli.

4.4.4	 Coating

Certain applications, such as optically sensitive coatings on automobiles or 
outdoor equipment capable of healing when exposed to sunlight, may natu-
rally expose the material to the required self-healing trigger [52]. Nowadays, 
airplane panels are protected against corrosion and small impacts with 
self-healing coatings [53]. Corrosion inhibitors are included into self-healing 
coatings in reaction to environmental changes, such as a change in pH. 

For aerospace components, carbon fiber–reinforced polymer was coated 
on a metallic surface. On the other hand, the structural aspect of how the 
polymer and metal layers in fiber-metal laminates bind together is well doc-
umented as a significant issue [54]. Corrosion may occur on the magne-
sium alloy as a result of the metallic characteristics of carbon fibers, which 
could result in galvanic coupling with the carbon fiber–reinforced polymer 
system. When carbon fiber–reinforced polymer laminates come into con-
tact with magnesium alloy metal, corrosion and other problems arise.

Vlot et al. [55] reported on a research in which they used a polyure-
thane layer between a metal alloy and a carbon fiber–reinforced polymer, 
however, static tensile strength tests revealed a loss of strength, which is 
undesirable for aircraft applications. Additionally, Ostapiuk et al. [47] 
developed a self-healing layer using a modified sol-gel layer that was 
filled with microcapsules. Due to the lack of corrosion inhibitors in this 
layer, its primary purpose was to achieve a permanent connection at the 
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Figure 4.9  (a) The manufacturing method for magnesium-aluminum alloy (AZ31)/X/
carbon fiber-reinforced polymer (X can be plasma electrolytic oxidation (PEO) or PEO 
with the sol-gel), (b) scanning electron microscopy (SEM) micrographs of the PEO and 
PEO/sol-gel surface layers with Nomarski contrast micrographs, and (c) cross-section 
of AZ31/PEO/carbon fiber–reinforced polymer and AZ31/PEO/sol-gel/carbon fiber–
reinforced polymer, and elemental distributions of AZ31/PEO/sol-gel/carbon fiber 
reinforced polymer). (Reprinted (Adapted) with permission from [56]. Copyright © 2000-
2021 by Elsevier, Inc., or related companies. All rights reserved).
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carbon fiber–reinforced polymer/plasma electrolytic oxidation (PEO)/ 
magnesium-aluminum alloy (Mg96/Al3/Zn1 or AZ31) interface as well 
as a self-healing effect under bending stresses. Despite functioning as an 
adhesion booster, the sol-gel layer enables moisture to penetrate, increas-
ing the risk of corrosion. Following up on their previous work, Ostapiuk 
et al. [56] performed tests on barrier materials based on plasma electrolytic 
oxidation (PE-Ox) and plasma electrolytic oxidation (PE-Ox)/sol-gel to 
see their effects on galvanic corrosion of carbon fiber–reinforced polymer 
and the magnesium-aluminum alloy (AZ31) (Figure 4.9). They performed 
scanning vibrating electrode (SVET) studies, OCP monitoring, and scan-
ning electron microscopy (SEM) analyses on the galvanic corrosion pro-
cesses occurring at the interface between the AZ31 alloy and the carbon 
fiber–reinforced polymer layers. Using plasma electrolytic oxidation and 
sol-gel layers as a barrier between AZ31 and carbon fiber–reinforced poly-
mer was successful in reducing galvanic corrosion activity and was benefi-
cial in protecting the materials from short-term corrosion.

4.4.5	 Other Application

There are several more areas in which self-healing composites may be used 
besides aircraft structures, engines, and coatings. A variety of industries, 
including space, maritime, automobile, wind, electrical, and construction, 
have created self-healing composite materials in the last several decades. 
Self-healing composite materials will probably only be used in nuclear 
energy, aerospace, and electronic components because of their complexity 
and high cost.

4.5	 Disposal and Recycling of Self-Healing Carbon 
Fiber–Reinforced Polymers

While the adoption of self-healing polymeric matrices is expected to bene-
fit high-end applications, the costs of raw materials and customized chem-
istries are often higher than those of conventional composites. Therefore, 
both production and waste management are prioritized and should be 
addressed as soon as feasible, including their environmental impact. 
According to this problem, recycling composites has garnered interest 
from various industries, most notably the automotive and aerospace indus-
tries, which account for the majority of total composites manufacture [57]. 
This is not only due to ecology and initiatives focused on sustainability, 
but also to the economic savings associated with recycling rather than new 
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manufacturing. In the case of self-healing polymers, the capacity of some 
healing processes to alter the polymer network hinders reprocessing and 
recycling due to the nature of thermoset polymers.

 Numerous research groups have addressed the issue, presenting prom-
ising ways for recovering either the matrix material or the reinforcement, 
or in some cases, both, though with certain limitations. Even the most 
resistant self-healing materials degrade over time. End-of-life packaging 
should be designed in such a way that polymer building blocks may be 
recovered and recycled effectively, thus reducing waste to landfills. Self-
healing polymers may allow designers to explore novel healing-based 
design approaches in addition to substituting for conventional materials 
[58]. The current challenge is to develop smarter, safer, more efficient, and 
longer-lasting materials in order to deliver on the promise of increased 
sustainability [59].

Recently, a long-term solution for composite recycling has been 
required. The acceleration is due to a number of factors, including landfill 
restrictions in Germany, the end-of-life of composite materials used in 
wind turbines, and the decommissioning of airplanes in accordance with 
COVID-19 [60]. In a study by Job et al. [61], the expansion of glass fiber–
reinforced polymer and carbon fiber–reinforced polymer composites is 
hindered by a lack of recycling facilities. Several techniques for recycling 
viable composites have emerged as a consequence of an increase in car-
bon fiber–reinforced polymers and glass fiber–reinforced polymers’ use 
in industry, as well as limitations on landfill disposal and prohibitions. 
Mechanical grinding, thermal degradation, and chemical degradation are 
only a few of the methods for degrading resins that have been investi-
gated [54, 55].

Although mechanical recycling is a cost-effective method, it is not suit-
able for carbon fiber–reinforced polymers. Higher rates of recycling may 
be more energy-efficient, but they tend to be unsustainable beyond a cer-
tain point since mechanical recycling of carbon fiber–reinforced polymers 
approaches a level of exhaustion. A filler powder is created with the use of 
mechanical recycling by breaking down both thermoset and thermoplas-
tic carbon fiber–reinforced polymers. A lot of industries rely on pyroly-
sis for their glass fiber and carbon fiber polymer recycling. In the case of 
carbon fiber–reinforced polymers, they may be recovered thermally while 
retaining their reinforcing characteristics. Thermal recycling has been pro-
posed as a method of obtaining carbon fiber from mainly thermoplastic 
types. But in terms of it being economically feasible, thermoset carbon 
fiber–reinforced polymers are not recyclable through pyrolysis. Similarly, 
chemical recycling enables carbon fiber to be recovered while retaining its 
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Table 4.4  Benefits and drawbacks of mechanical, thermal, and chemical 
recycling methods for discrete particles-based carbon fiber–reinforced polymers 
(CFRPp).

Method Benefit Drawback

Mechanical 
grinding

Cost-effective Poor quality recycled CFs.
Economic and fiber losses 

for recovered CFs.
Need higher recycling rate

Thermal 
degradation

Byproducts can be mixed in 
other matrices.

This is good for recycling 
mixed polymers.

All byproducts are 
recyclable.

Depolymerization generates 
enough energy to start 
pyrolysis.

Gasoline and oil 
by-products (high 
economic value).

High-temperature usage
Lower recovered fiber quality 

than chemical recycling.
Char generated on the fiber 

surface.
Excess char destroys the 

recovered fiber-to-new 
polymer bonding.

Increased process costs and 
mechanical degradation.

Generates gases such as CO 
and CO2.

Chemical 
degradation

Solvolysis
Low temperatures
Obtain good-quality 

recycled fibers with high 
mechanical properties 
and fiber length.

Commercially promising 
method

Supercritical fluid solvolysis 
(SCFS)

The most eco-friendly 
method 

Processed at a cheaper cost 
than mechanical and 
thermal recycling.

No mechanical degradation.
Recovered CFs show similar 

mechanical properties as 
initial fiber.

Low toxicity
Available on demand

Some of the chemical 
solvents are hazardous.

Less eco-friendly than 
mechanical and thermal 
recycling.
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reinforcing qualities. Solvolysis is the most energy-efficient way of recycling 
carbon fiber since it results in the generation of high-quality recovered car-
bon. Regrettably, recycling using supercritical fluid solvolysis (SCFS) is a 
more environmentally destructive method of recycling than mechanical 
recycling or pyrolysis. This technique, on the other hand, may enable the 
recycling of both the matrix and carbon fiber. The benefits and drawbacks 
of each method were summarized in Table 4.4.

4.6	 Conclusion and Future Challenges

This chapter discusses the several uses of self-healing carbon 
fiber-reinforced polymers in aerospace applications. Self-healing carbon 
fiber-reinforced polymers have been intensively studied since the 2000s. 
The introduction of self-healing capabilities may be facilitated via the 
incorporation of microcapsules, vascular channels, liquid thermoplastics, 
and reversible reactions into carbon-reinforced polymer matrix com-
posites. Recent improvements, particularly epoxy employed as matrix 
phases in carbon fiber-reinforced polymers, were chosen and discussed 
in terms of their repair mechanisms, the testing methods used to ver-
ify their healing effectiveness, and any other characteristics that may be 
advantageous for aerospace applications. Extrinsic self-healing, which 
was pioneered in this field of study, paved the door for more modern 
strategies that exploit the molecular mechanisms behind intrinsic self-
healing. In the longer term, it appears that the latter is the more prom-
ising self-healing carbon fiber–reinforced polymers. These self-healing 
materials are critical for increasing aircraft fatigue, impact, and corrosion 
resistance. Complex aircraft composite geometries that were formerly 
built using time-consuming and costly procedures (e.g., autoclave) can 
now be constructed utilizing simpler, and hence less expensive, processes 
such as coelectrospinning, vacuum-assisted injection molding, or hand-
lay up molding. Engines, fuselages, and aerostructures, and anticorrosion 
coatings have all benefited from the usage of self-healing carbon fiber–
reinforced polymers. Each section requires a unique set of improvement 
techniques. Additionally, the issues of disposal and recycling of carbon 
fiber–reinforced polymers have been considered.

While self-healing carbon fiber–reinforced polymers are certainly 
expensive and hard to recycle, they do offer some interesting new creative 
possibilities. This not only has the potential to greatly increase the useful 
life of a broad range of products but also serves as a reminder of the essen-
tial role material innovation plays in extending the life of products.
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Abstract
High-quality strength materials with extraordinary features were required 
for aerospace material. The equipments used in aerospace demands terrific 
mechanical, physical, and chemical properties. Polymer material sincerely filled 
these demands and improves the quality of material and nanocomposite add on 
the tremendous properties in it. Polymer materials had a variety of aerospace 
applications in many field because of their physical, chemical, and mechanical 
properties. Nanocomposite provide a tremendous power to improve the quality 
of advanced engineer composites .With in this article, we review the features of 
polymer with nano, the strength of composite materials that are used in aero-
space. Properties of polymer composites with different type of fiber like glass 
fiber and their classification are discussed. Matrix deal with orientation and 
reinforcement with stability enhance and manage the tensile, strength in form 
of thermosetting and thermoplastic polymer. Introduction of nanocomposite 
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material in polymer improve the functionality of material and increase its flex-
ibility, resistivity, reduce cost, reduce weight, valid for proper designing, and 
make them reliable for use. Propylene polycarbonate (PPC) is synthesized by 
polymerization and high thermal decomposition, tensile strength, high molecu-
lar weight of it, suitable for aircraft field. Advanced recent applications of poly-
meric composite are also overviewed.

Keywords:  Polymeric materials, matrix composites, nanocomposites, 
polycarbonates, aerospace application

5.1	 Introduction

Polymer science has progressed exponentially because of growing demands 
for the production of versatile, sustainable and novel materials for advance 
applications. In the last few decades, polymer modification techniques 
have grown in a large scale.

There is still a massive demand to improve and to understand their 
properties in order to meet material requirements. However development 
of new materials is giving much more importance on control of molecu-
lar weight, like, synthesis of polymers with a highly low molecular weight 
distribution by anionic polymerization [1]. The modification of polymer 
architecture from block copolymers to other novel architectures such as 
ladder polymers and dendrimers [2, 3].

Cyclic systems of lower molecular weight can also be prepared [4, 5] 
The versatility of such materials comes by careful designing of the poly-
mer chain `which is made up of large number of organic molecules. 
For example, to synthesize the high-strength fibers, rigid aromatic mol-
ecules can be used. There is different field for the applications of poly-
mer materials such as engineering, adhesives, coatings, and structural 
materials, for packaging and for clothing. Increasing demand of spe-
cialized polymer materials in optical science, synthetic clothing mate-
rials, automobile tires gears and seals, in electronic applications, like 
electrical insulating materials and in conducting polymers as electrode 
materials, machinery system has transformed daily life as well as the 
industrial development. Actually, the polymers are initial requirement 
of four major industries like elastomers, plastics, paints, fibers and var-
nishes due to its potential [6, 7].

Composites initially used in military aircraft and then further moved 
toward civil area where latest technologies are introduced. The three 
types of techniques are discussed for recycling yield and recovered fiber 
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in which electrochemical [8] and biotechnological [9] are involved. The 
recycling techniques of fiber-reinforced polymer (FRP), which include 
CFRP, glass fiber–reinforced polymer (GFRP) is discussed in latest review 
of Oliveux et al. [10] CFRP waste is matter of concern for Aerospace 
sector.

5.2	 Types of Advanced Polymers 

Polymer is a class of macromolecules of high molecular mass (103-107u) 
composed by linking of very large number of repeating units, called mono-
mers. “mer” word indicates the repeating unit while “polymer” is large num-
ber of repeating units.

A polymer called as linear polymer when is present in one-dimensional 
network (repeating unit connect left and right in chain). It can be two- 
dimensional network (repeating units linked together left, right, up, and 
down) known as branched chain polymer or it can represent as three- 
dimensional network of repeating units (repeating units connect together 
left and right, front and back, up and down in a chain) known as cross 
linked polymer [11–13].

In polymer chemistry to construct the network in polymers, the repeat-
ing units are chemically polymerized together by a number of mechanisms 
[13]. The polymerization occurs by the successive addition of monomers 
to an active center e.g. radical by a chain mechanism involving initiation, 
propagation and termination. 

	

Polymerization
n C6H5-CH=CH2   [-CH-CH2-] n

C6H5 
Styrene Polystyrene 

>

	

Polymers occur in living organisms to serve specific needs. The deoxy-
ribonucleic acid (DNA) and ribonucleic acid (RNA) are natural polymers 
used to define living being. Some proteinic polymers are hair, horn, starch, 
and spider silk. The main raw material for synthesize polymeric rubber 
is rubber tree latex and cellulose. Their exclusive mechanical properties 
like toughness, strength, elasticity and tensile show many applications of 
polymer in different fields. The base of mechanical properties is intermo-
lecular forces present in polymer, such as Van Dar Waals and hydrogen 
bonding. These forces provide connectivity to polymeric chain.
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In elastomer, polymer chains are linked together through weakest 
intermolecular forces which make the polymer stretchable. Due to the 
presence of few numbers of “crosslinks,” such kind of polymer returns 
to its original position when the force is removed like vulcanized rub-
ber. Buns-S, neoprene and buna-N are some examples of it. Strong inter-
molecular forces like hydrogen bonding are the reason of high tensile 
strength and high modulus for fiber. These forces are also responsible 
for chain close packing and lead to crystalline nature, eg., polyamind, 
polyesters, etc. Thermoplastic polymer linked in linear and branched 
to some extent managed as softening on heating and act as hard on 
cooling. Intermolecular forces play as an intermediate between fiber 
and elastomer. Polythene, polyvinyl, polystyrene are some examples of 
thermoplastic.

Thermosetting polymers are highly branched cross-linked polymer. 
On heating, it undergoes extensive cross-linking in moulds and turned as 
infusible. 

Such kind of polymers cannot be reused. Some common examples are 
Bakelite, urea-formaldehyde resins, etc. On the basis of some special con-
siderations discussed shortly in the above, there are several ways to classify 
the polymers. 

The following are some of the common classifications of polymers: 
(Figure 5.1).

Classification of Polymer

Classification
Based on Source

Classification
Based on Structure

Classification Based on
molecular forces

Classification
Based on Mode of
PolymerizationNatura polymer

e.g., cellulose,
Starch protein, etc.

Synthetic polymer
e.g., nylon-66,
synthetic rubbers, etc.

Semi-Synthetic Polymer
e.g., Celluslose acetate,
Celluslose nitrate, etc.

Linear polymer
e.g., high density
polythene, polyvinyl
chloride, etc.

Branched chain polymers.
e.g., low density polythene, etc.

Cross linked polymers
e.g., bakelite, melamine, etc.

Elastomers
e.g., buna-S, buna-N,
neoprene, etc.

Fibres
e.g. nylon 6 6, terylene, etc

Thermoplastic polymers
e.g., polythene, polystyrene,
polyvinyls, etc.

Thermosetting
polymers e.g., bakelite,
urea-formaldelyde resins,
etc.

Addition polymers
e.g., Buna-S, Buna-N,
etc.

Condensation
polymers
e.g., nylon 6 6, etc.

Figure 5.1  Classification of polymers.
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5.2.1	 Copolymers

The uses of such copolymers become very limited because of their replace-
ment by homopolymers PVC/PVAC copolymers are utilized in surface 
coatings and adhesives. Polybutyl acrylate with 6.3% acrylate is graft copo-
lymer is used for the formation of UV and window sections with weather-
resistant due to it is highly impact on resistance. The hydroxy functional 
group allows the cross-linking reactions for which the modification of 
chemical and thermomechanical resistance with advanced surface hard-
ness and abrasion takes place in terpolymers of VC, VAc, dicarboxylic 
acids, terpolymer of VC, and VA, copolymers and terpolymers of VC, 
hydroxy acrylate, a dicarboxylic acid ester [14]. 

5.2.2	 Polymer Matrix Composite

The matrix phase of fiber composites has a number of significant functions 
(Figure 5.2):

•	 It connects the fibers with each other and plays as interme-
diate through which outer applied stress is transferred and 
distributes to fibers.

1. Random copolymers:

2. Alternate copolymers:

3. Block copolymers:

4. Graft copolymers:

Relatively random distributions of two monomer units

Alternate distributions of two monomer units

One or more long uninterrupted sequences of each type of monomer unit

Branched copolymer with the main chain and branches having di�erent compositions

Figure 5.2  Different kinds of copolymers.
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•	 It protects each fiber from the surface damage, which takes 
place due mechanical and chemical interaction with environ-
ment. This type of interaction can result as surface destruction 
like cracks and can cause failure at low level of tensile stress.

•	 It can disturb the skeleton of fiber by separating them. By 
softness and plasticity, matrix handles the brittle cracks from 
fiber to fiber but it causes adverse failure. So it prevent from 
some cracks. 

•	 Individual fiber failure does not directly impact till the large 
amount of failure occurs in surrounding to make enormous 
fracture. Ductility required in matrix material and elastic 
modulus of matrix should be less than of fiber. High adhesive 
bond should present between fiber and matrix to decrease 
the fiber pull. Bonding strength is highly important factor 
for matrix-fiber combination and their strength measured 
through magnitude of this bond. The sufficient bonding is 
must for increase stress transmittance from weak matrix to 
strong fiber. Metals like Al, Cu, and polymers thermoset-
ting and thermoplastic can only be used as matrix material. 
Fibers can be polycrystalline or amorphous material of poly-
mer and ceramic, such as polymer aramids, glass, carbon, 
silicon carbide, aluminum oxide, and boron

5.2.3	 Properties of Reinforced Materials

Important characteristics properties of some fiber-reinforcement materials 
are detailed in Table 5.1 [15]. 

Classification: Composites may be classified as follows: (Figure 5.3).
In the majority of the combination, “the particulate segment is harder 

and rigid than the matrix. These reinforce elements help to association of 
the matrix phase in the every particle. Some polymeric material added 
filters are also considered as large particles composites. Elastomers and 
plastics are toughened with various particulate resources. Fiber-reinforced 
composite contain dispersed phase in the form of fibers. These combina-
tions are very important as they provide high strength and high specific 
moduli have been produced by utilizing low density fiber and matrix mate-
rials [15]”. Different types of fiber (shown in Figure 5.4) [15].

a.	 Continuous aligned” 
b.	 Discontinuous Aligned” 
c.	 Randomly Oriented and Discontinues 
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Table 5.1  Properties of fiber-reinforcenemt material.

Materials
Specific
gravity

Tensile
strength

Specific
strength

Specific
modulus

Modulus of
elasticity

E glass 2.5 3.5 0.20 4.2 10.5

Carbon 1.8 0.25-0.80 0.18 15.7 22-73

Kevlar 49 1.4 0.50.36 0.36 13.5 19

Silicon carbide 3.0 0.50 0.17 20.7 62

Aluminum 
oxide

3.2 0.3 0.09 7.8 25

Silicon nitride 3.2 2 0.63 17.2 55

High–Carbon 
steel

7.8 0.6 0.08 3.9 30

Molybdenum 10.2 0.2 0.02 5.1 52

1 2 3
Particle-

reinforced
composite

Large
Particle

Composite

Dispersion
Strengthened
composites

Fiber-Reinforced
composite

Continuous

Aligned

Discontinues

Randomly
oriented

Structural
Composites

Laminates Sandwich

Figure 5.3  Classification of composites.

Transverse direction

Figure 5.4  Different types of fiber.
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Polymer composites obtained from fiber provide various blessings as 
compare to conformist materials. “Natural fibers appear a lot of property 
as fiber reinforcement thanks to low price and energy wants of process 
the fibers [16, 17]. These composites comprise jute, baggase, coir, bam-
boo, hemp, cotton, etc. These square measure derived from plants contain-
ing patois polyose having specific properties like light-weight, perishable, 
strong, cheap, renewable, and eco-friendly [18] fiber is taken into account 
one in every of the environmentally friendly materials that have smart 
properties compared to fiber [19]. Natural fibers in easy classification 
of square measure fibers those are not artificial or artificial. They will be 
sourced from plants or animals [20]. The utilization of fiber from each 
source, renewable and nonrenewable like feather alm, sisal, flax, and jute 
to provide combined resources, gained extended attention within the last 
decades; Natural fibers embrace a practical cluster named as hydroxyl rad-
ical that makes the fibers hydrophilic. Throughout producing of NFPCs, 
weaker surface bonding happens between hydrophilic natural fiber and 
hydrophobic chemical compound matrices thanks to hydroxyl radical in 
natural fibers. This might manufacture NFPCs with weak mechanical and 
physical properties [21]. Mechanical properties of chemical compound 
composites have a powerful dependence on the interface adhesion between 
the fiber and also the chemical compound matrix [22].”

Structure of fabricated laminar composite (shown in Figure 5.5) [15].

Figure 5.5  Fabricated laminar composite.
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5.3	 Thermoplastics 

In thermoplastic polymers, the monomer unit are linked through van der 
Waal forces due to neutral molecules attracted each other. Thermoplastic 
polymers contain weak bond because of this it get easily soft during heating 
and can easily modified the structure. This property shows that thermoplas-
tic polymers are highly recyclable.

Other advantage of these polymers is its excellent strength for which it 
can resist shrinking. There are some drawbacks of high production costs 
and the easy melting, which makes them unsuitable for some high tem-
perature applications

During the application of thermoplastics polymers in a wide range of 
exclusive purposes, the basic nature like high versatility and recyclability of 
these materials remain unchanged. If we required a chemistry application 
in real life then production of plastic including thermoplastic polymer is 
the best one [23].

Thermoplastic can be categories into two classes, amorphous and semi
crystalline with their characteristics. In amorphous thermoplastic, no 
regular arrangement for repeating units and they present with random 
positions and orientation. In crystalline form, it has proper orientation and 
arrangement of repeating units with little branching [24].

Semicrystalline indicates that material had some properties of crystal-
line and some of amorphous [25]. Their temperature is greater than crys-
talline melting point Tm. Amorphous thermoplastic have temperature 
region above where it convert from a viscous to hard and below this tem-
perature called glass transition temperature and it obtained from graph of 
volume versus temperature on cooling [26].

Thermoplastic are viscoelastic material whose strength and deforma-
tion depends upon the load duration. When load applied over thermoplas-
tic greater than initial, deformation occurred and this termed as creep and 
cold flow.

After removal of load, thermoplastic can or cannot be recover com-
pletely depend upon its strength and magnitude of stress but creep and 
stress relaxation is the useful mechanical property of it [27].

Thermoplastic can be recycling easily by grinding, melting, and reform-
ing. Thermoplastic can be divided into two classes commercially. One is 
lower performance material plastic like polypropylene and nylon while 
another class is high temperature performance, such as polyether-ketone. 
Temperature and environmental factors are necessary factor for the selec-
tion of composite matrices [28]. 
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Thermoplastic materials have user friendly nature and can be melt, 
shaped and cooled to stability. High viscous nature is helpful foe textile 
processes [29].

Thermoplastic can be converted into various shapes through heat-
ing. Polyethylene, polypropylene, polyvinyl chloride, polyamides can be 
designed into complex shaped and presses into fiber and films. The term 
“engineering thermoplastic is aggregation of mechanical, thermal, chem-
ical and electrical properties. Engineering thermoplastic produce into 
parts through loads, high stresses and upgrade to achieve the properties of 
metal, glass, and wood.

Engineering thermoplastic can be crystalline include polyester, poly 
acetal and amorphous included polyurethanes, polycarbonates. Their 
properties, which are related to applications, are discussed [30].

5.4	 Thermosetting

Epoxy resin is a type of thermosetting polymer used as matrix phase in 
carbon-fiber composite, aircraft structure. Epoxy resin chemical structure 
has low shrinkage, low release of volatility, high strength, moist environ-
ment, and good durability. Epoxy resin used in aircraft structure but it has 
poor fire performance so it cannot be used inside cabins. It releases heat, 
smoke, and fumes when exposed to fire. Federal Aviation Administration 
(FAA) regulation set that limitation of heat and smoke in closed areas but 
the highly graded epoxy resin failed in testing. Phenolic resins successfully 
meet the requirement of fire regulations. Fiber glass-phenolic composite 
used in internal fittings, furniture in passenger aircraft structure [31].

Nonload-bearing structure like flaps, cowling, cargo pods, fan contain-
ment cases, ailerons, spoilers, rudders and landing gear doors are appli-
cations in aircraft [32]. Aircraft wings are manufactured examples are 
rotorcraft application is on the Sikorsky S92 on which more than 80% 
is composite materials. Most satellite and launch vehicle structures are 
made of sandwish cores of a honeycomb core, bonded to graphite/epoxy  
skin. Polymers have also been utilized extensively on spacecraft, and mis-
siles [35].

5.5	 Polymeric Nanocomposites

Science and technology plays a significant role in living being’s lifestyles. 
With advanced feature science had done benefits in material science, 
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biomedical field, biotechnology, aerospace composite materials. It is always 
necessary to use appropriate material in required area. Weight reduction is 
a significant matter in case of aerospace. Polymer composite materials are 
explored in aerospace technology and found ahead of traditional meth-
ods due their lightweight, temperature inertness, ecofriendly, prevention 
of corrosion, etc.

Aerospace engineers execute their efforts toward polymer material to 
design the aircraft with low weight, high strength and fuel efficient. In 
many areas like aerospace, military aircraft, Satellites, Transport aircraft, 
Missiles progress of composite material increased day by day.

Polymer composites consist reinforcement which represent the support 
and stability is reinforcement while another is matrix whose principle to 
deal with orientation and position. The adhesion and stress-strain behavior 
explain the capability of matrix. Interfacial interaction level indicates the 
enhancement in mechanical behavior. Use of thermoset and thermoplastic 
polymer in aerospace field is very helpful. Thermosetting and thermoplas-
tic may have properties of matrix material. Thermoset has high tenacity 
and stability toward temperature while thermoplastic have flexible nature 
than thermoset and have only few applications as compare to thermoset. 
Thermosetting resins as matrix include polyester, polyamide, epoxy and 
thermoplastic resins can be polyamide, polyimide, polyphenylene sulphide 
polyetherketone, etc. Epoxy resin, a thermosetting polymer used in aero-
space engineering because of low compression for outdoor but cannot be 
used in closed areas due to low fire behavior. Thermoplastic polymer is 
used in some specific components, such as aircraft windows and canopies 
due to strong, transparent and resistance nature. 

Some reinforcement can be fiber such as carbon, boron, glass, nanopar-
ticles, etc. The effectiveness of reinforcement is preferable but support of 
matrix is also considerable. Fiber reinforced polymer are productive and 
effective material for this century. It has numerous functionality, which 
make them appropriate in every environmental condition like in high 
humidity, low and high temperature, and during other variable conditions. 
Spacecraft’s, air craft, automobiles, military equipment’s are the most desir-
able components structured by using fiber composite. The corporation 
between fiber and matrix indicate its ability toward mechanical behavior. 
Lightweight, strong inflexibility, high durability are highly recommended 
properties for aircrafts, and also, these result into reduction in pollution, 
fuel burn, and noise. It displaces the aluminum metal from the aerospace 
with enhancement in performance.

The atural fiber composites are environment friendly, degradable, pleas-
ant behavior for filler, high mechanical properties also. Baste fiber, leaf 
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fiber, seed fiber, core fiber, grass and reed fiber are the six types of fiber and 
its chemical composition, cell dimension, physical and mechanical proper-
ties will define their performance. The fiber adhesive behavior is modified 
and enhanced the efficiency by the use of matrix. The different kind of 
properties of natural fiber composites are the main reason for their accep-
tance as initial material for aircraft infrastructure. Environment-friendly 
composites gain popularity and become first priority for aircraft industries. 
They have sustainability, low cost material, and environmental behavior. 
But some limitations are also seen of natural fiber in terms of variation of 
properties according to climatic conditions. Another is lower affinity with 
some polymeric matrix due to which several kind of coupling agents for 
aggregation is used. The thermal stability is valid up to 200o C temperature 
above this reduction in performance is observed. 

To provide the polymer multifold features, it can be bound with 
nanoscale filler which reduce matrix polymeric chain and change the 
mechanical and physical properties. Adhesive nature of polymer replace 
the use of screw and rivets and used for the joining of metal to metal 
and composite to composite. Polymeric nanocomposites have character-
istics of low density/weight as well as high durability. Due to which, they 
are considerable as applications in aerospace and ballistic. Various types 
of preparation methods with different nanofillers impact over physical 
and mechanical environment of nanocomposites. Nanotechnology also 
improves the characteristics of composite materials by providing the 
properties of nanosized material to composites. By changing the range 
of dimensions from micro to nanorange will outcome as three types of 
nanocomposite like as graphene in which one dimension in nanorange 
and rest are in micro range it look like sheet like skeleton, another is 
nanotube and nanofibers in which two dimensions are in nanorange and 
remaining are in micro range it have cylindrical structure and last one 
in which all three dimension are in nanorange. Research of many years; 
conclude that nanofillers in polymer can upgrade mechanical and physi-
cal properties of polymers.

Polymer composite are appropriate to use since it provides material with 
strong and definite mechanical properties, electrical and thermal conduc-
tivity, heat stabilizer, chemical and corrosion resistance and extraordinary 
elongation nature, etc.

Few critical requirements of aerospace that are met by composites are 
design of equipment’s accordingly demands, easy to maintain, develop dura-
bility, capable to operate orientation and dimensions, suitable for curved 
construction, low radar cross-section and low dielectric loss in radar trans-
parency and many more. 
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Weight reduction is very effective for airplane designing, and this prob-
lem is solved by use of polymer composite. Having low weight will directly 
result into less consumption of fuel and emission.

Carbon fiber is favorably used as composite instead of metal and showed 
successful results in aerospace field. Sandwich structure becomes trendy in 
aerospace industry due to their thin stiff, lightweight and adhesive prop-
erties. Wings, doors and other interior part in aerospace are designed by 
using composite. Airbus A350-XWB, Boeing 787/Dreamlinear and Airbus 
A380 are some examples of aviation aircraft of polymer composite. Carbon 
nanotubes and nanofiber are nanofillers, which contain highly mechanical 
properties. Some methods are applied to improve nanocomposite proper-
ties like Intercalation method. Nanomaterials as reinforcing material have 
revolutionized the whole mission.

Nanocomposite applications in aerospace engineering has significant 
role due to mechanical, chemical, and physical properties. It provided 
strength through various properties to the basic and advanced struc-
ture and enhanced the performance. Polymer matrix composite used for 
moderate temperature equipments, and it is an alternative of some metals 
but it result into increased the finance budget. So, by fabricating or coat-
ing nanoparticle over polymer matrix, their properties get explore and 
improved even without disturbing the traditional processes.

The potential of a material required for aerospace structured should 
be chemically and thermal inert and also much not affect by the environ-
mental conditions and radiations. The most appropriate nanofiller, which 
can fulfill these demands is layered silicates. Applying a small amount of 
silicates can improve the multifunctional properties, such as resistance of 
atomic oxygen level, resistance to flammability and inflammation solvents, 
reduction in weight. Coefficient of thermal expansion (CTE) and abscess 
of polymer induced internal stress, which can further result as microcrack-
ing but latest silicates layered able to reduce the CTE and swelling level [36, 
37]. Graphite flake and carbon nanotubes are some nanoparticles that also 
behave as modifier for thermal and electrical properties. 

Resin and fiber properties are modified through nanoparticle and 
enhance the performance. Strength-related features include in fiber domi-
nated properties and interlaminar strength, compressibility in resin domi-
nated properties. 20% increment is reported in interlaminar shear strength 
by using only 0.3% of carbon nanotube. Multiwall carbon nanotube used 
for developing and upgrade the thermal properties of material with high 
sustainability, flexibility.

Carbon-based nanofiller are not sufficient for each properties in aero-
space, some more nanoparticle are required to explore another properties 
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like electrical properties. Carbon nanotube, nickel nanostands and graph-
ite flakes are used for electrical functionality.

Electrostatic discharge is controlled by vapor-grown carbon nanofibers 
(VGNFs)/graphene platelets via decrease the surface resistivity till satisfy-
ing range [38].

Lightning strike is an erratic act of nature that can distract the pilot 
focus and can be the reason of accidents. Using composite material with 
bulky films for protection can quickly adjust the failure without distortion.

Nickel nanostrands are used for electrostatic shielding with better 
adhesion efficiency. Many nanocomposites are available, which enhance 
the multifunctional properties of polymer composite in aerospace 
industries.

5.6	 Glass Fiber

In today’s technological world, applications of composite material are 
increasing rapidly in aerospace industries. In bundle of various polymers, 
fiber-reinforced polymeric composite receive reorganization because of 
their strength to weight ratio parameters and have shown an unbeliev-
able environment in field. Glass fiber–reinforced plastic (GFRP) has been 
proven to be a better replacement for many unusual materials in engi-
neering applications. GFRP has characteristics of thermal resistance, good 
strength and weight ratio, and also corrosion inertness. Glass fibers con-
tain feature as featherweight, high stability, low-priced, adaptability, fire 
resist, inert, inorganic material, good dimensional stability. Basalt fiber 
classification depends on cooling rate, environmental conditions, and has 
nonpoisonous nature and chemical stability indicating exquisite mechani-
cal and physical properties [39].

Composite material is a material of multiphase with different chemi-
cal phase distinguished by a specific interphase. Based on the phase, it is 
divided into two parts, one is matrix phase and the other is reinforcement 
phase. Composite has two categories based on reinforcement, as particle 
reinforced and fiber reinforced.

The designing and structure stability of any composite for any machine 
are opportunity, as well as a complex challenge to use it on the place of 
previous methods. Machining of GFRP requires some advanced technol-
ogy because the strategy of conventional techniques cannot be applied over 
new methods like strong parallel fibers were reinforced the incompress-
ible composite by plane deformations [40] Surface finishing of machined 
GFRP composite is a necessary parameter because of its impact over 
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properties like light reflection, wear resistance, fabrication, and also on 
heat transmission.

Multilayer material is the first priority for designing of aerospace 
components and machines. Multilayer contributes toughness and high 
strength to materials. Aerospace panel consists of CFRP/CFRP (carbon 
fiber–reinforced polymers [CFRP]), CFRP/Titanium, CFRP/Titanium/
CFRP, and CFRP/aluminum, these get connected through drilling. 
Drilling operation can form some rough projection and also some waste. 
Recently, methods for less burr and waste are being investigated.

Airbus use glass fiber–reinforced aluminum and carbon fiber– 
reinforced polymer in construction, which results as better fuel economy, 
light-weight, and high thermodynamic efficiency. A380 is an example of 
recent advanced aircraft of composite materials.

5.7	 Polycarbonates

Polycarbonates are a group of polymer that contains CO2 in their chemi-
cal structure. Carbon dioxide counts as environment pollutants that cause 
greenhouse effect but by fixing it in impressive way shows their utilization 
in chemical reaction and reduces enormous hazardous effect. CO2 fixa-
tion into polymer can build a strong, highly stiffed ecofriendly and fuel- 
efficient biodegradable polymer. By using CO2 in polymers, a sustainable 
and biodegradable polycarbonate is formed. Propylene polycarbonate 
(PPC) is synthesized by polymerization of propylene oxide (PO) with CO2. 
Packing Industries used this PPC by replacing nonbiodegradable plastic. 

CO2 is chemically stable that is why a suitable catalyst is used to activate it to 
synthesize Polycarbonates. PPC synthesis and modification are performed by 
Tian-Guan Enterprise (Group) Co. Ltd, Henan [41] A high amount of waste 
CO2 is released during industrial processes and that CO2 is harmful for the 
environment; so the byproduct waste CO2 is used for copolymerization.

Many methods are derived for enhancing the PPC mechanical and ther-
mal properties. High molecular weight PPC have high tensile strength, 
high thermal decomposition temperature, which makes it a suitable mem-
ber for application in aerospace.

5.8	 Applications

Polymer matrix composites have lightweight property, so these are used in 
aerospace application and in military. Shape and size are the major factors 
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for manufacturing process. The cost of manufacturing is a major concern, 
and voids are the matrix defects found in PMC parts, production from 
autoclave, liquid compression but void can be minimized by vacuum, resin 
velocity, consolidation pressure [42].

Polymers consist of special function like color, toughness, or fire. Radar 
energy can convert into some other form of energy by polymer radar- 
absorbing materials (RAMs.). RAM can be used to design shape by decrease 
radar cross-section. Structural components for aircraft made from fiber 
polymer composites frequently comprise duro plastics shaped in prepreg 
and resin transfer moulding (RTM) processes.

Polyimides and cyanate esters are the most well-covered polymer mate-
rial for such applications, though there are still some serious environmental 
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concerns [40]. Polymer adhesive plays an important role in painting of 
chromium material aircraft that are dropped due to health and safety con-
cern [43, 44]. At high temperature, polymer matrix composite embedding 
of sensor show ability in optical and optically MEMS, wireless excited and 
powered components with various aerospace applications [45], e.g., piezo-
electric actuators have already been employed for active flutter suppres-
sion, active gust load elevation, and noise suppression [46].

Thermal blanket in medical and environment field at suitable tempera-
ture range used. They are mainly made of polymer films that is either filled 
with carbon black pigments to absorb sunlight or coated with a layer of vapor 
deposited aluminum to reflect sunlight. A number of these layers make the 
“blanket.” Film scrim cloths made of ‘nylon’ polymers separate the layers [47].

5.9	 Conclusion

Science and technology play a significant role in our lifestyles. With 
advanced features, science had done benefits in material science, biomed-
ical field, biotechnology, aerospace composite materials, etc. It is always 
necessary to use appropriate material in required application. Weight 
reduction is a significant factor in case of aerospace. Polymer composite 
materials are explored in aerospace technology and found ahead of tra-
ditional materials due to their lightweight, temperature inertness, eco
friendly, prevention of corrosion, etc.

Aerospace engineers execute their efforts toward the development of 
advanced polymer material to design the aircraft with low weight, high 
strength, and fuel efficient. In many areas like aerospace, military air-
craft, satellites, transport aircraft, missiles progress of composite material 
increased day by day.

Polymer composites have various future scopes in aviation sector because 
of increasing fuel rate, military advanced requirements and enhancement 
in technology. The potential of FRP composites in many fields of aerospace 
has shown a promising future with longer tie availability.
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Abstract
Self-healing polymer composite materials, which have been the subject of much 
research in recent years, are materials that have the ability to repair physical dam-
age or restore functional performance. These materials are inspired by biological 
systems, such as human skin, that can naturally heal themselves. This chapter sheds 
light on the use of self-healing polymer composites in the aerospace industry with 
a focus on various healing mechanisms. Hence, there is a strong potential for use 
of self-healing materials in the industry of aerospace. Because these materials are 
capable of repairing damage that may occur during flight and enhance the life of 
components. In this sense, the up-to-date account of status of usage of self-healing 
polymer composite materials has been provided from basic science to the latest 
innovations for aerospace applications. The self-healing ability in these compos-
ites was achieved by using repairing agents, including reversible interactions in 
microcapsules, vascular networks, dissolved thermoplastics and polymeric com-
posite materials, and new processes and applications that are briefly mentioned.

Keywords:  Self-healing materials, biomimetic materials, aerospace engineering, 
polymer composites

6.1	 Introduction

The tools and equipment we use can be scratched, cracked or broken. This 
is a condition that exists in the normal course of life. Our smartphone 
falls, and its screen cracks. Sometimes when parking our car, we make the 
wrong calculation and crash our car, the bumper collapses or just scratches. 
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While these are relatively simple examples, they are costly, and repair can 
be problematic in our economy. What if a small crack forms in a concrete 
dam? Or if a microscopic slit is made in the fuselage of an airplane? If it 
grows and ruptures? Invisible microcracks occurring in critical equipment 
and structures are extremely dangerous. For example, if a microfracture 
has occurred in a machine with five million functional parts, it may some-
times not be possible to detect, identify, or repair it [1, 2].

The long-term nature of damage to materials makes it even more diffi-
cult to detect and repair because it often occurs deep within the structure. 
There may be a risk that damage at these points may endanger the integ-
rity of the structure [3]. In fact, in 2002, 22-year-old micro cracks in the 
fuselage of the China Airlines 611 flight shattered the hull, which had not 
been detected before. And then it caused the plane to crash. In order to 
prevent this, increased safety standards, meticulous inspections, and peri-
odic maintenance programs are organized to ensure that damage, such as 
scratches, cracks, and fractures, are detected before they grow. However, 
trained technicians are needed to do these. It requires time-consuming and 
costly manual interventions. This is of course an important approach, but 
would it not be better and easier for broken things to fix themselves? At 
this point, self-healing materials come to the fore [1–3]. 

Self-healing materials are simply defined as artificially or synthetically 
created substances. This includes the ability to automatically repair damage 
to the material without any external diagnosis, or the need for human inter-
vention. Those materials initiate a repairing mechanism, which responds 
to microdamage and thus counteract deterioration. Some self-healing 
materials appear to be described as smart materials. It is possible for these 
materials to adapt to different changing environmental properties regard-
ing their sensing and operating characteristics [4–6].

Self-healing materials have the ability to automatically recover and 
dynamically adapt to environmental changes. This is a feature not found 
in conventional rigid and static composites. The use of these materials pro-
vides benefits, such as increased safety and reliability, reduced maintenance 
cost of artificial composites, and extended material life. To achieve these 
exciting properties, researchers are increasing efforts to impart self-healing 
properties to a wide variety of materials, including polymers, ceramics, 
concretes, metals, and composites [7, 8].

Most of the researchers were actually inspired by nature in their work. 
We see that biological materials in our environment repair their damage 
and have the ability to automatically maintain their original functions. 
This contributes to longevity. From the standpoint of natural creatures, we 
witness mechanisms by which damage can be automatically detected and 
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repaired, such as in the healing of human skin and regeneration of the 
lizard tail. As a matter of fact, we have all experienced that when our hand 
is cut, the area that bleeds looks like it coagulated after a certain period, 
and then our bodies heal and repair itself. The researchers’ inspiration 
from this system in nature and adapting it to the materials they designed is 
defined as biomimetics. When damage occurs in plants and animals, first 
the self-closing phase and then the self-healing phase is observed. In this 
way, drying in the area and infections caused by pathogenic microbes are 
prevented. Time is gained for the wound to heal [9].

Based on these healing processes and different functional principles, 
the researchers sought to obtain bio-inspired self-healing materials. These 
biomimetic design approaches have been used in polymer composites. In 
the first studies, it is seen that the composites produced are essentially 
designed to imitate the skin structure [10]. Toohey et al.’s work is one 
of the examples. In this work, they used an epoxy substrate including a 
microchannel grid bearing dicyclopentadiene (DCPD) and designed a 
self-healing material by incorporating Grubbs catalyst into the surface. 
As a result, they found that the toughness partially improved after the 
fracture. They also found that it can be repeated several times after use, 
thanks to its ability to refill channels [11]. Another study was performed 
by the rapid self-closing process in Twining liana Aristolochia macro-
phylla and related species. Based on this, a coating biomimetic PU-foam 
has been developed for pneumatic materials. Similarly, various self-healing 
materials have been produced inspired by latex-bearing plants, such 
as weeping fig (Ficus benjamina), rubber tree (Hevea brasiliensis), and 
spurges (Euphorbia spp.) [12].

Although we have started to hear the name of self-healing materials 
more in the last 20 years, we actually see this feature in the materials 
used by the Roma in ancient times. That is known as Roman concrete. 
The ancient Roman people utilized a kind of lime mortar that had self- 
healing properties when preparing Roman concrete [13]. To prepare this 
mortar, the Romans took a special pattern of volcanic ash, which was 
taken from the Alban Hills volcano. They prepared a mixture using this 
volcanica ash material from the volcano Pozzolane Rosse, quicklime and 
water. They used the mixture for binding along with decimeter-sized tuff 
fragments, which are volcanic rock aggregates [13]. During the curing of 
the material, in consequence of the Pozzolanic action, lime interacts with 
other chemicals in the mixture. Subsequently, A calcium aluminosilicate 
mineral called Strätlingite is displaced with crystals. Consequently, flat 
layered Strätlingite crystals grow in the cemented matrix of that mate-
rial. This also happens in interfacial areas where cracks tend to form. 
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The continuation of this crystal formation allows to hold the mortar and 
coarse aggregate together. It prevents crack formation, crack propaga-
tion, and thus allows the formation of a material that can survive for 
1,900 years. Geologist Marie Jackson et al. studied to readapt the mortar, 
which was used in Trajan Market and some Roman buildings for instance 
the Pantheon and Colosseum, and investigated the cracking reaction 
[14–16].

6.2	 Self-Healing Mechanism

Self-healing polymer composite materials are capable of converting phys-
ical energy into one of chemical reaction and (or) physical reactions that 
can repair the loss. They do this via a mechanism, which cannot be found 
in trading polymeric materials. These materials may have different intrin-
sic properties [17].

Take the healing of a hand injury as an example of natural structures 
that have a self-healing mechanism. Recovery occurs without any exter-
nal intervention. In fact, we see that the healing talent is an intrinsically 
working mechanism for all multicelled organisms in nature. Accordingly, 
the first of the stages of the heal operation is that the body puts a stop to 
bleeding first. Then we see the growth of necessary tissue over the wound 
extended period of time. Those tissues replace dead tissue with scar tissue. 
The phases controlled sequentially in this way are the phases that repair 
damaged organs [17, 18].

Wool and O’Connor [19] defined self-healing as a mechanism consist-
ing of five stages in their study. These stages, defined as surface rearrange-
ment, surface approach, wetting, diffusion, and randomization, are linked 
to intermolecular diffusion in recovery of ruptured polymer interfaces. 
Improvement occurs by connecting broken interfaces.

When self-healing mechanisms are examined, it can be said that there 
are two classes: nonautonomous and autonomic [20]. The first men-
tioned mechanism is shown in Figure 6.1. The polymer composite mate-
rial needs an external trigger to create loss, harm or crack. It can be said 
that these are generally heat and light, since they can be easily applied in 
working conditions. Accordingly, the first condition for self-healing of 
damage caused by an external factor is to first produce a mobile phase. 
This mobile phase obtained will full-fill the crack (Figure 6.1). Figures 
6.1a and 6.1b show damage and crack formation. In Figure 6.1c, a “mobile 
phase” is generated as a result of triggering by external stimuli. In Figure 
6.1d, following the formation of the mobile phase, damage elimination 
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due to the transport of the mass and hence the local repair reaction can 
be seen. At this stage, physical interactions and/or chemical bonds of 
the crack planes occur. After the damage has healed, the mobile phase is 
removed and immobilized again. This phenomenon, similar to the mech-
anism described by Wool and O’Connor, makes it possible to obtain a 
fully restored structure and improve mechanical properties (Figure 6.1e) 
[2, 17, 21]. 

Regarding the autonomic self-healing mechanism, unlike nonauton-
omy, the self-healing mechanism does not require prior knowledge [22]. 
As shown in Figure 6.2, the chemicals used as self-healing agents, are 
embedded in micro or even nano sized capsules (or other) polymer com-
posite. These capsules, which act as a kind of pocket, are embedded in 
the composite and activated as a result of external intervention. When a 
situation, such as impact, scratching, tearing, occurs, the substances with 
self-healing ability in these capsules are released. In this way, damages, 
such as scratches, tears, and punctures in the region, are repaired [23].

(a)

(b) (e)(d)(c)

Figure 6.1  Self-healing operation principles; (a) formation of a crack due to the mechanic 
loading, (b) view of the crack, (c) formation of mobile phase, (d) repairing of the crack, 
and (e) restored structure after healing [2, 17, 21].

Micro-crack Catalyst

Microcapsule
containing

healing agent

Propagating
Micro-crack

ruptures capsules

Figure 6.2  Operation mechanism of microencapsulation-based self-healing coatings [2, 
17, 23].
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6.3	 Types of Self-Healing Coatings

Following the discovery of self-healing systems, various strategies have 
been developed to restore losses and damages in the coating materials. 
Internal and external strategies were utilized to enhance such coating 
materials. Providing crack heal with recycled chemistry is one of the inter-
nal self-healing methods. In the external type, it emerges as the use of a 
capsule or vascular network. In the self-healing process using capsules, 
the substances to be used for healing are imprisoned in proper capsules to 
deliver the healing operative to the damaged place [24, 25].

6.3.1	 Passive Self-Healing for External Techniques

Recovery in passive mode is produced by the inclusion of extraneous func-
tions. The external healing operation is based upon being used as a sepa-
rate phase using a healing material in the matrix. This material is generally 
in liquid form, inserted in microcapsules or reservoirs that can be hollow 
fibers or microvascular networks [25].

6.3.1.1	 Microencapsulation

Chemicals used as a Self Repairing agent in the micro capsule process, 
micro-even nano-sized capsules are placed in this type of coatings. These 
capsules, embedded in the coatings, act as a kind of pocket. When a situ-
ation, such as impact, scratching, tearing, occurs as a result of an external 
intervention, these capsules release the healing chemicals/substances they 
contain. Subsequently, an external catalyst is allowed to react with chem-
icals to form a large and stable copolymer (Figure 6.2). With this process, 
the damage (such as scratches/tears/punctures) that occur in that area is 
repaired and the coating heals [26].

The main strategy of the encapsulation method is healing functionality 
or placement of reactive components in the capsules and subsequent chem-
ical reactions. These reactions can arise from many different actions. This 
includes polymerization of ring opening metathesis; for instance (ROMP), 
cycloversion, cycloaddition, crosslinking reactions or a mechanical-
chemical catalytic activation [22, 27–31].

The damage plays as a stimulant for starting the repairing procedure. 
With damage, the microcapsule is torn, and then it is possible to release the 
repairing material. The healing vanguard reaches the damaged area, and 
disperses over two fractured surfaces because of capillary action resulting 
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from surface tension. In addition, the precursors located there interact 
with the adjacent catalysts already placed. Following the above chemical 
reactions, this process ends the further growth of cracks or damage and 
restores mechanical integrity. White et al. [22] purposed a “dicyclopenta-
diene (DCPD) Grubbs’ system” based on capsule healing that allows 75% 
improvement of virgin fracture toughness of TDCB samples [26]. 

6.3.1.2	 Hollow-Fiber Approach

In this method, we see that hollow fibers are utilized to provide a greater 
quantity of liquid repair material. Those include placing glass fiber rein-
forced plastic (GFRP) or carbon fiber reinforced plastic (CFRP) composite 
materials, and embedding the healing material-filled fibers into the matrix 
material by vacuum-assisted resin transfer molding (VARTM). The vas-
cular self-regenerating materials formed in this way are placed in a net-
work of hollow channels (capillaries) that can be connected to each other 
in one-dimensional (1D), two-dimensional (2D) or three-dimensional 
(3D) in case of damage. The system created with glass pipettes, which were 
placed in epoxy resins is one-dimensional [32]. Resin filled hollow glass 
fibers allow CFRP to cure low velocity impact damage. In the study, it has 
been observed that large diameter capillaries are not suitable for demon-
strating the damage again. In this case, although smaller hollow glass fibers 
loaded with resin were utilized, it was observed that they couldn’t crack 
the resin due to their high viscosity epoxy resins. Borosilicate hollow glass 
fibers (30 to 100 µm diameter, 55% cavity) were then used to store the 
reabrasive precursor resin. In that way, it was found that it was able to pro-
cure a higher amount of the healing material realized by different activa-
tion methods. The process of embedding hollow fibers has also become 
easier. In addition, it is possible to perform a visual inspection of the dam-
aged area. In order for the healing agent to be released freely, the hollow 
fibers must be broken. The repair agent must have a low viscosity so that it 
may be possible to accelerate the required fiber infiltration. On the other 
hand, reinforcing hollow glass fiber to CFRP will also affect the thermal 
expansion coefficient. This creates another challenge in the multi-stage 
production steps of hollow fiber [26].

6.3.1.3	 Microvascular Network

The microvascular method was designed by taking inspiration from the respi-
ratory system. Multiple healing can be achieved by placing micro channels of 
1 μm to 1 mm in a polymeric composite material. For this reason, self-healing 
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materials obtained in this way using a hollow fiber or a mesopause mesh 
have been identified as vascular materials. Microvascular production can 
be activated by a variety of techniques, such as laser microprocessing, soft 
lithography, electrostatic discharge, stray inks, and hollow glass fibers. The 
repairing process is provided by pumping the precursors into these chan-
nels by pumping or with the help of capillary forces [33]. Two-dimensional 
networks are proper for the laminated composite materials. These polymer 
composites have additional functionality and increased autonomy thanks 
to their microvascular channels. Crack repairing is linked to monolithic 
materials by conventional methods. In this sense, it provides a great advan-
tage. Inserting the fibers to be used as victims in woven preforms ensures 
continuous production of both strong and multifunctional 3D microvas-
cular composites [34]. Functional liquid materials that play as a healing 
matter placed in the vascular network are liberated upon breakage of the 
vascular network to heal damage in case of damage. In addition, the mate-
rial is polymerized with the catalyst contained in the medium. This heal-
ing agent creates a network and prevents the growing of the loss. With its 
activated cooling system, in microvascular structures, a fluid is constantly 
circulated in and out of a matrix. In this way, it is possible to absorb and 
remove excess heat. It is a well-known technique for obtaining microvas-
cular composite materials where some reinforcing fibers are FRPs with 
individual hollow fibers [35].

6.3.2	 Active Self-Healing Methodology Based on Intrinsic

These are also called heat-activated self-healing thermoplastic polymer 
materials. They can be divided into two subclasses:

6.3.2.1	 Shape Memory Polymers (SMPs)

Although shape-memory materials are often used in many areas of our 
lives, they may not be very noticeable. For instance, glasses made of nickel 
and titanium (Nitonol) can be seen to return to their original form/shape, 
no matter how bent. These shape memory materials have the feature of 
flexibility due to their natural structure. Usually it requires a source of heat 
or energy to return to their initial nondamaged state [26].

6.3.2.2	 Reversible Polymers

In such self-healing coatings, heat-resistant functional polymer groups 
(such as furan and maleimide) are used. These are reversible polymers. 
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After damage occurs, they can return to their original nondamage state 
through special reversible chemical reactions with heat or heat generating 
energy to be applied (such as Diels-Alder (DA), retro-Diels-Alder (RDA)). 
The most prominent feature of these polymers is that the end regions in 
their polymeric structures are very active. If these polymers are damaged 
by any external mechanical effect, they have the ability to return them-
selves to their original form, such as magnets [36].

In order to respond to the macroscopic results of material architec-
ture, it is necessary to design structurally dynamic polymer systems. For 
this, covalent and noncovalent reversible binding chemistry is utilized. 
Adjustable damage improvement different noncovalent interactions, 
covalent chemistry. Dynamic bonds are susceptible to specifical stimuli 
and are subjected to selectively reversible binding and debonding under 
equilibrium control. It is basically an active methodology; The healing 
works by dynamic binding of the polymeric matrix material. Repairing 
is possible by increasing the temporal local mobility of polymer chains. 
Different energy modes (eg temperature, static charge, UV) are important 
elements for supplying of the mobility of polymer chains [26].

6.4	 Research Areas of Self-Healing Materials

In the light of the mechanisms described above, it can be said that the 
self-healing process for synthetic artificial materials is varied. Chen et al., 
produced the first self-healing polymeric materials based on dynamic 
covalent bonding mechanism. They created this mechanism with the help 
of external heating [37]. Self-healing elastomer was first produced at room 
temperature by Cordier et al. In this study, production has been made 
based on hydrogen bonding [38]. It was found that the microcapsule-based 
self-healing method was first studied by White et al. [22]. Gosh and Urban 
examined self-healing polymers using chitosan polyurethane networks in 
their study. In this study, polymers were replaced with UV-oxetane. In the 
following years, with new approaches and new studies toward self-healing, 
interest in this issue has increased [7, 39, 40].

Since self-repairing can prolong the life cycle of synthetic materials, 
there is great potential to design many different applications in different 
fields [17, 41, 42]. From durable fabrics to resealing tires or long-lasting 
batteries. They have been widely studied in aerospace, automotive, high-
end sporting goods, and various industries. Moreover, despite all these 
researches, it is thought that these composites are more likely to be used in 
applications requiring high technology (such as aviation, nuclear industry, 
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and electronics) due to their high costs and complexity in production. 
Many studies have been conducted on the use of ceramics, which are made 
of self-healing materials, in aircraft engines. There are also researches for 
solid oxide fuel cells, nuclear executions, and hot coal combustion states 
[43]. However, their high cost is a limiting factor. It seems difficult to 
put research into practice. When looking at metals, it is seen that more 
research is needed for practical use due to the new self-healing concepts. 
MMCs appear to be relatively complex because they are expensive mate-
rials, require expensive testing, and high production costs. However, it is 
also known that there is a potential research area for more sustainable elec-
tronic components [44].

On the other hand, self-healing polymeric composites can be lightly 
produced. We see these materials, which are much cheaper as regards 
self-repairing materials (ceramics and metals), in organic coating and paint 
applications, to protect materials used in seawater environments, such as 
on ships and offshore oil platforms [45]. In another study, the performance 
of self-healing polymeric composite was investigated to develop the life 
of organic light-emitting diodes (OLEDs) [46]. In this section, the usage 
areas of self repairing polymer composite materials in the aerospace sector 
will be investigated. Indeed, it is known that those materials have a strong 
latent in the aerospace industry. It is thought that these materials will have 
a good ability to repair the damages that may occur during the flight, as 
well as to increase the life of those components. Moreover, they can be used 
in aerospace structural parts [42]. 

6.5	 Aerospace Applications of Polymer Composite 
Self-Healing Materials

6.5.1	 Aircraft Fuselage and Structure

Fiber-reinforced polymers (FPR) composites have been used in aircraft 
bodies for a long time. In fact, 50% by weight of civil aircraft, such as 
Boeing 787 and Airbus A350 are made of FRP composites. However, FRP 
composites are more likely to be damaged under impact, making it dif-
ficult to meet safety requirements. Heavier designs need to be made. In 
addition, impact damage is difficult to detect and requires extensive main-
tenance. The importance of the self-healing mechanism becomes evident 
at the point of developing defense against impact loads and becoming less 
maintenance-intensive. The first of the studies carried out in this field in 
the aviation industry is self-repairing hollow glass fiber-epoxy composite 
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materials prepared by molding for different practises [47]. In this study, 
first of all, damage to the composites was achieved in three-point bending 
impact tests. In subsequent postdamage bending tests, a strength recov-
ery of up to 47% was observed after recovery. Accordingly, it has been 
concluded that the practises of self-healing composites will be grateful in 
increasing the resistance to damage in aircraft structures [42].

On the other hand, plastic composites reinforced with carbon fibers 
are generally used in the aviation industry. Therefore, the self-healing 
property of such composites is more related to improving their mechan-
ical properties [48]. Bond et al. did synthesize self-repairing carbon fiber 
reinforced epoxy laminates for this purpose. First, they investigated the 
flexural strength of a damaged 16-layer aerospace-grade composite with 
impregnated 70 and 200 mm hollow glass fibers (HGFs). As a result of 
the study, a value of 97% was determined as strength recovery after semi-
static indentation damage. The improvement value in the compressive 
strength after impact of the same composite material was determined as 
92%. Accordingly, it has been shown that these composites can be used 
extensively and efficiently in aviation airframe [42].

In another study, glass fabric composite laminates and carbon compos-
ites were produced to enhance the impact features of self-repairing com-
posite materials for aerospace practises. Super elastic shape memory NiTi 
alloy wires have been used in polymer composite materials with glass (or 
carbon) fabrics. In the study, it was observed that composites contain-
ing SMA (shape memory alloy) have dramatically greater Charpy impact 
energy compared to standard composites. However, it has been determined 
that the damage tolerance of carbon composites under repeated impacts is 
decreased by the enclosing of shape memory alloy wires. Accordingly, it 
has been suggested that the use of self-healing polymer composites can be 
an alternative to metal alloys, especially to protect space structures from 
space debris [49].

On the other hand, self-healing composite materials have great resis-
tance to fatigue. Because if there is a crack growth or elongation, they can 
heal micro-cracks before the failure occurs. Various studies have been 
conducted on this issue in the aerospace sector. In these studies, the effects 
of components on the mechanical properties of composites were investi-
gated [50]. When examining composites consisting of a DGEBA (bisphe-
nol A diglycidyl ether) epoxy matrix with ioformaldehyde microcapsules 
containing DCPD (Dicyclopentadiene) embedded, some decrease in the 
elastic modulus of the composite was observed. However, the mechan-
ical properties were recovered after curing. Teoh et al. [51] subjected a 
self-repairing epoxy composite material with an impregnating healing 
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agent including hollow glass fibers (HGFs) damaged by indentation and 
subsequently to three-point bending flexure tests. The improvement in 
strength after recovery is proof that these materials have a strong poten-
tial for use in aircraft structural parts. In another study, Coope et al. used 
a series of vascular networks parallel to the direction of the fibers, the 
self-repairing property was identified in aerospace grade E-glass-epoxy 
plate [52].

This study, in which the unprocessed mechanical properties were fully 
recovered, showed that self-repairing glass-epoxy composite materials can 
be efficient substitutes for fiber reinforced polymeric composite materials 
in aviation. Norris et al. (2011a) produced a glass fiber composite for use 
in primary aircraft structures. They used an impregnated vascular network 
to carry repairing agents in this composite. As a result of the study, they 
showed that vascular self-healing FRP laminates can facilitate maintenance 
and reduce weight through healing. This appears to be a solution that can 
displaced present laminates in structural practises in the aviation industry 
[53, 42].

In another study, a carbon fiber reinforced polymeric composite was 
produced, merging a shape memory polymer with carbon nanotubes and a 
carbon fabric [54]. Self-healing behavior was observed in the study. Thanks 
to the reversible cross-links of the polymer, the shape memory of the sys-
tem was achieved. In this way, it effectively heals composite matrix cracks. 
It can also gain back its structural integrity following the onset of damage 
under stress. 72% improvement is achieved in mechanical properties. Due 
to all these, it is obvious that self-repairing polymeric composite materi-
als can displace plenty of aerospace constructional composites, thereby 
increasing aircraft damage tolerance, service life, and safety [42].

Moreover, the self-healing capabilities of the ionomeric polymer under 
high speed impact are excellent. In addition, polymer plates are more resis-
tant to impact compared to typical aluminum alloy plates. It can be said that 
ionomeric copolymers could be utilized for space constructional compos-
ites, since self-healing property in spacecraft applications is very important 
for critical pressure modules and reservoir type components [42].

6.5.2	 Coatings

In the aviation industry, the body and structural parts must be protected 
from certain external or environmental conditions, as these conditions can 
cause corrosion damage [42]. Coatings and paints used in this area are of 
great importance. In this regard, the importance of self-healing coatings 
is increasing because they will automatically regain their properties after 
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any damage. Coatings are of great importance for metal alloys. Because 
aluminum, titanium, and magnesium alloys are the most used materials 
for civilian and military aircraft, and they must be protected from corro-
sion. Epoxy resin composites can be used as self-healing coatings to pro-
tect structures used in the aerospace industry from corrosion and minor 
impacts [55].

In fact, it can be said that coating materials are lesser critical compared 
to constructional parts in the aviation industry. Because a damage to the 
coatings does not lead to constructional failure. Yang et al. [55] produced 
an epoxy resin coating material for steel kind alloys. There were urea- 
formaldehyde microcapsules embedded in the coating. The microcapsules 
did not break down during paint application, so the paint application of 
the epoxy resin composite is convenient. He found that coated steel speci-
mens are still corrosion resistant after curing, after damage [42].

In one of our studies [2], we produced a self-healing coating using chi-
tosan. Chitosan, a proper polymeric material for biomedical practises by 
means of its biocompatibility, biodegradability, and low toxicity, has a wide 
range of applications [56, 57]. In the mentioned study, firstly, homoge-
neous chitosan colloids were provided by acidic solutions. After loading 
various quantities of these colloids into the polymer matrix (epoxy paint), 
glass substrates were coated with polymer composite. For samples drawn 
with a fine needle, self-healing was observed by periodic scanning electron 
microscope (SEM) analysis. Figure 6.3 shows SEM micrographs of scratch 
coatings. As can be seen in the figure, self-healing properties were obtained 
from all chitosan-fortified samples.

The figure shows that the self-healing process occurs like branches of 
a tree. In this way, it is possible to fill and close open cracks. Looking at 
example-7, the rate of chitosan is 0.00%. And this sample does not show 
any healing behavior. The scratch made with the needle is still the same. 
In other samples, it is seen that epoxy polymer composites try to spread 
along these gaps (at room temperature below the glass transition tempera-
ture). This dispersion, caused by a cross-linked epoxy composite network 
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Figure 6.3  Self-healing of chitosan reinforced composite coatings.
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operated by the chitosan agency, may be the result of possible diffusion 
processes. The distribution process occurred by developing branches like 
the branches used for wound healing [2].

The results obtained are similar to those of Kessler et al. [3]. The 
recovery of the samples was thanks to partially cured poly (DCPD-
dicyclopentadiene) threads bridging the crack behind the crack tip. Several 
poly (DCPD) threads bridging the two surfaces of the delamination in a 
folded film on the crack surface support this result. The result are also 
parallel to Ref [3], it has been argued that the repairing operation is by 
molecular interdiffusion technique. According to this method, when two 
parts of the same polymer come into contact at a certain temperature, the 
interface appears to be gradually lost. In this way, due to the molecular dif-
fusion occurring throughout the interface, the mechanical strength at the 
polymer-polymer interface enhances as the crack repairs. Visual improve-
ment in fracture surfaces occurs before improvement in strength. As a 
mechanism of healing, the most likely event may occur due to the interdif-
fusion of a large number of chain segments [58, 59]. Accordingly, it can be 
said that fine cracks heal better than large ones. Because, in our study, there 
are much more branches in the 3rd and 6th samples compared to the 4th 
sample, and this may correspond to more improvement.

We also see in the work of Wool [60], as the self-healing mechanism is 
described in the improvement of polymer-polymer interfaces. So much so 
that the optical image that they detect self-healing is very similar to what we 
obtained in our study. In this behavior caused by the softening of the sur-
face layer below the glass transition temperature, the softening of the surface 
layer has emerged as a gradient hardness percolation problem. They revealed 
the presence of excess curing liquid on the coating surface, and were able to 
observe improvement in the material following cracks in the coating [60].

6.6	 Conclusion

In the studies carried out, it has been evaluated that self-healing materi-
als repair the damage at an early stage, improve the material to bring it 
back to its previous state and regain some mechanical properties. Making 
self-healing materials from polymer composite materials seems easier 
and cheaper than ceramic and metal matrix composites. Those compos-
ites have a variety of use potential, especially in the aviation field. Self-
healing ability in these composites can be acquired by using repairing 
materials that contain reversible interactions in microcapsules, vascular 
networks, dissolved thermoplastics and polymeric composites. They have 
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great potential in aviation applications. This is because of the role they play 
in addressing fatigue and impact strength issues. It has also been shown 
that its corrosion and barrier features can be productively regained after 
recovery. Applications in the aviation industry conclude airframe and 
air structures, anti-corrosion coatings, smart paints and impact resistant 
space structures. It is clear that self-healing materials that can depict both 
stimulating reactivity and repairing properties will be indispensable for the 
aviation and space industry in the future.
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Abstract
The vital objective of the antistatic agents is to develop an active conductive route 
to disperse the assembled static charges in the conducting polymer composites 
and nanocomposites for aerospace applications. Nowadays, polymer composites 
and nanocomposites are favored for construction of different components of the 
aircraft owing to the excellent mechanical properties, durability, recyclability, 
lighter than the metal, etc. However, the inherent low electrical conductivity of the 
polymer matrix create an obstruction for migration of the charges, which accu-
mulated on the polymer surface and damage the vital components, resulted from 
the lightning strike. Hence, the polymer composites and nanocomposites are con-
verted into conducting system by usually incorporation of carbon-based micro-
fillers and nanofillers, namely carbon black, carbon nanotubes, carbon nanofibers, 
graphene, etc. Several polymers, such as epoxy, polyaniline, polyurethane, etc., are 
suitable for antistatic application in aerospace. Low surface and volume resistivity 
along with the low percolation threshold are vital deciding factors for the devel-
opment of polymer composites and nanocomposites for antistatic application in 
aerospace.
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7.1	 Introduction

Static electricity unlike conventional direct electricity leads to generation of 
a completely new era of interest. When two objects are in direct contact with 
each other and after sometimes they are separated then there will be gener-
ation of static electricity. The surface electrical charges of both the objects 
try to balance out each other by the interchanging electrons between one 
another while in contact and both the objects will be electrically charged 
because of such phenomenon. If the charge created will not able to move, 
cannot be grounded, or cannot be dissipated, then the objects become static 
by the accumulation of charge over them [1]. Thales of Miletus, a Greek 
scientist first observed the occurrence of static electricity by demonstrating 
the attraction of dust particles by rubbing amber with animal fur. Gilbert 
examined that the materials other than amber are also able to show the 
exact phenomenon and coined two terms in this regard as “vis electrica” and 
“noelectricks” corresponding to attractive force and repulsive force, respec-
tively [2]. When two objects are rubbed then which object will be positively 
charged and which will be negatively charged can be predicted by using “tri-
boelectric series” [3]. Wilcke invented this triboelectric series in 1757 [4]. As 
static electricity is a surface phenomenon and is dependent on surface char-
acteristics of material, which in turn affected by its preparation condition, 
surrounding environment, etc., which leads to major inconsistency with 
the data gained from triboelectric series [3]. Helmholtz originated a double 
layer charge hypothesis, which states that when two materials in deep con-
tact are separated from each other, a double layer charge was developed at 
their interfaces. This phenomenon is called as triboelectrification. According 
to this hypothesis, the material with low work function will gain positive 
charge and the material with high work function will gain negative charge 
[5]. Luttgens and Wilson also described the static charge phenomenon based 
on the double layer charge hypothesis [6].

Avionic system cannot also be escaped from the effect of static charging. 
When the aircraft started to fly in every meteorological conditions then the 
effect of static charging became more prominent [7]. When the aircraft flies 
at high altitude, it comes across volcanic ash, ice, hail, dust, etc. and they 
become the alternative media to produce static electricity over aeroplane 
body. Accumulation of static charges over aircraft surface for longer time 
can lead to failure in navigation and radio communication along with that 
the aggregation of charge over the metallic (mostly aluminium) surface can 
lead to exceed its thermal capacity, which in turn can lead to crash of aircraft 
or explosion of avionic parts [8]. The threat of lightning strike is maximum 



Polymer Composites for Antistatic Application  157

at a distance of 5,000–15,000 feet from earth’s altitude and is minimum above 
20,000 feet [9]. Complete disability of navigation and radio communication 
were experienced during their earlier introduction in avionic system due to 
static electrification. Corona discharge and noise production are some of 
the consequences of frictional charging [10, 11]. Noise produced can affect 
the radio and navigation system during airborne of aircraft in precipitation. 
Precipitation static or p-static is a consequence of interaction between pre-
cipitation and electromagnetic interface. Charging of aircraft by striking of 
precipitation particles are discharged by producing some noise that inter-
rupt the radio communication and navigation [12]. About 70% of lightning 
accidents are noticed during precipitation; however, 42% of accidents are 
caused without any thunderstorm [9]. Besides triboelectrification or con-
tact charging, two other types of charging are also possible like exogenous 
charging and ionic charging. Immersion of a material into external mag-
netic field generates exogenous charging that mainly occurs during flying 
of aircraft through cloud. Ionic charging is the consequence of bombard-
ment of charged particles over aircraft surface e.g. bombardment with space 
plasma in low earth orbit (LEO), and the phenomenon is also named as 
space charging [13]. Atmosphere above about 90 km from earth’s surface is 
ionized/charged by solar radiation, which produce free electrons and posi-
tive charge ions. Therefore, the total collection of charged particles over here 
is referred as natural space plasma responsible for spacecraft charging [14]. 

All the problems stated above can be eliminated if we find a way to 
prevent the accumulation of static charge at a single location by dispers-
ing the charge throughout the body and then discharging or dispersing 
it. Depending on dispersion of charge with time, materials are classified 
into four types, such as superconductor, conductor, semiconductor, and 
insulator having conductivity (σ) 1020, 102, 10–9, and 10–22–10–12 Scm–1, 
respectively [2]. In recent years, polymer composites and nanocomposites 
are utilized enormously as coatings due to their corrosion resistant, com-
parable electrical and mechanical properties, light weight, flexibility, etc. 
[15–18]. However, depending on their conductivity range i.e. 10–12–10–20 
Scm–1 polymers are categorized into insulators, which is a strong contra-
diction for the antistatic application in aerospace industry. Therefore, it is 
necessary to produce conducting polymer composites by adding conduct-
ing fillers into non-conducting polymer composites. Carbon-based poly-
mer nanocomposites having carbon fillers like graphene, carbon black, 
carbon nanotubes (CNTs), etc. are added to the epoxy (Ep) matrix [8]. In 
preceding years, the use of composites is intensely increased in military as 
well as civil aircraft as shown in Figure 7.1 [19]. Another striking example 
is the comparison of use of composites in Boeing 787 and Boeing 777. 
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Boeing 777 (launched in 2000) utilized about 11% of composites; however, 
Boeing 787 (launched in 2007) utilized about 50% of composites [20, 21] 
except that about 52% of composites are utilized in Airbus A350-900 XWB 
[19] and in 1985 Beechcraft Star ship was completely made up of from 
composites, which is operating in recent years [22]. 

Besides antistatic property, polymer composites also efficient in weight 
reduction in comparison to conventional coatings, which in turn leads to 
dramatic reduction of fuel consumption [23, 24]. Carbon-based nanomate-
rials can provide low weight, as well as high strength to the composites and 
provide enhancement in thermal conductivity, electromagnetic shielding, 
etc. [25]. Conductive composite materials can also provide high toughness, 
thermal conductivity, damage tolerance, high stiffness, high fracture resis-
tance, corrosion resistance, electromagnetic interface (EMI) shielding, etc. 
[26, 27]. In this book chapter, we will discuss regarding various conduc-
tive polymer composites (CPCs) and conductive polymer nanocomposites 
(CPNCs) for antistatic application in aeronautics.

7.2	 Conducting Polymer Composites (CPCs) 
for Antistatic Application in Aerospace

Composite, as per the name suggests is made up of two distinct materials, 
which are from two different phases [28]. The two substances are mixed 
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together by using various methods in specific proportions to obtain mate-
rials of desired applications and properties. Here one material, namely 
reinforcement of filler is immersed into another material, namely matrix. 
As polymers are non-conducting, they can be made conducting by incor-
porating both conducting microfillers and nanofillers like graphene, car-
bon nanotubes (CNTs), carbon nanofibers (CNFs), carbon fiber, glass 
fiber, etc. [29–32]. Mohamed et al. recently demonstrated a green synthe-
sis of methylcellulose (MC)/nicotinic acid (NA) composite. They exam-
ined that the composite has thermal stability up to 350 °C, which makes it 
effective for high temperature electronic packaging. Dielectric study and 
electrical conductivity study revealed that it has a conductivity range of 
10–9–10–6 Scm–1, which makes it effectual for antistatic coating material. 
The Zeta potential value of –66 mV revealed that they could be used as 
spray paints as well as antistatic coatings [33]. Morsi et al. prepared core/
shell composites by taking polystyrene-co-butyl acrylate-co-acryl amide-
co-acrylic acid (PSBAA) as core and polypyrrole (PPy) as shell. They syn-
thesized two samples PSBAA/2PPy and PSBAA/10PPy by taking 2 and 
10 wt.% of PPy, respectively during polymerization. They compared the 
electrical conductivity and resistivity of pure PSBAA, PSBAA/2PPy and 
PSBAA/10PPy to review their antistatic ability as shown in Table 7.1. It can 
be concluded that both PSBAA/2PPy and PSBAA/10PPy have better elec-
trical conductivity than pure PSBAA and can be applied for antistatic coat-
ings [34]. Isabel et al. recently prepared a green low density polyethylene/
glassy carbon (LPDE/GC) composite by taking different wt.% (0.1, 0.3, and 
0.5) of GC filler. With increase in filler content, the resistivity decreased 
and concluded that the composite with 0.1 wt.% of GC is an eco-friendly 
choice for antistatic packaging [35]. Ferreira et al. prepared biodegradable 
polylactic acid/carbon black (PLA/CB) composite by immersing different 

Table 7.1  Conductivity and resistivity of pure PSBAA, PSBAA/2PPy 
and PSBAA/10PPy with applied frequency of 100 Hz and 1 MHz at temperate 
of 303 K [34].

Sample

100 Hz 1 MHz

Conductivity 
(Scm–1)

Resistivity 
(Ωm)

Conductivity 
(Scm–1)

Resistivity 
(Ωm)

PSBAA 1.83×10–10 5.48×109 4.01×10–9 2.50×108

PSBAA/2PPy 3.85×10–10 2.60×109 8.09×10–9 1.24×108

PSBAA/10PPy 8.33×10–8 1.2×107 1.42×10–6 7.02×105
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wt.% of CB (5, 10, and 15) into PLA melt for antistatic packaging of elec-
tronic devices. As with increase in CB content, the conductivity of com-
posite increased, which deduced that PLA/CB composites with 10 and 15 
wt.% of CB filler are suitable for antistatic packaging [36]. Qingyan et al. 
prepared Ep/rare earth metals modified barium titanate (BaTiO3) com-
posites. They experimented by taking different contents of thinner, curing 
agent, fillers, etc. and found that the composite with 10 gm of Ep resin, 2% 
dispersant, 5% BaTiO3 powder, 4 ml g−1 thinner, and 13% curing agent had 
efficient to be used as antistatic coatings for dissipation of static charges 
[37]. Zhang et al. demonstrated the antistatic behavior of polyacrylonitrile 
(PAN)-based carbonaceous fiber/polytetrafluoroethylene (PTFE) compos-
ite. The surface resistivity (ρs) and volume resistivity (ρv) were determined 
by varying parameters like filler content, carbon content, temperature, 
etc. An adjustable surface resistivity between 105 and 108 Ω made them 
sufficient to use as antistatic coating materials [38]. Bao et al. formulated 
conductive polyvinyl chloride/quaternary ammonium ion-based acrylate 
copolymer (PVC/QASI). Natural quaternary ammonium salt (QAS) is an 
antistatic material but its antistatic property is inoperative at low relative 
humidity condition. However, incorporation of QASI leads to drop in sur-
face resistivity up to an order of 107 Ω sq−1. Although surface resistivity 
of PVC/QASI is slightly dependant on the relative humidity but its value 
also decreases with increase in QASI content, which is shown in Figure 7.2. 
Hence, PVC/QASI can be suitable for commercial antistatic coating and 
packaging [39]. Nadia et al. studied Ep resin/plasticized carbon black 
(ER/PCB) composite for antistatic charge dissipation (ACD) and EMI 
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QASI content [39].
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shielding. PCB surface provides good mechanical property to composite 
by improving adhesion with the ER matrix along with good conductiv-
ity, charge carriers, etc. They examined that the EMI shielding behavior 
of the composite is dominant over absorption and reflection. Effective 
ACD was evidenced at low PCB content and EMI shielding effectiveness 
(EMISE) was prominent at high PCB content [40]. Panin et al. prepared 
antistatic coatings by the incorporation of powder fillers like mechanically 
processed CB in powder paint. Different wt.% of CB were compared but 
found that the composite with 12.5 wt.% of CB exhibited good mechani-
cal and electrical properties, which made it suitable for incorporating as 
antistatic coating for aircraft surface by preventing the penetration of static 
charge into electronic cabinets [41]. Chen et al. elucidated the antistatic 
behavior of polyethylene terephthalate/zinc oxide whisker (PET/ZnOw) 
composite. Electric conduction mechanism was demonstrated by the 
virtue of discharging effect, tunnel effect, etc. [42]. Lang et al. prepared 
polyaniline/polyacrylate (PANI/PA) composite with a polymeric stabi-
lizer, which can be utilized as antistatic coating for fabrics [43]. Wang et al. 
prepared high impact polystyrene/solid polymer electrolyte (HIPS/SPE) 
and shown that the surface resistivity of the composite can be lowered up 
to 109 Ωsq-1. Their suitable mechanical as well as antistatic property made 
them effective to be used as antistatic packaging material [44]. Qayyum 
et al. demonstrated polypropylene/polyaniline (PP/PANI) composite and 
added PP grafted maleic anhydride (MA-g-PP) to examine their antistatic 
packaging behavior [45]. Wang et al. elucidated that segregated conducting 
polymer composites (s-CPCs) have noticeable EMI shielding, antistatic, 
and sensing properties with low filler content [46]. Cheng et al. formulated 
dodecyl benzene sulphonic acid doped polyaniline (PNDB) and blended it 
with UV curable coatings and finally it is laminated over polyethylene tere-
phthalate (PET) sheets. Different wt.% of PNDB were taken to compare 
their translucency, flexibility, and antistatic properties. To examine anti-
static behavior pure PET coating, pure UV coating, UV coating/5PNBD 
(5 wt.% PNDB) and UV coating/10PNBD (10 wt.% PNDB) were scratched 
first and put into the spheres of polystyrene (PS) foam. PS spheres were 
not absorbed on both the composites (UV coating/5PNBD and UV coat-
ing/10PNBD) but get absorbed on pure UV coating film and pure PET 
sheet, which is shown in Figure 7.3. From this, they concluded that UV 
coating/PNBD composites have a precise antistatic behavior and can be 
utilized for antistatic applications [47].

Recently, Xia et al. invented a double layer composite for lightning strike 
protection (LSP) by hot pressing method. Silver modified bucky paper-
carbon fiber-based phenol formaldehyde (PF/SMBP-CF) composite was 
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laminated over carbon fiber–reinforced polymer (CFRP) matrix and their 
LSP and heat dissipating (HD) behavior are characterized. The SMBP-CF/
PF composite provides both thermal and LSP to the CFRP matrix. After 
simulated lightning strike (LS) test the strength retention of composite was 
up to 97.25%. The temperature of the side of composite, which is lightning 
stroked, had only 44.9 °C temperature than non-stroked side. About 50% 
of weight reduction was observed in comparison to Cu/CFRP composite. 
Thus, PF/SMBP-CF composite is excellent for LSP and thermal protection 
(TP) for aeronautics [48]. Das and Yokozeki reviewed various CFRP and 
glass fiber–reinforced polymer (GFRP) composites for LSP, EMI shielding, 
strain resistance, etc. [49]. Turczyn et al. explored some PANI and PPy base 
ER composites for EMI shielding application [50]. Camphorsulphonic acid 
(CSA) acid doped PANI/Ep CFRP composite mounted with metallic joint 
were irradiated with LS current and the degree of damage resistance of the 
composite was compared with CFRP composites. Up to LS of 12 kA, there 
was no significant damage to the prepared composite in comparison to 
CFRP composite. Owing to its low resistance, good thermal and electri-
cal conductivity, and low building and maintenance cost, the CSA doped 
PANI/Ep CFRP composite can be utilized as a substitute to conventional 
CFRP composites for LSP in aerospace industry [51]. The same composite 
was also tested with high voltage and current to manifest its LSP ability 
[52]. Many numerical analysis and preparation strategies on conductive 

(a)

(c) (d)

(b)

Figure 7.3  Image of antistatic comparison of (a) pure PET Sheet, (b) pure UV coating 
film, (c) UV coating/5PNBD, and (d) UV coating/10PNBD composite films [47].
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composite fillers and composites were also investigated and compared to 
study the LSP of aircraft structures [53, 54]. Katunin et al. found PANI as 
the most effective intrinsically conductive polymer (ICP) filler for carbon 
fiber–reinforced plastics (CFRP)-based composites. Thermal conductivity, 
electrical conductivity, etc. of the composites with different wt.% of PANI 
were investigated and concluded that they can be suitable for efficient anti-
static agent for LSP in aerospace vehicles [55]. 

Yokozeki et al. utilized PANI-based conductive thermoset matrix for 
CFRP composite. The PANI-based matrix was comprised of a PANI as 
conductive polymer (CP), dopants like dodecyl benzene sulfonic acid 
(DBSA) and p-toluene sulfonic acid (PTSA) and divinylvenzene (DVB) as 
cross-linking agent. Then PANI/CF and Ep/CF composites were fabricated 
to compare their conductivity and EMI shielding effectiveness (EMI SE) 
behavior. Comparison of in plane and out of plane conductivity of PANI/
CF and Ep/CF composites are represented in Table 7.2. It is observed that 
the PANI/CF composite exhibited greater electrical conductivity than the 
Ep/CF composite. Frequency from 1 MHz to 1 GHz were used to demon-
strate the EMI SE of composites, which revealed that the PANI/CF com-
posite showed better EMI SE than Ep/CF composite. Based on all these 
experiments, it is concluded that the prepared PANI/CF composite is a 
better option for LSP in aircraft than Ep/CF composite [56]. 

Later the same composites were eliminated with LS current and 
observed that the strength reduction of PANI/CF composite with –100 kA 
LS current is about 10%, however, for Ep/CF composite strength reduc-
tion is of 76% with –40 kA LS current [57]. Bare CFRP structures can be 
catastrophically damaged with LS but if they can be coated with some 
conductive polymer layer like the one PANI dispersed in DVB thermo-
set, the damage caused to CFRP by LS can be reduced significantly. Bare 
CFRP and PANI-coated CFRP structures were subjected with LS current 
of 100 kA, a severe damage to the unprotected CFRP panel was observed; 
however, PANI-coated CFRP panel had no significant damage as shown 

Table 7.2  Comparison of electrical conductivity of PANI/CF 
and Ep/CF/composites [56].

Sample
In plane conductivity 

(Scm–1)
Out of plane 

conductivity (Scm–1)

PANI/CF 148 0.74

Ep/CF 25 0.027
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in Figure 7.4. Also, PANI-coated CFRP composite had improved proper-
ties than bare CFRP composite like higher electrical conductivity, good 
resistant to corrosion, easily applicable, etc. make them better alternative 
for LSP materials [58]. 

It is obligatory to have a good electrical conductivity for antistatic 
application of a composite but Zhang et al. recently investigated some 
multi-layered electrically insulative but thermally conductive composite 
with significant antistatic property. High-density polyethylene (HDPE), 
boron nitride (BN), graphite (Gt), and multiwalled CNTs (MWCNTs) 
were used as raw materials for preparation of multi-layers. Multi-layer 
composites of HDPE-Gt-MWCNTs/HDPE-BN was constructed with 2, 
4, 8, 16, and 32 layers of alternating electrically insulated, thermally con-
ductive, and electrical and thermal conductive layers. Then the thermal 
conductivity, electrical conductivity, and mechanical behavior of differ-
ent kinds of multilayer nanocomposites were compared and effect of filler 
contents on composite structures were also investigated [59]. Dhawan 
et al. prepared PANI-based polystyrene (PS) and polymethyl methacry-
late (PMMA) composites. Comparing their electrical, mechanical, and 
static decay timing (SDT), they came to an end that they can be suffi-
cient for static charge dissipation (SCD). With frequency of 101 GHz, the 
EMISE of PS/PANI composite was about 58 dB and the SDT of PMMA/

Before Lightning Test After Lightning Test

After Lightning TestBefore Lightning Test

5 cm

(b) PANI-layer protected CFRP

1cm

(c) lightning attachment
zone

(a) Unprotected CFRP

90°

0°

Figure 7.4  Photograph of unprotected (a) CFRP, (b) PANI layer-covered CFRP, and 
(c) enlarged lightning hit region [58].
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PANI composite was about 0.9–0.11 s with decrease in charge from 5000 
to 500 V. Proportional effect of PANI loading on EMISE of PS/PANI com-
posite was also studied [60]. Hence, such PANI-based composites can be 
utilized as excellent antistatic materials for commercial application. Wong 
et al. enquired the effect of PANI concentration on antistatic behavior of 
PLA/PANI composite. The surface resistivity of pristine PLA is 1.25×1012 
Ωsq-1; however, the prepared PLA/PANI shows 4.26×108–8.37×1011 Ωsq-

1. PLA/PANI composite with 15 wt.% of PANI content was proved to be 
ideal for the fabrication of antistatic packaging application attributable 
to the high mechanical properties [61]. Zhu et al. prepared polyani-
line-acrylic ester grafted epoxy (PANI-A-g-Ep) composite by taking PANI 
as conductive filler. Different wt.% of PANI were practiced to demonstrate 
the effect of content of PANI on mechanical, surface resistivity, and ther-
mal conductivity of PANI-A-g-Ep composite. They demonstrated that it 
had good antistatic property by decreasing the percolation value as well as 
good anticorrosion behavior [62].

7.3	 Conducting Polymer Nanocomposites (CPNCs) 
for Antistatic Application in Aerospace

As per the name suggests in polymer nanocomposites (PNCs), nanoscale 
range materials are used as nanofiller for polymer matrices. For CPNCs, 
mostly used conducting polymers (CPs) are PANI, polythiophene (PTh), 
PPy, polyacetylene (PAc), etc. and conducting nanofillers are CNTs, 
graphene (Gr), ceramic nanostructures, etc. [63]. PNCs have excellent 
applications in different domains of aerospace industry [64]. Bharadwaj 
and Grace prepared PTh-Gr grafted 3-dimensional (3D) CF nanocompos-
ite and discussed its antistatic along with EMI and microwave shielding 
performances. They compared the antistatic behavior of pure CF, PTh-CF 
nanocomposite, and PTh-Gr-CF nanocomposite as shown in Figure 7.5. 
The results of antistatic performance and EMI SE are shown in Table 7.3. 
It is clear that the prepared PTh-Gr-CF has more antistatic capability and 
EMI SE than both pure CF and PTh-CF [65]. Yousefi et al. prepared water-
borne polyurethane/zirconium oxide nanoparticles (WBPU/ZrO2 NPs) 
nanocomposite coatings to evaluate their strong mechanical and antistatic 
properties by layering over the stainless steel surface. From various tests, 
they elucidated that the WBPU/ZrO2 NPs nanocomposites with higher 
than 1.3 wt.% of ZrO2 NPs can be utilized as an antistatic coating. Also, 
surface resistivity reached up to 9.1×109 Ωsq−1 when the ZrO2 NPs content 
was 6 wt.%. Absorption of foreign particles on the coating surfaces could 
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also be prohibited due to surface roughness of 26.96 nm and strong adhe-
sion of ZrO2 NPs with the WBPU surface, which made them suitable for 
antistatic application and dust accumulation prevention [66].

Meng et al. investigated the electrical conductivity, thermal conduc-
tivity, and mechanical behavior of Ep/graphene nanoplates (Ep/GnPs) 
nanocomposite adhesives. With different vol.% of GnPs, they observed 
their better performance than conventional composite adhesives, which 
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Table 7.3  Antistatic decay and EMI SE at room temperature [65].

Sample

Antistatic decay (sec)

EMISE (dB)1/e 10%

CF 0.218 0.5 –15.0

PTh-CF 0.187 0.4 –22.0

PTh-Gr-CF 0.181 0.2 –30.0
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confirms its applicability in different industries [67]. Anticorrosion and 
antistatic behavior of glycidyl-functionalized silica and zirconia sol gel 
coating on AlMgSi alloy for avionic application. Different samples were 
characterized with different content of solids, deposition condition, etc. 
Very low content of silver nanowires (AgNWs) was also laminated on 
the sol-gel matrix to obtain low contact resistance [68]. Feng et al. syn-
thesized epoxy/melamine foam/methyl acrylate-azidized polyacrylic 
acid-MWCNTs (Ep/MF/MA-APAA-MWCNTs) nanocomposites and 
their both surface and volume resistivity were characterized. With only 
2.4 kg m−3 of MWCNTs loading, surface resistivity of MF/MA-APAA-
MWCNTs reached up to 3.6×108 Ωsq−1. Compression ratio of MF/MA-​
APAA-MWCNTs was controlled during immersion in to the epoxy 
resin to achieve the antistatic character of Ep/MF/MA-APAA-MWCNTs 
nanocomposites by reducing their percolation value. Both surface and 
volume resistivity of this nanocomposite reached up to 3.5×108 Ωcm and 
1.05×108 Ωsq−1, respectively with only 40% of compression ratio, which 
made them effective to be used as an antistatic material [69]. Tian et al. 
prepared single-walled CNTs (SWCNTs)-PET films with water-based 
polyurethane (WPU) and by controlling the WPU content the surface 
resistivity of sheet could be reach up to 102–105 Ωsq−1. 1:1 proportion of 
SWCNT and WPU was found to be efficient for transparent antistatic 
films (TAFs). The prepared CNT-TAFs were washed with acid to improve 
purity and their antistatic behavior were compared with pure PET sheets 
by using PS spheres. The prepared nanocomposite sheets had excellent 
transmittance, surface resistivity, etc. hence, can be used for antistatic 
application [70].

Other than these, some CNT-based nanocomposites and different 
nanomaterials can be utilized for various aerospace applications [71, 72]. 
Different types of metal- and carbon-based fillers and nanofillers are also 
utilized for EMI shielding purpose [73]. If organic and inorganic fillers are 
modified with diazonium salt then robust nanocomposites with enhanced 
electrical and mechanical performances can be achieved [74]. Wang et al. 
fabricated PVC nanocomposites with multilayer graphene (MLG) as con-
ductive nanofiller. Effect of MLG concentration on both surface and vol-
ume resistivity of PVC/MLG nanocomposite is shown in Figure 7.6. When 
MLG content was below 3.5 wt. % then no antistatic behavior could be 
predicted due to high resistance but with MLG content equals to 3.5 wt.% 
the surface resistivity reached up to 3×105 Ωsq−1, which meets the required 
limit to be used as a commercial antistatic material. Along with antistatic 
property, it also showed operative mechanical properties like high tensile 
strength and high glass transition temperature (Tg) [75]. 
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Electrostatic charge dissipative (ESD) behavior of PANI-based zinc 
oxide nanoparticles (PANI/ZnO NPs) nanocomposite laminated over 
cotton fabric were examined. Electrical conductivity of nanocomposite-
coated fabric was found to be 10–3–10–6 Scm–1 and when the current was 
cut off from 5000 to 500 V then the SDT was within 0.5–3.4 s. The PANI/
ZnO NPs nanocomposite also shown good mechanical properties and ESD 
behavior and as a whole can be used as an antistatic coating for electronic 
devices [76]. Zhao et al. modified silver nanowires (AgNWs) with amino 
groups (AgNWs@NH2) to prepare Ep/AgNWs@NH2 nanocomposites. 
They compared the electrical and thermal conductivity of Ep/AgNWs@
NH2 nanocomposites with Ep/AgNWs nanocomposite and pure AgNWs. 
The surface resistivity of Ep/AgNWs@NH2 nanocomposites could be 
reduced up to 1.24×105 Ω with 0.5 vol.% of AgNWs@NH2. Low content 
(1.0 vol.%) of AgNWs@NH2 could be easily dispersed within the Ep matrix 
and resistance of the Ep/AgNWs@NH2 nanocomposites were found to be 
less than Ep/AgNWs nanocomposites, which made them suitable to be 
used as an antistatic material [77].

Qi et al. prepared graphene nanoplatelets (GNPs)-based epoxy (Ep/GNP) 
nanocomposites. Static decay was measured by observing the surface elec-
trostatic potential. The antistatic behavior of Ep/GNP nanocomposite was 
examined by demonstrating the effect of concentration of GNPs on both 
surface and volume resistivity as displayed in Figure 7.7. It is observed that 
the pure Ep shows large surface and volume resistivity in the range of 1016 but 
with increase in GNP content, both surface and volume resistivity reduced 
gradually. With use of 0.5 wt.% of GNP, the surface and volume resistivity 
of Ep/GNP nanocomposites were found to be 2.37×1010 Ωcm and 5.38×1012 
Ωsq–1, respectively, which just satisfied the limit to endow antistatic applica-
tion. With increase in GNP content, the antistatic behavior can be increased 
and can be utilized as coating in avionics and other electronic areas [78]. 
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Figure 7.6  Effect of MLG loading on (a) surface and (b) volume resistivity [75].
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Farukh and Dhawan discovered that poly3,4-ethylene dioxythiophene 
(PEDOT) grafted MWCNT decorated PU (PUPCNT) nanocomposite 
foam can be treated as an excellent antistatic material for commercial 
application. EMI SE measured by Ku-band was found to be 8–10 dB and 
SDT was between 0.17 and 0.75 s with decease in current from 5000 to 
500 V. Both antistatic and EMI shielding behavior made them effectual for 
antistatic coating and packaging [79]. Amino acid functionalized graphene 
as reduced graphene oxide (GO) functionalized with phenylalanine and 
histidine (Phe-RGO and His-RGO) grafted PVA (PVA/Phe-RGO and 
PVA/His-RGO) nanocomposites can also be utilized as antistatic coatings. 
They have electrical conductivity ranging between 10–5 and 10–6 Scm−1 and 
percolation threshold of about 0.02 wt.%. Along with these, their promis-
ing thermal conductivity and mechanical property make them sufficient 
for antistatic application [80]. Verma et al. examined the antistatic, ESD, 
and EMI shielding applications of PU/Gr nanocomposites. They observed 
that with 5.5 wt.% of Gr loading, the EMI SE was nearly equal to 21 dB with 
0.44 % percolation threshold. With 1.6 % of Gr loading, the SDT of the PU/
Gr nanocomposite was found to be 0.49 s. From all the above data, they 
resolved that these nanocomposites could be utilized for antistatic packag-
ing as well as prominent EMI shielding and ESD material [81]. Mirmohseni 
et al. demonstrated the antistatic and antibacterial behavior of copper/
reduced single layer GO grafted waterborne PU (WPU/Cu/rSLGO) nano-
composite coatings. Surface resistivity of the coating reached up to 4.8×109 
Ωsq–1 with addition of 3 wt.% of Cu/rSLG hybrid nanofiller hence, can be 
utilized for antistatic packaging along with good mechanical, thermal, and 
antibacterial properties [82]. The EMI SE of PUPCNT by taking different 
samples of PU and PEDOT were described by Farukh et al. [83]. We know 
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both GNPs and MWCNTs have poor dispersion property, which leads to 
need of high amount GNPs and MWCNTs nanofillers to increase electri-
cal conductivity of nanocomposites. However, when both nanofillers are 
taken simultaneously to prepare HDPE nanocomposite then a synergic 
effect is observed and conductivity is ideal with lower content of GNPs 
and MWCNTs. The HDPE/GNPs/MWCNTs nanocomposite has effective 
mechanical behavior, electrical and thermal conductivities. The concen-
tration of GNPs/MWCNTs affects both surface and volume resistivity of 
HDPE/GNPs/MWCNTs nanocomposite as shown in Figure 7.8. It is evi-
denced that with 0.5 wt.% of MWCNTs and 1 wt.% of GNPs loading into 
HDPE matrix can be sufficient for antistatic application [84].

Wang et al. prepared RGO-coated functionalized silica hybrid nano-
filler (f-SiO2@RGO) and blended with antimony doped tin oxide (ATO) 
coated over waterborne Ep coating to produce Ep/ATO/f-SiO2@RGO 
nanocomposite. The antistatic property of prepared nanocomposite was 
compared with different combination of nanocomposites by comparing 
their surface resistivity. They concluded that the prepared nanocom-
posite coating has ideal antistatic and anticorrosive properties [85]. Lou 
et al. prepared CNFs/mica hybrid to manifest their antistatic behavior. 
Influence of various factors on the surface resistivity of the hybrid was 
demonstrated briefly [86]. A dodecylbenzenesulfonate (DBSA) doped 
PANI/organoclay-polyethylene-co-propylene-co-ethylidene-norbornene 
(EPDM) nanocomposite was prepared by Oviedo et al. and examined 
their antistatic behavior as a function of electrical conductivity [87]. 
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Mirmohseni et al. prepared a PANI/cationic RGO (P-RGO+) dispersed in 
WPU coating. The effect of the P-RGO+ on antistatic, anticorrosive, and 
antibacterial behavior of WPU coating were investigated. It was evidenced 
from Figure 7.9 that the PANI nanofiber and RGO+ nanosheet separately 
could not diminish the surface resistivity within the optimum antistatic 
range but with addition of little amount (2 wt.%) of P-RGO+, the surface 
resistivity significantly fell to 9.8×106 Ωsq–1, which can be within opti-
mum range for antistatic coating [88].

PTSA doped polyaniline-co-1-amino-2-naphthol-4-sulphonic acid 
copolymer blended with low density polyethylene (PANSA/LDPE) con-
ducting nanocomposite film was examined by Bhandari et al., which can be 
used as antistatic material with ideal ESD behavior [89]. Copper modified 
ZnO nanoparticles-PANI nanohybrid (PANI/CuZnO) nanocomposites 
were prepared by Mirmohseni et al. and their effect on antistatic and anti-
bacterial behavior of PU coating were investigated. With about 2 wt.% of 
nanocomposites loading, the surface resistivity of PU coating reached up to 
8×108 Ωsq–1, which satisfies the optimum range for antistatic material [90]. 
Investigation of antistatic and dielectric behavior of Al2+:Nd2O3 nanowire 
doped PANI nanocomposite revealed that 15 wt.% Al2+:Nd2O3 filled PANI 
nanocomposites exhibit SDT of 2 s and both direct and alternate current 
conductivity of 0.456 and 1.53 Scm–1, respectively [91]. Wang et al. prepared 
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antistatic PANI encapsulated GNP hybrid grafted HDPE (HDPE/GNP@
PANI) nanocomposites. Antistatic behavior in terms of surface and volume 
resistivity of the prepared nanocomposites with different content of GNP@
PANI hybrids were recorded in Table 7.4. It was concluded that the pure 
HDPE had highest both surface and volume resistivity and with increase 
in GNP@PANI hybrid loading, the surface and volume resistivity linearly 
decreased. Referring to the antistatic standard, 10 wt.% GNP@PANI filled 
HDPE nanocomposite was found to be ideal to use as an antistatic mate-
rial with improved mechanical properties [92]. Hybrid polymeric compos-
ite materials (HPCM) containing modified CNT and glass fiber (HPCM/
CNT/GF) nanocomposite coatings have significant resistance to lightning 
strike and antistatic properties [93]. Nguyen et al. demonstrated the electri-
cal and mechanical behavior of PANI/SiO2 loaded Ep nanocomposite coat-
ing. PANI/SiO2 hybrid with 17.2 wt.% of SiO2 containing Ep nanocomposite 
coating had improved mechanical and electrical properties that made them 
ideal to be used as antistatic coating material. They have effective surface 
and volume resistivity of 1.3 × 1011 Ωsq–1 and 6.6 × 1010 Ωcm, respectively 
that comes in the range of antistatic material [94].

Mirmohseni et al. demonstrated the preparation of antistatic water-
borne acrylic-PANI (AcPA) nanocomposite coating. The antistatic behav-
ior of AcPA nanocomposite films were compared with pure acrylic films 
by scraping the films followed by placing in PS sphere foams, which is 
presented in Figure 7.10. It is evident that no sphere was absorbed to the 
AcPA film surface; however, acrylic film surface absorbed some spheres. 
From this experiment, they concluded that the AcPA nanocomposite 
could be used as antistatic coating [95]. Mirmohseni et al. inspected the 
antistatic and antibacterial behavior of copper@zinc oxide (Cu@ZnO) 
loaded PANI (P-Cu@ZnO) nanohybrid. When these nanohybrid were 

Table 7.4  Variation of both surface and volume resistivity of HDPE 
nanocomposites with GNP@PANI hybrid loading [92].

GNP@PANI (wt.%) Surface resistivity (Ωsq–1) Volume resistivity (Ωcm)

0 2.82×1016 6.61×1016

5 1.12×1015 3.89×1015

10 6.46×1011 4.17×1012

15 1.74×109 4.79×1010

20 2.88×106 2.09×107
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added to WPU coating then there will be an outstanding increase in elec-
trical and mechanical performance of the coating. The antistatic behav-
ior of the WPU-based coatings were assessed as a function of surface 
resistance with different nanohybrid content. With 2 wt.% of P-Cu@ZnO 
loaded WPU shows surface resistance of about 1.2 × 108 Ωsq–1, which sat-
isfies the optimum antistatic range, which can be used as antistatic coating 
material [96].

GNP-coated PANI (GNP@PANI) and ethylene vinyl acetate (EVA) 
copolymer-HDPE were mixed by solution mixing followed by melt 
blending method to produce highly effective antistatic (GNP@PANI-
EVA-HDPE) nanocomposites. The GNPs were well dispersed within the 
EVA-HDPE matrix, which provide good mechanical properties. Linear 
decrease in both surface and volume resistivity of GNP@PANI-EVA-
HDPE nanocomposite with increase in wt.% of GNP@PANI loading is 
displayed in Figure 7.11. From calculated data, it was confirmed that with 
5 wt.% of GNP@PANI loading, the surface resistivity of prepared nano-
composite became 3.8326×1010 Ωsq–1, which meet the antistatic material 
range. The antistatic nanocomposite had an excellent mechanical prop-
erty [97]. 

Tian et al. prepared polyethersulfone/MWCNT (PES/MWCNT) nano-
composites and found that with a load of 4 wt.%, both surface and volume 
resistivity of the prepared nanocomposite fall up to 106 Ωm–1 and 2.68× 
103 Ωm–1, respectively and tensile strength of 112 MPa. This data met up 
to the antistatic range hence, can be used as an excellent antistatic coating 
at high temperature condition [98]. Raimondo et al. prepared polyhedral 

(a) (b)

Figure 7.10  Antistatic test of (a) neat acrylic film and (b) AcPA nanocomposite film [95].
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oligomeric silsesquioxane/Gr hybrid nanofiller-based ER (ER/POSS/Gr) 
nanocomposite that can be utilized for LSP in aerospace field. The pre-
pared nanocomposite had excellent electrical conductivity in addition to 
good mechanical, thermal, and fire resistant properties [99].

The lightning strike damage to CFRPs can be reduced by loading RGO 
onto its surface. The electrical conductivity of CFRP/RGO nanocompos-
ite was about 440 Scm–1, which is much higher than the pristine CFRP of 
16 Scm–1. After simulated lightning strike, the residual strength of CFRP/
RGO nanocomposite was about 23%, which was also more than pristine 
CFRP of about 66%. Therefore, RGO filler can increase the LSP response. 
After simulated lightning strike, the top view of pristine RGO and 0.05 
g RGO filled CFRP nanocomposite are displayed in Figure 7.12. From 
Figures 7.12(a) and (c), a remarkable damage to the pristine CFRP surface 
like resin scratching and fiber breaking are observed due to low conduc-
tivity capacity. However, no notable damage to 0.05 g RGO filled CFRP 
nanocomposite sample was observed as shown in Figures 7.12(b) and (d). 
In CFRP surface, the current flows in one direction hence, CF heave along 
fiber direction but in 0.05 g RGO filled CFRP surface, no such effect are 
visible due to symmetrical spreading of current along all directions. The 
central damage areas of neat CFRP and 0.05 g RGO filled CFRP nanocom-
posite sample are 751 and 211 mm2, respectively. From all above experi-
mental data, it was clear that the prepared CFRP/RGO nanocomposite can 
be a better antistatic coating for aircraft structures than pure CFRP [100].

Zhan et al. inspected the dependency of gas barrier and surface resis-
tivity of PVA/RGO multilayer coating on filler loading. The prepared 
multilayer nanocomposite shown very low surface resistivity along with 
improved mechanical properties that made them a promising material 
for SCD and can be used as antistatic coating for electronic devices [101]. 
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resistivity of GNP@PANI-EVA-HDPE nanocomposite [97].
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Du  et al. investigated the antibacterial and antistatic behavior of poly-
propylene/M-T-ZnOw@Ag (PP/M-T-ZnOw@Ag) nanocomposite [102]. 
Braga et al. demonstrated polytrimethylene terephthalate (PTT)/maleic 
anhydride grafted PTT/CNT (PTT/PTT-g-MA/CNT) nanocomposite 
could be utilized for antistatic packaging purpose [103]. Wu et al. prepared 
fluorinated SnO2 filled ER (ER/F-SnO2) nanocomposite. The antistatic 
property of the ER/F-SnO2 nanocomposite was examined by comparing 
the surface charge dissipation time (SCDT) and surface conductivity of 
ER/SnO2 with ER/F-SnO2 nanocomposite versus filler content, which are 
shown in Figure 7.13. From Figure 7.13(a), it was clear that the SCDT of 
uncoated pure ER sample is 5%, which reached up to 44% for 0.4 wt.% 
SnO2 loading; however, SCDT for 0.1 wt.% F-SnO2 loading is 35% that can 
be reached up to 66% at 0.8 wt.% F-SnO2 loading. It is clear that the sur-
face charge dissipation rate increases with coating and fluorination. From 
Figure 7.13(b), it was clear that the surface conductivity of pure ER, ER/
SnO2, and ER/F-SnO2 nanocomposites were 3.48×10–14, 1.18×10–13, and 
4.01× 10-12 S, respectively. From all the experimental data, they elucidated 
that the ER/F-SnO2 nanocomposite can be act as a better antistatic agent 
[104]. Wang et al. examined the antistatic nature of p-phenylene diamine 
functionalized MWCNT-coated polyether imide (PEI/MWCNT@PPD) 
nanocomposite. Excellent mechanical properties due to proper dispersion 
of MWCNT@PPD within PEI matrix along with electrical conductivity of 
6.4×10–8 Scm–1, percolation threshold of 1 wt.%, and thermal conductivity 
of 0.43 Wm–1K–1 made them effectual for antistatic material in electronics 
[105]. Chang et al. prepared zirconia nanoparticle filled polydipentaethritol 

(a)

current �owing along x direction

(b)

(c) (d)
current dissipating

Figure 7.12  Photograph of surface damage of (a, c) pure CFRP and (b, d) 0.05 g RGO 
filled CFRP nanocomposite observed using (a, b) digital camera and (c, d) C-scope 
inspection [100].
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hexaacrylate (PDPHA/ZrO2 NPs) nanocomposite, which shown surface 
resistivity of 7.74×108 Ωsq–1 with 10 wt.% ZrO2 NPs loading that can be 
used as antistatic material [106]. Braga et al. prepared PTT/PTT-g-MA/
acrylonitrile butadiene styrene (ABS)/MWCNT (PTT/PTT-g-MA/ABS/
MWCNT) nanocomposites and their antistatic behavior with fictional-
ized  MWCNT (f-MWCNT) was demonstrated. The PTT/PTT-g-MA/
ABS/f-MWCNT nanocomposite shown decrease in electrical resistiv-
ity of 5 times than PTT/PTT-g-MA/ABS/MWCNT with only 1 wt.% of 
f-MWCNT loading, which can be used as a better antistatic agent [107].

Fletcher et al. revealed that the MWCNT loaded fluorocarbon elasto-
mer (FKM) nanocomposite foam could have both ESD and EMI shield-
ing applications [108]. Jaseem et al. verified that PLA/CB nanocomposites 
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could be used for antistatic packaging purpose [109]. Mirmohseni et al. 
demonstrated the effect of PANI/Cu/TiO2 nanocomposite on antistatic 
behavior of PU coating [110]. Pande et al. evidenced the ESD and EMI 
shielding application of MWCNT-based plycarbonate (PC/MWCNT) 
nanocomposite. PC/f-MWCNT nanocomposite show a static charge decay 
time of 1 and 6 s with 2 and 5 wt.% f-MWCNT loading, which can be used 
as ideal ESD material along with good EMI SE [111]. Modified indium 
titanium oxide-based Ep (Ep/m-ITO) nanocomposite can be employed for 
antistatic coating purpose. It was evidenced that 1 wt.% m-ITO is enough 
for the antistatic behavior of Ep/m-ITO nanocomposite [112]. Wang et al. 
showed the antistatic behavior of PET/PANI-coated MWCNTs nanocom-
posite with only 1 wt.% of PANI-c-MWCNTs loading [113].

Poosala et al. prepared PC/GNP/MWCNT nanocomposite to examine 
their ESD behavior. It was evidenced that with a load of 0.5 wt.% MWCNT 
and 0–2 parts per hundreds (pph) GNP, the PC/GNP/MWCNT nano-
composites were sufficient to show enhanced ESD application [114]. Yoon 
and Jung elucidated that the enhanced mechanical and electrical behavior 
of PC grafted functionalized GNPs help to show ESD and EMI SE [115]. 
Ghosh et al. demonstrated the ability of octadecylamine capped Cu/RGO 
nanohybrid filled interpenetrating network (IPN)-based nanocomposite to 
be utilized for antistatic and antibacterial applications [116]. Ag decorated 
MWCNTs incorporated PEI nanocomposites have optimum electrical and 
mechanical behavior to be used as antistatic material [117]. According to 
Lee et al., the MWCNT/FKM composites can be effectively used as anti-
static polymer for automotive fuel systems. The added MWCNTs sym-
metrically get dispersed in the FKM matrix and produce a continuous 
conductive path for charge dissipation [118]. RGO/AgNWs nanohybrid 
grafted Ep nanocomposite with about 0.6 wt.% RGO/AgNWs loading can 
be effectively used for antistatic application [119]. Ag nanoparticles func-
tionalized MWCNTs decorated PPy-coated Ep nanocomposite have also 
probable application in the field of antistatic material [120]. 

Kawakami and Feraboli tested the damage resistance of scarf repaired 
and mesh protected CF composites from lightning strike [121]. Wu et al. 
prepared short carbon fibre (SCF)-reinforced Ep/CNT nanocomposites for 
LSP applications [122]. Gagné and Therriault briefly explained the wide 
range of composites structures for LSP [123]. 

Moreover, in addition to LSP and antistatic application in aerospace 
now a day’s scientists look after to use the static charge produced to be 
stored and utilized. Recently, Chan et al. prepared a sandwich dielectric 
capacitor coating structure to harvest static electricity in aerospace sys-
tem. Composite of structural dielectric capacitor (SDC) was constructed 
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by grafting GO between two CFRP layers. This main principle of such an 
invention was, instead of using other instrument for static charge dissipa-
tion the SDC composite layer can be treated as an energy storage device 
for supplying electricity to other electronic devices. Figure 7.14(a) shows 
the conventional flow of electrostatic charge on aircraft body and conver-
sion of CFRP laminate into GO-based SCD is shown in Figure 7.14(b). 
Implementation of GO-based SCD nanocomposites for navigation light-
ing was examined by using DC power supply and neon lamp. From all 
the experiments, they concluded that the GO-based SCD nanocomposites 
had a moderate charge storage capacity, which can be freely used to har-
vest static electricity in aircraft and can be utilized for powering electronic 
devices and navigation light. Polyallylamine (PAA) modified GO-based 
SDC nanocomposites were also comprised for same purpose but they may 
need some improvements in mechanical properties to be used in aerospace 
system [124].

7.4	 Conclusions

This chapter emphasizes the utilization of conducting polymer composites 
and nanocomposites for antistatic application in aerospace. Various con-
ducting polymer composites and nanocomposites are discussed regarding 
possible replacement of the metal components in aeronautics structures 
and avionic segments. Most common method for developing conducting 
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Figure 7.14  Schematic Representation of (a) flow of electrostatic charge on aircraft 
surface and (b) conversion of CFRP laminate composites into GO-based SCD [124].



Polymer Composites for Antistatic Application  179

polymer composites and nanocomposites is carried out by incorporation 
of conducting nanofillers into the polymer matrices. The synergistic effect 
resulted from the outstanding mechanical properties of the polymer matri-
ces and excellent electrical behavior of the nanofillers makes them suitable 
for antistatic application in aerospace. 
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Abstract
Shape memory materials respond to an external stimulus (e.g., heat, electricity, 
light, magnetism, moisture and even a change in pH value) by changing their shape 
in different forms. When an external stimulus is applied to shape-memory poly-
mers (SMPs), substantial macroscopic deformation occurs. Stimulus-responsive 
shape memory materials (SMMs) have the ability to regain their original shapes 
even under drastic conditions. Shape memory polymer composites (SMPCs), 
which are a subset of SMMs, have the ability to remember their original shape and 
size and can regain it after the external stimuli are removed. SMPCs can be trig-
gered by many forms of stimuli which include electricity. Our interest is mainly on 
the Electrically triggered SMPCs and their applications in Aerospace. The dielec-
tric elastomer actuators, solar array, deployable panel, reflector antenna, and mor-
phing wing are all described in depth in terms of SMPC architectures. SMPCs 
are predicted to have a wide range of uses in aerospace because of the variables of 
weight, recovery force, and shock impact.
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8.1	 Introduction

SMPs can regain their original shape when they cease to respond to the 
deforming stimuli [1–6]. Their deformation can be triggered by several 
extrinsic stimuli, for example, light, heat, electric and magnetic fields, and 
solutions [7–10]. Of all the SMMs developed, SMAs and SMPs have earned 
much interest in different studies and applications [11–13]. SMAs are clas-
sified based on which type of stimulus they respond to; thermal SMAs 
respond only to heat, while magnetic SMAs respond to static or varying 
magnetic fields [14–16]. Thermal responsive SMP developed with specific 
thermomechanical programming exhibits two-way to multiple ways SMEs 
[17–19]. But they possess a complex molecular design and note readily 
accessible, and also their response to external stimuli is based on the seg-
ments of the polymer constituting it, thus making it limited. Owing to this 
drawback, research in this field is being carried out so as to devise new 
means to produce better composites without a specific stimulus response 
[20–23].

The SMPCs, unlike SMAs, are multi-stimuli responsive materials, i.e., 
they can be electrically activated, photo-responsive, magnetically actuated, 
and also solution responsive [9, 19, 24, 25]. Owing to their different special 
characteristics, these materials are being used in various components such 
as self-deployable structures, smart textiles and fabrics, self-healing struc-
tures, biomaterials, automobiles, etc. [26–29].

The ineffectiveness of external heating systems in thermo SMPs is the 
main driving force for the production of new SMPCs, which respond to 
different modes of actuation. This is being achieved by the use of con-
ductive fillers, such as CNTs, CFs, Ni1-xZnx Fe2O4 ferromagnetic particles, 
etc. Hence, EAPs have been developed as a class of smart materials that 
respond to an electric field [23, 30–32]. These include polyurethane-filled 
carbon black and its composites with surface-modified MWCNTs [33–35]. 
The development of these electroactive SMPCs has brought about many 
achievements such as excellent structural versatility, low recovery tempera-
ture, greater elastic deformation, low manufacturing cost, and low weight, 
etc. [11, 36, 37]. The application of these electrically triggered SMPCs in 
the aerospace industry has proven to be more efficient than the traditional 
methods [23, 38, 39].
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8.1.1	 Electroactive Polymer

A polymer is a material made up of monomers linked together to form a 
long chain [40]. Polymers and their composites have become high demand 
materials of our time in many sectors owing to their numerous improved 
characteristics. Further research in this field has also given birth to many 
polymer-based innovations which are capable of standalone reactions to 
dynamic ecological advances by invoking their preset sensing and reaction 
capabilities.

The integration of polymers with nanosized particles has led to the 
evolution of exceptionally improved mechanical and physical properties 
that are far better than the traditional polymers. Polymer nanocomposites 
are made of two materials, i.e., a polymer and a nanofiller. The ratio of 
the two is not specific; however, for one to successfully produce a poly-
mer composite, the two species must be combined together. Nanofillers 
are nanomaterials and just like any other nanomaterial can be found in 
three main categories, i.e., 1D, 2D and 3D. 1D nanofillers have at least one 
component measurement falling under the nanoscale, whereas 2D has two 
measurements and 3D has all three measurements falling with in the nano-
size. Examples of these nanofillers include metal particles, semiconduc-
tors, nanocylinders, and nanomud. Among nanofillers, one dimensional 
nanofillers have high mechanical quality, high compound obstruction, and 
they are less expensive.

Advancement in research and technology in polymer composites has 
seen the evolution of a new class called Electroactive polymers (EAPs). 
EAPs are flexible materials that undergo shape deformation in response 
to the applied electric field [41–43]. They can be used as actuators and 
sensors owing to their electromechanical properties. EAPs provide real 
time responses and are easy to control which makes their use to be desired 
over a big range of delicate applications. EAPs are governed by a number 
of physical principles, which makes their performance outstanding and 
diverse to many fields. EAPs are sometimes called artificial muscles since 
they closely mimic biological muscles better than any other artificial 
actuators [44–46]. They have a high-speed electromechanical response 
and tend to have a large strain when exposed to and electrical stimuli, 
which makes them the best candidates for biomimetic artificial mus-
cles as they are always addressed. In contrast with common activation 
frameworks that are dependent on shape memory amalgams, solenoids, 
engines, and piezoelectric earthenware production, EAP-dependent 
actuators are simple to process, light, cheap, adaptable, and can be fixed 
to a geometric and convoluted structures. EAPs also have characteristics, 
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such as compactness, quick response time, good control over the system 
in which they are incorporated, good adaptability, low power consump-
tion and comparatively low production costs all due to their ability of 
electroactive conductance.

These polymers can be subdivided into two major groups (Table 8.1) 
based on their mode of activation, i.e., Table 8.1.

8.1.1.1	 Electronic EAPs

Electronic EAPs are class of dry EAPs whose response is triggered by 
coulomb forces induced in presence of an electric field. Polar changes 
are induced on them as they undergo strain deformation under an elec-
tric displacement. This strain is directly related to the square of the elec-
tric displacement for ferroelectric and electro strictive EAP and is linear 
to the electric displacement for piezo electric EAPs. After polarization, 
the induced chargers are transferred electronically throughout the whole 
material, and in case of a DC voltage, these EAPs tend to act as insula-
tors. Examples of EAPs include carbon nanotubes, dielectric elastomers, 
polymer liquid-crystal elastomers etc. However, of all these, dielectric 
elastomers are the most compelling owing to their numerous advantages 
ranging from their strain incitation, high vitality thickness, fast reaction 
time to high proficiency and hence are the mostly desired and used class 
of Electronic EAPs.

Table 8.1  Classification of EAPs.

EAP type

Additional 
actuator 
types

Actuation 
mechanism

Activation 
voltage (V)

Response  
time Example

Electronic 
polymer

Dielectric Electrostatic field 
force

>4000 Fast Polyurethane, 
silicon 
elastomer

Ferroelectric Piezoelectricity >1000 Fast Polyvinylidene 
fluoride 

Ionic 
polymer

IPMC Electrode-ion 
transportation

<3 Slow Flemion, 
Naflon

Conductive 
polymer

Electrochemical 
process

1-5 Slow Polyaniline, 
Polypyrolle

IP gels Ion-diffusion via 
polymer gel

<1 Slow Polyvinyl 
alcohol
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8.1.1.2	 Dielectric Elastomer Actuators (DEAs)

Dielectric polymers are soft materials, which undergo compression when 
exposed to coulomb forces in an electric field. The relation between their 
strain and polarization is not as perfect as that of ferroelectrics and electro 
strictive EAPs. DEAs are the best option for constructing artificial muscles, 
which are way stronger than biological muscles because of their various 
mechanical and physical capabilities. In addition, fiber actuators based on 
the DEA technology pose a better proficiency when it comes to improving 
adaptability, self-sufficiency and the mechanical weight of controller and 
Intelligent systems and robotic structures.

DEAs are capacitors in nature [47–49]. When a voltage is supplied, 
stress is generated in the dielectric, causing it to compress. This is because 
the electrodes on the DEAs attract the opposite charges and repel the like 
charges across the dielectric.

The actuation of the DEA is due to the electric field produced by the 
voltage. Hence using thinner elastomers sheets or increasing the dielectric 
constant can reduce the voltage supply by maintaining the electric field 
being produced [51, 52].

8.1.1.3	 Piezoelectric Polymer

These are materials that respond to a physical stimulus by producing an 
equivalent electrical charge. The electrical energy is generated when charge 
displacement occurs within the material’s structure, hence no external 
electricity is required for their functioning (Figure 8.1). These polymers 
are the easiest to manufacture, they are flexible and have a range of physical 
characteristics, which makes them suitable for a wide range of applications 
such as aerospace, bone regeneration, and industrial application.

Elastic dielectric film

Compliant electrodes 

Direction of actuation

b
b

V

Figure 8.1  Dielectric elastomer actuator [50]. Reprint with permission. copyright 2014 @ 
IOP publishing.
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8.1.1.4	 Ferroelectric EAPs

These are crystalline in nature and their electric polarization is irreversible. 
They are closely related to piezoelectric materials and are used in electro-
mechanical actuators and acoustic transducers.

On an overall comparison, electronic EAPs display a wide range of 
properties over their Ionic counterparts. These include and are not limited 
to fast reaction time, durability, reliability, productivity, high mechanical 
energy, low excitation voltage, etc.

8.1.2	 Ionic Polymers

Displacement of ions inside the polymer structure triggers the actuation 
of Ionic EAPs [53–56]. Ionic EAPs require less voltage for their actuation 
thou they produce high energy due to the small spacing between their 
ions and electric charges [54, 57]. Internal stress distribution is as a result 
of diffusion or migration of ions in presence of an electric field. This 
induces a number of strains leading to contraction, volumetric deforma-
tion and bending. Today, some polymers have been discovered to exhibit 
both electronic and ionic electro activities. Ironic EAPs are apparently 
new and their utilization has not yet been of much effect since most of 
their capabilities can be found in electro strictive and piezoelectric mate-
rials. The drawbacks associated with this class of EAPs are mainly low 
electromechanical coupling especially under DC voltage and the need to 
maintain wetness. 

They include polymer gels (PGs), conjugated polymers and ionic 
polymer–metal composites (IPMCs).

8.1.2.1	 Carbon Nanotube (CNT) Actuators

Individual CNT actuators have high tensile strength and modulus [58, 59]. 
Today, the technology used to manufacture CNTs restricts their assembly 
to sheets which lower their performance. In the presence of an electric 
field, all the charges injected in the nanotube interact by attracting and 
repelling, unlike dielectric EAPs where only the electrodes are active.

8.1.2.2	 Ionic Polymer Metal Composites

IPMCs are made of a polyelectrolyte membrane layer and electrode layers 
which are either physically coated or chemically plated. When voltage is 
supplied to the IPMC, it bends and gives a highly controllable actuation.
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8.1.2.3	 Carbon Nanotubes

Single-wall carbon nanotubes (SWCNTs) have diameters in a nanometer 
range. Carbon-carbon bonds are tubular in nature, and hence when cou-
pled with CNTs, they create a conductive path for electron flow. The tubes 
swell and grow longitudinally when electrons are injected and retracted 
from the pathway, respectively. This ionic charge balance triggers the actu-
ation of CNTs. CNTs are classified as electromechanical, chemical, and 
electrostatic. 

8.1.2.4	 Ionic Polymer Gels

Ionic polymer gels have fixed cations and anions [8, 60]. Their actuation is 
triggered by their mobility. The gel sits between a cathode and an anode. 
In the case of electrical stimuli, the anode increases in acidity while the 
cathode increases in alkalinity, which causes the gel to bend.

8.2	 Shape-Memory Polymers (SMPs) 

These are materials with the ability to deform to a temporary shape in 
presence of a stimulus and regain their original shape when the normal 
conditions are reinstated [29, 61–63]. Transformation from one shape 
to another in presence of a stimulus has by far been a survival instinct 
known to occur only in plants and animals; however, deep research 
has discovered that the same property is mimicked by a number of 
artificial materials such as amorphous polymers, alloys, semicrystal-
line polymers etc., which exhibit the Shape Memory Effect. The SME 
can be traced in a many polymeric materials; however, the extent of 
this property to be fully utilized is controlled by their structural and 
molecular composition. Shape Memory Effect is basically the materials 
ability to remember its shape. Since the discovery of this property, a 
number of SMPs has been developed to utilize its advantages especially 
in delicate automated applications for example SM cyanate, SM epoxy, 
SM Polyurethane etc. Further research in this field has also led to the 
development of SMPs which have multiple shapes in both the perma-
nent and temporary state and respond to a number of stimuli unlike the 
former that only had one shape in either state. Some of the examples 
of these new developments include a triple shaped material made by 
combining two SMPs each with a two-shape capacity and having dif-
ferent glass temperatures. In this hybrid material, three transitions are 
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involved before reaching the final shape and at each transition step, a 
new temporary shape is formed by the material and finally, the original 
shape is regained at a higher activation temperature. SMPs, just like 
any other smart materials have a number of interesting characteristics 
such as light weight, variable stiffness, biocompatibility. However, their 
main unique dynamic material properties are archived mainly below 
and above the glass and melting transition temperatures, Tg and Tm 
respectively. For example, when the material is under Tg, its elastic and 
is said to be in glass state and when it is above Tg, it is viscous and is 
said to be in rubber state. A viscoelastic behavior is shown as the SMPs 
approach the transition temperature as the transformation from one 
state to another is not completely achieved. A key note take away is that 
during this whole process of storing and releasing the strain deforma-
tion, relaxation time plays a big role as it can facilitate instantaneous or 
sluggish deformation when it is small or large respectively. 

Temperature is one of the most important stimuli which trigger the 
response of SMPs; however, a number of other stimuli such as magnetic 
field, light, electricity, pH can also be responsible for the actuation of SMPs 
provided they are enhanced to detect the desired stimulus. Owing to these 
many capabilities of SMPs, much interest has been taken in this sector and 
a great number of applications in aerospace, bioengineering and flexible 
electronics etc. is being seen today.

8.2.1	 Properties of Shape Memory Polymers

SMPs can have 2, 3, or multiple shapes [64, 65]. SMPs are quantified by 
their strain fixity rate, which is the rate at which the segments switch while 
fixing the mechanical deformation, and strain recovery rate, which is the 
rate at which the material remembers its original shape.

Figure 8.2 shows the thermomechanical recovery cycles of shape mem-
ory polymers and shape memory composites. 

•	 In the first stage, the SMP is given its original shape. 
•	 The SMP is heated above Tg to deform it to a pre-deformed 

shape. 
•	 The deforming constraint is removed by cooling below Tg. 
•	 Recovering the original shape by reheating to high 

temperature.

The polymer properties of SMPCs can be changed above and below 
glass temperature based on the nature of their configuration [67, 68]. 
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For example, the polymer can be viscous above the glass temperature or elas-
tic below the glass temperature and viscoelastic at the transition temperature.

8.2.1.1	 Classification of SMPs by Stimulus Response

The SME in SMPs is triggered by a number of stimuli; however, up to date, 
heat and electricity are most dominantly understood and researched stim-
uli methods. Other methods that trigger the SME in SMPs include and are 
not limited to pH value, radio frequency, water, light, magnetic field etc.

8.2.1.1.1	 Electroresponsive SMPs
Electroactive SMPCs are incorporated with conductive fillers to form a 
matrix that is electro responsive [69]. These materials are regarded to as 
SMP composites since their structure is incorporated with fillers that are 
good conductors in nature; however, their shape memory property is not 
altered. Examples of fillers that are added to the polymer include polypyr-
role, CNTs, Ag nanowires, etc. Their SME is actuated by a response to an 
electric field which is transmitted by these conductive fillers. An exam-
ple of an EASMP is SMPU (Shape Memory Polyurethane) combined with 
multi walled CNTs. Numerous models of EASMPs have been made with 
an acceptable strain-electrical resistivity relationship and are being used 
in many applications such as self-healing SMPs, wearable electronics and 
capacitive sensors.

N=1

1. Loading (T>T1)

2. Cooling (T<T1)

3. UnLoading (T<T1)

4. Heating (T>T1)

N=2
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Figure 8.2  Result of a thermochemical [66]. [Taken from wikipedia.]
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8.2.1.1.2	 Thermalresponsive SMPs
Heat/Thermal induced SMPs were the earliest discovered and much research 
has been done on them since their first discovery [70–72]. Advancements 
in thermal technology have led to further study of these materials’ behavior 
by use of different thermomechanical models and results show that these 
materials have a good shape recovery ratio and a good shape fixity ratio. 
Owing to these conclusions and many more, thermal responsive SMPs 
qualify to be used in a number of packaging and self-deployable structures 
for example morphing wing models, solar arrays etc. 

Despite the relevant capabilities exhibited by these SMPs, they also pos-
sess a number of disadvantages which is why scientist have taken further 
initiatives to discover more possible stimuli to give the same but better 
effect as heat-induce SMPs.

8.2.1.1.3	 Light Responsive SMP
Photo-responsive SMP responds to light so as to change their Tg. This is 
achieved by photo crosslinking and cleaving using one wavelength of light 
and second wavelength light, respectively. 

Light activated SMPs that use photothermal triggers are able to exhibit 
the SME by use of light absorbing particles and molecules for light to heat 
conversion thus attaining the Tg required for them to morph. Whereas for 
the case of photochemical Light activated SMPs, light sensitive molecules 
are utilized for bond creation and cleavage during light irradiation and 
emission for the same reason. The response time of light activated SMPs 
is not as efficient as thermal and electro responsive SMPs especially when 
it comes to heating and cooling significantly thick materials; however, fur-
ther improvements in the polymer structure can be done to give a better 
response time. In addition to these improvements, hybrid materials can 
be made that can have at least two different types of stimulus response 
in order to increase their efficiency. Another technology of light activated 
SMPs that react to a number of wavelengths at a time can also be ideal in 
this situation and actually some models are already in the industry which 
gives hope for future improvements.

These materials can be transited from elastomers to rigid polymers and 
vice versa. Such transitions are seen in cinnamic acid and cinnamyl dene 
acetic acid [73].

8.2.1.1.4	 Water-Induced SMPs
Water responsive SMPs are a new class of SMPs that respond to even a 
small addition of water or solution to their structure. These materials’ SME 
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is turned on by water. The shape memory process of these materials can 
easily be controlled and hence has attracted interest in many advanced 
applications in sensor and biomedical fields [22, 74]. Unlike all the other 
SMP stimuli responses, water is much more available, safer and nontoxic 
compared to radiations from hot bodies etc. Hence further utilization of 
such materials could be more environment friendly and cheaper. Models 
of such materials have been developed from combining electro active poly-
pyrolle and flexible porous polyol-borate network that facilitate osmosis 
between the material and the environment resulting into expansion and 
contraction.

8.2.1.1.5	 pH-Induced Shape-Memory Polymer 
pH-active SMPs undergo a more chemical path in order to unlock their 
SME; however, the basic concept remains the alteration between and alka-
line and acidic medium of the environment. Examples of such materials 
include functionalized CNCs blended with PECU (a long chain compound 
based on the polyurethane structure) which respond to change in pH by 
pyridine moieties. In an alkaline medium, (CNC-C6H4NO2) losses a pro-
ton giving room to hydrogen bonding of the cellulose hydroxyl moieties 
and the pyridine and in an acidic medium, the pyridine gets protonated 
and the bonds are broken. However, this whole process is seen to improve 
when better combinations are made for example, results show that blend-
ing PECU with CNC-CO2H improved the mechanical properties of the 
polymer structure. This same idea is being utilized in manufacture and 
design of numerous biomedical systems.

8.2.1.1.6	 Magnetic Responsive SMP
These materials are made of magnetic fillers such as Fe3O4 and can be 
triggered by an alternating magnetic field [20, 75]. So far, we have dis-
cussed about a number of SMP devices as well as their different stim-
ulus responses and applications. All the discussed SMPs have already 
seen their application in a number of fields such as biomedical systems, 
wearable electronics, actuators etc. and wide research has been carried out 
about them already. 

However, satisfaction has not yet been attained in some fields where 
these materials have been used for example in the medical field where the 
design, manufacture and implementation is still a challenge due to  the 
numerous measures to be taken into consideration since most of these 
devices are to be used in vivo. Some constraints can also be seen in pH 
induced SMPs being used in drug delivery systems which could cease 
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to be effective in case the pH of the targeted site changes thus leading to 
a catastrophe. The same goes for thermal and electro active SMP based 
devices being developed for use in vivo since they pose a number of threats 
such as high temperature which can’t be handled by the human body. 

Having seen all these constraints, we drive back our attention to mag-
netic induced SMPs which could be ideal in solving these many problems. 
This is because their mode of function can be achieved by doping SMPs 
with ferromagnetic particles and exposing the resultant material to an AC 
electromagnetic field ensuring internal thermal regulation by the Curie 
temperature of the magnetic material which makes it paramagnetic thus 
unable to generate heat by hysteresis loss. Therefore, it is ideal to select a 
good ferromagnetic material with a medically accepted Curie’s tempera-
ture limit so as to overcome the possible danger of overheating thus easing 
the feedback monitoring process by the external system. This same tech-
nology may be applied to other fields so as to produce safe devices for both 
medical and other applications.

SMPs can be broadly classified basing on their stimulus response; how-
ever, a further sophisticated classification is attained by splitting them into 
two major groups, i.e., thermoplastic and thermosetting SMPs basing on 
their structural composition and architecture. Thermoplastic SMPs are 
physically crosslinked while thermoset SMPs are chemically crosslinked. 
Up to date, much attention and research has been drawn to thermoplastic 
SMPs and little room has been left for thermoset SMPs. However, studies 
show that the efficiency of thermoplastic diminishes with time and hence 
it is vital to taken a new route and pay more attention to thermosets which 
have proved to be more durable, stiff and have a high transition temp.

8.2.2	 Shape Memory Polymer Composites

SMPCs are formed by macroscopic combination of SMPs and filler mate-
rials creating a superior and better in-function material different from its 
constituent components. 

Despite the fact that raw SMPs are of great importance and are being 
used effectively in many fields, a number of draw backs have been asso-
ciated with these materials. Advanced research in this field has tested and 
concluded that the many drawbacks being seen raw SMPs can be effec-
tively solved by incorporating with some fillers so as to boost their activity 
and also better some of their properties. This formulation has led to birth 
of new SMPs having all characteristics of SMPs but with added features 
and capabilities and are called Shape Memory polymers. This new tech-
nology can also facilitate the production of multi-dimensional structures 
depending on the desired application. 
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8.2.3	 Electroactive Shape Memory Polymers

Electroactive SMPCs are incorporated with conductive fillers to form a 
matrix that is electro responsive [35, 76–78]. Nanofillers are used since 
they cause lesser defects in the polymer structure and interact better with 
the matrix interface [79, 80]. Heating is archived by Joule heating when an 
electric current is passed through the structure [30, 81]. The fillers in the 
matrix form a network that facilitates uniform heat distribution throughout 
the composite hence generating thermal energy [31, 82]. SMPCs are hygro-
scopic in nature which dangerous, especially when conducting electricity; 
hence silicon membranes have been incorporated to inhibit water uptake 
[83]. The fillers used must be highly conductive such as CB, SWCNTs, CFs, 
CNTs, CNFs [84–87]. Unlike thermal active SMPs, electroactive SMPCs 
have high recovery speed and uniform heat distribution of the composite 
structure, which makes them outstanding for many applications techno-
logically. They can be applied in technologies like self-deployable structures 
and sensors [88–90]. More structural advantages, such as the manufacture 
of sandwich structures, can be achieved by further advanced integrations 
such as the cold hibernated elastic memory (CHEM) [91].

8.2.4	 Applications of Electroactive Shape Memory Polymer 
Composites in Aerospace

The use of electroactive SMPCs has increased drastically in the aero-
space sector owing to their numerous advantages mentioned earlier as 
opposed to their traditional counterparts [69, 92]. The space environment 
is extremely harsh, and many important factors must be considered when 
selecting materials to be used in it, such as high vacuum, ultra-high or 
low-temperature cycle effect, ultraviolet (UV) radiation, etc. [93] which 
makes their application more construction-sensitive as these factors can 
decrease the effectiveness of these materials.

8.2.5	 Hybrid Electroactive Morphing Wings

Today, great interest is shown towards wings deformation, such as morph-
ing for micro-air vehicles [94, 95]. Morphing wings automatically adapt the 
shape with various conditions by considering the take-off and cruise stages 
of flight. The plan of a morphing wing is to change its aerodynamic form 
for each flight state to obtain good results, such as flight envelope, flight 
control, flight range. The value and complexity of design, make, and main-
tenance can also be reduced by changing specific mission-tailored aircraft 
designs with a single type of morphing aircraft made of shape-memory 
polymer composites.
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8.2.6	 Paper-Thin CNT

This helps in cooling and hardening of the components without large-sized 
ovens used in industries. The heating can hence be controlled, uniform, 
and be more efficient. With a power source, the polymer is then stimu-
lated to solidify. To avoid wastage of large amounts of energy in joining 
composite materials in aircraft from the autoclave oven, carbon nanotubes 
are used wrapped around, which helps in generating heat quickly when an 
electric current is given to it, which is more efficient.

8.2.7	 SMPC Hinges

In older ages, mechanical hinges together with tape spring hinge [97] was 
used. Today a new type consisting of elastic memory composite (EMC), 
which reduces the number of moving parts, shock effect, and provides 
good control, has been developed. A hinge is basically the driving device 
in deployable structures [96]. In addition to EMC hinges, there is another 
one consisting of an SMPC hinge with carbon fiber composite. This hinge 
has three parts

•	 Two circular curved thin shells in the opposite sense
•	 Two end fixture devices
•	 Two resistor heaters stuck to the surfaces 

8.2.8	 SMPC Booms

The payloads are supported mainly by booms [98, 99]. Compared to the 
older version of booms, the newer version consists of a direct structure and 
the ability to deploy without any mechanical devices (Figure 8.3). It is sub-
divided into foldable truss booms, compliable truss booms, and storable 
tubular extendible member (STEM) booms. One of the main components 
is the longeron, which gives the forward force and which undergoes the 
payloads at the end. 

8.2.9	 Foldable SMPC Truss Booms

It is made up of a semicylindrical section consisting of eighteen pieces of 
laminate tape, which are wrapped in an M shape. A better contact area 
without friction is assumed with a central bracket consisting of six short 
hollow rods, which contain three laminate tapes at 120o and a heater stuck 
to the surface of it.
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8.2.9.1	 Coilable SMPC Truss Booms
It is a direct and advanced structure that is less heavy in some places. The 
longeron can be stored in small places as well as be bent and gives better 
stiffness and power after being sent off.

8.2.9.2	 SMPC STEM Booms
Compared to the traditional STEM boom, the SMPC STEM boom is more 
robust. The boom made from SMPC is a direct structure with a bigger 
cross-section area, less heavy, and bigger packaging strain.

8.2.10	 SMPC Reflector Antennas

The antenna is a device that transfers information from space to us [101–
104]. A tape build from SMPC has been used to build the antenna; its struc-
ture is consisting of thin shell tapes, six tape linkers, six guided ribs, a steel 
supporter, and six resistor heaters. As opposed to its older version, it can be 
fitted into a small space; it is lighter, reduces the strain energy present, and 
can be sent off entirely using heat from electricity. Durable graphite com-
posite membrane, support struts, and EMC are used in the high-frequency 
solid surface deployable reflector made by CTD. The most important ele-
ment here is the EMC stiffener, which gives force for deploying the reflec-
tor, and it is the one that supports the structure. Under high temperatures, 
the EMC stiffener can return to its original shape when heated above the 
transition temperature. To discard the air leaking problems, SMPCs are 
used in inflatable antennas. The SMPC supports the idea of inexpensive 
and high precision for reflection.

Figure 8.3  Shape memory polymers composite booms [13, 100]. Reprint from IJERT an 
open access journal.
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8.2.11	 Expandable Lunar Habitat

Unique habitats are needed to maintain basic life and minimize the destruc-
tion from UV radiation during outer space explorations [105, 106]. Lunar 
habitats are being made using SMPCs, and their structure receives a need for 
self-deployment in high areas. This gives more room inside the spacecraft 
and maximizes the workspace, which can then be sent to space to function.

8.2.12	 Super Wire

Super wires are used in the manufacture of lightweight satellites and air-
craft. Super wire is a continuous wire made from chirality-controlled con-
ductive CNTs and metalized hybrid wires, which have the potential to 
revolutionize power conduction applications by providing a lightweight, 
strong, fatigue-resistant, and corrosion-resistant alternative to copper and 
aluminum conductors. These wires will also enable operation at extreme 
current densities and temperatures, where electromigration and structural 
failure limit the use of currently available materials.
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Abstract
Polymer nanocomposites dielectric have been widely used in energy storage sys-
tem as they have enhanced dielectric performance. The polymer nanocomposites 
have been configured by integrating nanoparticle, which has high permittivity and 
the polymer matrix of high electric breakdown strength (Ed). This integrates the 
merit of both polymer and nanoparticle into the polymer nanocomposite, improv-
ing its dielectric properties at elevated temperature too. Polymer nanocomposite 
has advantages of good mechanical properties, high Ed, good processability, and 
excellent dielectric and capacitive properties at high temperature. This chapter 
represents the current advantages of polymer nanocomposite dielectric at elevated 
temperature in the field of aerospace industry, hybrid electric vehicles (HEVs), 
automotive, packaging industry, etc. Also, the crucial parameters in modeling 
the high-temperature polymer nanocomposites are emphasized along with their 
applications

Keywords:  Polymer nanocomposites, dielectric, nanofiller, high temperature, 
dielectric capacitor

9.1	 Introduction

The energy crises and consumption of fossil fuels worldwide forces us to 
develop more efficient and renewable energy resources, like solar wind, 
tidal, etc. Maximum utilization of these resources is to convert them as 
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electricity and in that context development of efficient and reliable energy 
storage devices like rechargeable batteries, supercapacitors, solar cells, 
fuels cells, dielectric-based capacitor, etc. are necessary. The reliability 
and efficiency of these energy storage devices are usually evaluated by 
two important parameters, i.e., energy density and power density. Among 
these energy storage devices, lithium-ion batteries have gained much 
attention due to their high energy and power density [1]. However, the 
unavoidable environmental pollution and deficiency of lithium resources 
are always the challenging factors. As compared with lithium-ion bat-
teries [2–7] and other rechargeable batteries like magnesium-ion, zinc-
ion batteries, etc, dielectric-based capacitors are more efficient as they 
possess ultrahigh power density due to high charge/discharge speed and 
excellent rate capability [8–11]. Dielectric materials store energy through 
dielectric polarization and depolarization by means of electric field and 
usually are composed of dielectric layer sandwiched between two metal-
lic electrodes, which is shown in Figure 9.1(a) [12, 13]. From the figure, 
it was seen that on applying electric field across such system, the polar-
ization occurs and charges start to accumulate on both electrodes [Figure 
9.1(b)] [13–16]. The energy density of dielectric material is determined 
by electric displacement vector (D⇀), and it is usually evaluated by the 
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Figure 9.1  Schematic representation of Dielectric Capacitor in the absence (a) and in the 
presence (b) of electric field, and the Schematic illustration (c-d) of electric displacement-
electric field (D-E) loop.
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electric displacement vector and electric field loop (D-E), which is given 
by the following relation [16]:

	 D⇀ = P⇀ + ε0E
⇀	 (9.1)

where P⇀ = Polarization vector
ɛo	 = permittivity of vacuum. 

The energy stored density (Us) of dielectric material is usually summa-
tion of discharged energy density (Ue) and loss of energy (Ul) which is 
evaluated by equation [17–21]:

	 ∫=U EdDs
D

0

	 (9.2)

The value of above integral is determined by D-E loops Figure 9.1(c-d) 
[18].

For linear dielectric, Us scales up linearly with its relative permittivity 
(ɛr) and quadratically with electric field E and thus above equation (9.2) 
can be reformed as [12, 17, 18, 22]:

	
= ε εU E1

2s o r d
2 	 (9.3)

The maximum energy stored density is usually evaluated by relative 
permittivity ɛr and dielectric breakdown field strength Ed. The breakdown 
field strength of dielectric is the highest applied electric field that it can 
withstand. Polymer dielectric has usually high breakdown field strength 
but they bear low energy density due to low ɛr [13].

Dielectric material is usually polymer or ceramic. The ceramic dielec-
trics have good dielectric constant ɛr and thermal stability. However, they 
possess low Ed and poor flexibility. As compared to ceramic dielectric 
counter parts, polymer dielectric has been widely used in energy storage 
applications due to their high Ed but they suffer from low-energy density 
[8, 13, 16]. To enhance the energy density, nanocomposite formation strat-
egy has been adopted which leads to high-energy density.

Polymer nanocomposites (PNCs) dielectric are more efficient and 
reliable as introducing the dielectric nanofillers of high ɛr with polymer 
matrix can efficiently increase the Ed due to integration of properties of 
both. PNCs dielectric are stable over broad temperature range [21], possess 
outstanding high voltage capacitive energy and good thermal conductivity. 
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Also, PNCs dielectric are lightweight, mechanically flexible and have excel-
lent dielectric and capacitive properties. Therefore, they are widely used in 
electronics [23, 24], energy storage/conversion devices [24–26], electro-
magnetic shielding [27], aerospace [28], biotechnology [29, 30], automo-
tive [31] and packaging industries [32] as shown in Figure 9.2. 

In this chapter, we describe polymer nanocomposite dielectric along 
with some crucial factor that are essential for working at the high tempera-
ture and also their improvement, potential applications and limitations.

9.1.1	 Polymer Nanocomposite Dielectrics (PNCD)

Polymer nanocomposites (PNCs) are usually made up of nano-sized filler that 
are dispersed into polymer network as shown in Figure 9.3. Incorporation of 
nanoparticles/nanofiller into polymer matrix enhances the properties of sys-
tem like optical, dielectric and mechanical properties of system [33]. Also, 
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Figure 9.2  Applications of polymer nanocomposites (PNCs) dielectric in various field.
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Figure 9.3  Schematic illustration of polymer nanocomposite dielectric.
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polymer nanocomposite possesses intrinsic advantages, such as superior 
flexibility, high Ed, low dielectric loss as well as low cost effective and light-
weight. However, poor thermal stability of polymer restrict their applications 
at elevated temperature [34]. Also, incorporation of nanofillers of high ɛr in 
polymer matrix of low ɛr causes the uneven distribution of local electric field, 
which results in early breakdown of PNC well below Ed. Therefore, choice of 
polymer materials, as well as nanofillers, plays the crucial role in determin-
ing the properties of PNCs as dielectrics materials. 

Also, improving the ɛr and Ed of PNC remains a great challenge in the 
research field.

9.2	 Crucial Factor in Framing the High-Temperature 
Polymer Nanocomposite Dielectric Materials

For designing optimized PNCs possessing high Ed and good thermal sta-
bility (over broad range of temperature), this is important to understand 
microstructure, dynamics, conduction mechanism, and dielectric proper-
ties of polymer nanocomposite dielectric in detail.

9.2.1	 Dielectric Permittivity

It is the ability of substance to hold electric charge whereas the relative per-
mittivity is defined as the ratio of the capacitance filled with the dielectric 
material to the capacitance in the vacuum of same capacitor. This ratio is 
known as dielectric constant (κ) given by [16]:

	
κ = C

Co
	 (9.4)

Also, from equation (9.1), it can be seen that Us is directly proportional 
to ɛr implying that maximum energy stored density of dielectric capacitor 
can be enhanced by using the dielectric material having large ɛr. To enhance 
ɛr of PNC, dielectric nanofillers have been dispersed into host matrix. With 
the addition of the nanofiller into the host matrix, the dielectric permittiv-
ity (ɛr) has increased rapidly. Tu et al. [35] embedded the two-dimensional 
(2D) MXene nanosheets (about 15.0 wt.%) into PVDF polymer matrix 
and found that dielectric constant is increased considerably (~105). This 
enhancement in the dielectric constant is mainly due to the generation of 
microscopic dipole at the surface between the nanosheets and polymer 
matrix under the external applied electric field.
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Yang et al. [36] embedded fluro-polymer@BaTiO3 hybrid nanopar-
ticle (BT-PTFEA) into ferroelectric polymer [polyvinylidene fluoride-
co-hexafluoro propylene; P(VDF)-HFP)]. In this study, they found that 
dielectric constant of P(VDF-HFP)/fluoro-polymer@BT nanocompos-
ite increases with increasing the volume fraction of fluoro-polymer@BT 
nanoparticle. The increase in the dielectric constant is mainly because of 
incorporation BT nanoparticles into polymer matrix, which enhance the 
average electric field.

9.2.2	 Thermal Stability

Thermal stability is prerequisite for realizing the applications of polymer 
nanocomposite dielectric-based capacitor at high temperature. Usually, 
dielectric polymers are susceptible to poor thermal stability. Dielectric 
polymer should have high glass transition temperature (Tg) as well as melt-
ing temperature (Tm). Some of the polymer dielectric with their Tg and 
Tm are listed in Table 9.1 [11, 21, 37, 38]. To obtain large value of Tg and 
Tm, various strategies are adopted like introducing the polar side group 
as they restrict the further rotation of chains and hence secure high Tg 
and Tm, using the crosslinked polymer. Recently, polymer matrix, such as 
poly(ether ketone ketone), polycarbonate, polyimide, and poly(arylene 
ether nitrile) with high Tg have been exploited as high temperature dielec-
tric polymer material [39].

Table 9.1  High temperature polymer dielectric with their Tg and Tm.

Polymer dielectric 

Glass transition 
temperature 
(Tg) in °C

Melting 
temperature 
(Tm) in °C

Poly(ether ether ketone) (PEEK) 150 343

Poly(ether imide) (PEI) 217–247 340-360

Divinyltetramethyldisiloxane-
bis(benzocyclobutene) (BCB)

>350 -

Polyimide (PI) 285–500 331-350

Poly(ether ketone ketone) 
(PEKK)

162 300-360

Poly(phenylene sulfide) PPS 118 280
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Li et al. [39] have reported tertiary nanocomposite consisting of poly (ether 
imide) PEI polymer matrix and two inorganic fillers boron nitride nanosheets 
(BNNSs) and barium titanate nanoparticles (BTNPs). They found that it shows 
excellent cyclability at elevated temperature (~150 °C) under the applied field 
of 200 MVm−1. They found that for optimized polymer nanocomposite that is 
PEI/BTNP/BNNS shows no sign of deterioration in discharge energy density 
over a prolonged cyclability (~50,000 cycle) at RT as well as at 150°C [Figure 
9.4(a-b)]. Whereas neat PEI and biaxially oriented polypropylene (BOPP) 
remain stable at room temperature while at elevated temperature, noticeable 
variations of discharge energy density appeared. Also, polymer nanocompos-
ite shows high dielectric constant and breakdown strength. In another study, Li 
et al. [40] reported the crosslinked c-BCB/BNNS. They thermally cross linked 
divinyltetramethyldisiloxane-bis(benzocyclobutene) (c-BCB) in the presence 
of BNNS. They found that breakdown strength of c-BCB is 262 MVm−1 which 
increases up to 403 MVm−1 for c-BCB/ (10 wt.%) BNNS at 250°C, which is 
enough for energy storage applications [40]. 

I. Dielectric Breakdown Strength
From the equation (9.1), it can be observed that energy stored density 
is a quadratic function of breakdown strength Ed implying that it plays 
an important role in obtaining the high energy density. But one cannot 
ignore the inverse relationship between the Ed and ɛr. It means breakdown 
strength can be increased only by sacrificing the dielectric permittivity. 
The best way to enhance the strength of breakdown of PNC while main-
taining the high ɛr is to reduce the difference between the ɛr of polymer 
matrix and nanofiller.

Ed is influenced by experimental condition such as the electrode geom-
etry and contact, temperature, thickness of sample, humidity, voltage 
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PEI, and the ternary PEI nanocomposite (a) At room temperature and (b) At elevated 
temperatures measured under 200 MV m−1. Reproduced with permission from Reference 
[39]. Copyright 2019 under Creative common CC by License, John Wiley and Sons.
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frequency. Depending on these factors, fundamental breakdown strength 
mechanisms of polymer nanocomposite are roughly classified into three 
mechanisms viz. (a) Free volume breakdown, (b) thermal breakdown and 
(c) electrochemical breakdown. The electrochemical breakdown is com-
monly occurring in mechanically soft polymer dielectric like polyethylene 
and polyisobutylene and is caused by mechanical deformation connected 
with the Maxwell stress under the external electric field. Due to breakdown 
field, there is decrease in the dielectric thickness (from d to d0). In this 
breakdown, the electrostatic compressive force is balanced by the elastic 
restoring force as follows [41–43]:

	

ε ε 



 = 




V
d

d
d2

o r o
2

	 (9.5)

where, εo = The permittivity of vacuum 
εr	= Relative permittivity respectively
Y	= Young’s modulus 
d	 = The original thicknesses of dielectric.
do	= Reduced thicknesses of dielectric.

And the critical field Ed due to the mechanical collapse is given by [43]:

	
=

ε ε




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E Y0.606d
o r

1
2 	 (9.6)

From above equation, it can be seen that Ed can be determined from Y 
and ɛr. For polymer at atmospheric pressure, the elastic modulus decreases 
with increasing temperature beyond Tg and Tm. Thermal breakdown is 
caused by the catastrophic thermal runway as the rate of absorption and 
dissipation of heat is much lower than that of heat transfer to the lattice in 
the external medium. This nonlinear process can be expressed macroscop-
ically as [12, 21]:

	

∂
∂

− =C T
t

div Kgrad T JE( )V 	 (9.7)

where, CV = specific heat per unit volume, T = temperature, K = thermal 
conductivity, J = electrical current density.

Free volume breakdown is caused by acceleration of electron in the free 
volume of polymer and generate free electron-hole pair through collision 
with bound electron, which eventually causes the failure of dielectric [41].
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In polymer nanocomposite, the dielectric breakdown strength is influ-
enced by several factors like size, dispersion and distribution of filler, filler/
matrix interface, thermal conductivity and mechanical strength of interfa-
cial region, dielectric constant [44]. In addition, the aggregation of filler is 
a key factor that enhances electric field immediately when compared with 
single particle. Mechanical strength of interfacial region also affects the 
dielectric breakdown strength. Dou et al. [45] coated the nanocomposite 
BT (barium titanate) with titanite and dispersed it into a matrix of PVDF. 
They found that there is significant enhancement in the Ed for coated BT (7 
vol%) as compared to uncoated BT/PVDF nanocomposite [Figure 9.5(a)]. 
However, Ed start to decrease beyond 7% volume content of BT nanopar-
ticle. This increase in Eb may be due to the crosslinking of titanite with BT 
and PVDF, which result in the narrow interface between BT and PVDF 
phase and hence result in strong potential barrier. In addition, coated BT 
nanoparticle enhance the defects of PVDF, which results in more deeper 
traps and in turn increases the space charge in the composite as shown in 
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Figure 9.5(c) whereas for uncoated BT/PVDF nanocomposite, Ed decreases 
with increasing BT nanoparticle content. This may be due to the concen-
tration gradient occurring across the interface due to the increase number 
of space charge carrier in the host matrix as shown in Figure 9.5(b) [45].

Shen et al. [46] studied the electrostatic breakdown behavior of PVDF-
BaTiO3 polymer nanocomposite and found that Ed depends on the micro-
structure of the nanocomposite. In this study, breakdown evolution of 
two microstructures filled with BaTiO3 nanofiber (NFs) and nanoparticle 
(NPs) is investigated. They found that polymer NF composite exhibited 
higher Ed than the polymer NP composite.

II. Electrical Conductivity and Dielectric Loss
High electrical conductivity of dielectric capacitor based on polymer 
nanocomposite is the main factor required in various technologies 
such as electric conductor, sensor and flexible electromagnetic interfer-
ence shielding materials. The electrical conduction in polymer nano-
composite depends on the temperature and external electric field [47]. 
The conduction mechanism in PNCD, like ionic and ohmic conduc-
tion, Schottky and thermionic-field emission, Poole-Frenkel emission, 
hopping conduction, etc., increase with temperature [21, 48]. There 
is leakage current occurs in PNCD under high electric field and tem-
perature, which leads to undesirable temperature rise with energy loss. 
Poole-Frenkel and Schottky emission are usually occurring at the ele-
vated temperature. In this emission, conduction mechanism is associ-
ated with the bulk-limited conduction while in Schottky emission, it 
belongs to electrode-limited conduction mechanism. In Schottky emis-
sion, charge carrier in electrode gained enough energy from thermal 
activation and get injected into dielectric when the potential barrier is 
overcome at interface of the metal-dielectric. Whereas in Poole-Frenkel 
emission, charge carrier constrained in trapping centre have much 
enough energy that is sufficient to overcome the energy barrier and con-
sequently the injection of charge carrier into conduction band which 
results in electric current. At low electric field, the main phenomenon of 
conduction of dielectric is ionic hopping while at high electric field, the 
injected electrons are responsible for electrical conduction [12]. Thakur 
et al. [49] reported the conduction loss mechanism in semi-crystal-
line poly(tetrafluoroethylene-hexafluoropropylene-vinylidene fluoride) 
(THV) terpolymer by introducing the nanofiller 0.5–1.0 wt.% Al2O3. 
They found that there is change in conduction current in semicrystal-
line polymer TFE/HFP/VDF (THV) with incorporation of Al2O3 nano-
filler (~0.5 vol%). From experimental study and simulation work, they 
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identified hopping conduction mechanism in THV, which reveals that 
low-volume concentration of nanofiller reduces the mobile charge car-
rier and enhances the depth of traps. The reduction in charge carrier 
concentration ultimately causes the change in leakage current of THV at 
high temperature and electric field, which is shown in Figure 9.6. Wang 
et al. [50] reported the high thermal conductivity of PNC by intercalat-
ing the silver particle having the quantum size. They studied the thermal 
conductivity of alumina (AO/epoxy), core/shell alumina/polydopamine 
(AO*/epoxy) and strawberry-like AO*@Ag/epoxy composites with 
different amounts of fillers and quantum-sized silver. They found that 
relatively low thermal conductivity which has value 0.185 Wm−1 K for 
pristine epoxy, whereas for composite, it is increases with increasing 
filler concentration due to higher thermal conductivity of AO.

Another important factor for designing the high temperature polymer 
nanocomposite is dielectric loss. It is usually termed as the rate of loss of 
energy of dielectric materials during polarization and depolarization and 
calculated from dielectric loss tangent. This energy loss deteriorated energy 
storage capability and build up series equivalent resistance (SER) coupled 
with capacitor. In high-current circuit, this SER is unacceptable as it contrib-
utes continuous heating. Therefore, it is of great importance of maintaining 
low dielectric loss while maintaining maximum ɛr of dielectric in capaci-
tor applications [12, 21]. Wu et al. [51] reported the dielectric properties of 
Ba0.5Sr0.5TiO3/P(VDF-CTFE) nanocomposites using the Ba0.5Sr0.5TiO3 as the 
nano-sized filler and [P(VDF-CTFE)] copolymer as the matrix. They synthe-
sized these nanocomposites by combining the bridge-linked action of silane 
coupling agent, a hot pressing and solution casting technique. They found 
that a nanocomposite with concentration of 30 vol.% BST and concentration 
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of 15 wt.% of coupling agent show dielectric loss of 0.25 and dielectric con-
stant of 95. This result reveals that surface modification of filler has efficiently 
increased the energy storage ability of composite.

III. Dielectric Nonlinearity
Depending on the variation of electric field with electric displacement, there 
are generally five types of dielectric materials for energy storage capacitor. 
These are shown in the schematic diagram (Figure 9.7). In the linear dielec-
tric, the electric field vary linearly with electric displacement whereas it is 
independent of the dielectric constant. The linear dielectrics such as calcium 
zirconium oxide (CaZrO3), calcium titanate oxide (CaTiO3) are regarded as 
high temperature linear dielectric. However, linear dielectric suffers from 
low εr at elevated temperature. Thus, to obtain high energy density (Us), εr 
need to improve without sacrificing Ed at elevated temperature [8].

Whereas paraelectric material have dielectric polarization on applica-
tion of electric field and it loses polarization quickly upon the removal of 
electric field.

As compared to linear dielectric, ferroelectric show non-linear dielec-
tric nature demonstrating the dependency of electric field on the dielec-
tric constant. In ferroelectric dielectric, it is decreases with electric field 
[9, 52]. Ferroelectric such as BaTiO3 show high saturated polarization and 
moderate Eb. However, they suffer from low energy density and efficiency 
at elevated temperature due to the hysteresis polarization [53]. Anti-
ferroelectric exhibited high energy density as compared to linear and fer-
roelectric dielectric materials [54]. 
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Anti-ferroelectric materials have ordered array of dipole on which adja-
cent dipoles are aligned antiparallel to each other. They have high polar-
ization at high electric field and high dielectric constant. When electric 
field is applied, all dipoles start to align in the same direction and thus 
transition takes place from anti-ferroelectric to ferroelectric which is rep-
resented by sharp peak in E-K curve when the electric field is switched. 
Because of significant energy storage performance, anti-ferroelectrics like 
niobium sodium oxide (NaNbO3), lead zirconium oxide (PbZrO3) have 
gained much attention [54–57]. However, dielectric capacitor based on 
polymer nanocomposite is the primary goal of this chapter as it include 
the advantage of both ceramic and polymer together.

9.3	 Application of Polymer Nanocomposite Dielectric 
at Elevated Temperature and Their Progress

Dielectric capacitors based on polymer nanocomposite are more 
favourable in terms of energy storage devices as they have high charge/
discharge speed, excessive power density and good cyclic stability as 
compared to other energy storage devices [17, 58, 59]. However, low 
energy density, poor coulombic efficiency and low dielectric breakdown 
strength at elevated temperature limit their applications in energy stor-
age devices and industrial applications. In order to increase the energy 
density of polymer nanocomposite dielectric based dielectric capacitors 
at elevated temperature, several approaches have been adopted such as 
surface functionalization, interfacial design of core shell structure, multi-
layered structure with hierarchical interface, etc. However, proper choice 
of nanofiller can significantly enhance the energy density. For instance, 
embedding the h-BN into polymer matrix has significantly reduced the 
electrical conduction and eventually leads to high energy density at high 
temperature [40]. Apart from this, at elevated temperature, obtaining 
high energy density with high efficiency of charge-discharge under high 
electric field is of great challenge. Fortunately, multi-layered structure 
that is sandwiching the structure polymer nanocomposite has resolved 
this problem. This approach not only increases the energy density but 
also increases the dielectric breakdown strength at elevated temperature. 
For instance, for sandwich structured h-BN/PC/h-BN nanocomposite 
at elevated temperature (~100°C), high energy density ~5.52 J cm−3 and 
good charge-discharge efficiency ~87.25% is obtained under high elec-
tric field ~500 MV/m [60]. Also, for obtaining high energy density with 
high dielectric permittivity at elevated temperature, significant work has 
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been done on polymer nanocomposite dielectric. For instance, intro-
ducing Al2O3 (1.5 vol%) nanoparticles in c-BCB matrix has significantly 
increased the Ed from 284 MV/m to 334 MV/m under extreme electric 
field and temperature [61]. To illustrate the current progress in polymer 
nanocomposite dielectric at high temperature, this chapter summarize 
the recent improvements in energy density and charge-discharge effi-
ciency at elevated temperature and high electric field in Table 9.2.

9.4	 Conclusion

Among the various energy storage applications, dielectric capacitors 
have achieved widespread success due to their high energy density and 
fast charge-discharge speed. The application of dielectric capacitor is 
limited by their low-energy density and poor coulombic efficiency at 
high temperature. To overcome this problem, incorporation of nano-
filler into polymer matrix has achieved great success. The polymer nano-
composite dielectrics are promising candidates in achieving the high 
dielectric breakdown strength and improved energy density even at ele-
vated temperature. Due to superior properties, polymer nanocomposite 
dielectric has been widely used in electronics, aerospace, biotechnology, 
automotive industry, etc. In addition, to achieve the practical applica-
tion of polymer nanocomposite dielectric at extreme conductions, such 
as under high electric field and high temperature, exploration of polymer 
nanocomposite is also crucial.
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Abstract
Materials with self-healing nature are developed to function in two different ways: 
one with self-healing agents loaded in microcapsules and the other with healing 
agents continuously supplied through pipelines. Yet, it was proven that the mechan-
ical stimulus for inducing the damage repair was highly efficient when compared 
with other methods. Due to a wider practical applicability, such self-healing mate-
rials were considered to be highly performing and adaptable for different applica-
tions in many practical areas. Fabrication of self-healing conductive materials is 
having a huge importance due to the ability of those materials to induce damage 
control in a complete autonomic manner. Closing the circuit connection of dam-
age for making the system to perform better was the main objective of developing 
a self-healing material in spite of the developing complications and complexities. 
This chapter explains comprehensively with the self-healing materials along with 
their significance, manufacturing methods, properties and applications.

Keywords:  Self-healing composite materials, manufacturing methods, 
properties, applications

10.1	 Introduction

Damages like initiation and propagation of micro-sized cracks develop 
mostly at the interfacial regions of fiber and matrix in the fiber reinforced 
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composite materials, which reduces the strength and other prominent prop-
erties of the composites. In common practices, such damaged structures are 
repaired by means of bolted joints and bonding of layers. This could be done 
after the structure dismantling, collection of repair materials and revamp-
ing them. On the other hand, when the damaged structure is repaired with-
out the aid of external healing agents or mechanisms, then it is termed as 
autonomic or self-healing. Self-healing materials have been taken into main 
consideration of majority of the researchers lately, which renders better 
durability and improved material strengths of the materials. These materials 
can heal the damaged parts instantly and autonomically by mimicking the 
self-healing process in bioorganisms and this class of materials are presently 
under development for various applications. For widespread applications 
and economy in materials wastage, self-healing materials are in the central 
focus during the last years along with novel ideas to enhance the currently 
used ones [1, 2]. Self-healing and self-repairing ability of damages are highly 
warranted by various electronic applications including flexible electronics 
and other materials. An interfacial bridging mechanism is instigated due to 
the availability of encapsulated healing agents and dynamic bond establish-
ing materials in the materials comprising of self-healing polymeric materials 
when the fractured boundary comes into contact with them [3, 4]. 

Nature possesses such complex healing systems where photosynthesis 
and the healing process in living organisms are few classical instances for 
such systems. Human beings are considered to be the fledgeling form of 
species who are continuously evolving in terms of scientific knowledge over 
the last two centuries. Though humans have considered nature as a material 
rather than a motivation, recent times have proved that humans started to 
adopt nature as their inducing factor and begun to imitate the healing mech-
anisms through various experimental studies. Various studies are available 
currently in terms of self-healing nature of the materials and has contributed 
handful to the current research on materials. If the healing process is rep-
licated by any means, infrastructures that remains forever could be devel-
oped until the prevalence of universe [5–7]. Appreciable improvement in 
properties like delamination propagation resistance could be achieved by the 
use of self-healing materials and it also accounts to various other property 
enhancements for the fiber reinforcement composites. Unlike traditional 
repairing mechanism which requires an external healing agent, self-healing 
offers the repairing of structures with the help of healing agents that are con-
tained inside the structure and this is much similar to the biological organ-
isms. Figure 10.1 displays the common mechanism of self-healing process.

Main objective of such repairing is to maintain the material property, 
which in turn maintains consistent material performance and to resist the 
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damage of the structure for that reason. Such development of damage con-
trolling materials offer material with cheap cost, high reliability, higher life-
time with enhanced safety and less maintenance [8, 9]. Biological systems 
are the forefathers in offering the principles for the self-healing materials to 
work. Basic principle of any repairing system is the damage occurrence for 
which the biological system usually responds in three phases such as matrix 
remodelling, cell proliferation and inflammatory response. These responses 
are long term, secondary and immediate response, respectively. Artificial 
healing systems, on contrary, adopts the same systems but in a much sim-
pler and rapid way. Initially, when the damage starts to occur, it triggers the 
first response followed by the mobilization of healing agent to the spot of 
damage and occurs at a rapid phase relatively. Chemical repair process is the 
final stage of repairing mechanism which occurs at a relatively lower times-
cale when compared with other processes and time of occurrence of this 
phase is dependent upon cross-linking, polymerization and entanglement 
mechanisms. Usually, healing agents were stored in integral containers like 
fibers, particles, microcapsules, and hollow tubes, which are readily placed 
at the anticipated damage locations beforehand [10]. 

Current researches successfully rendered a self-healing material, which 
potentially involved in damage repair of polymer matrix composites 
through the principles of autonomic healing of the microcracks irrespec-
tive of the time and position in which they occur. Such self-healing process 
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Figure 10.1  Self-healing process and mechanism involved [11].
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was carried out by using a catalytic triggering agent, which is encompassed 
in the matrix. When the microcrack approaches the microcapsules during 
its propagation, it ruptures the wall of the capsule and the healing agent is 
induced the damage spot by means of capillary reaction. Face of the cracks 
is sealed by the healing agent through polymerization process of the cat-
alyst enclosed in the capsule. By this process of self-healing, individual 
epoxy composites accomplished a maximum of 90% of its actual fracture 
toughness again after damage. Yet, the success of same phenomenon for 
the structural composites with reinforcements has been perplexing. Earlier 
studies proved that the cracks occurred during delamination were healed 
by the self-triggering of healing agent present within the fiber reinforced 
composite samples. The degree of damage healing was dependent on the 
kinetics of polymerization reaction, which played a significant role. In 
some of the studies, self-healing structural systems were tested through 
double cantilever specimens induced with delamination failure, and the 
mechanisms were understood thoroughly [12–15]. Figure 10.2 shows the 
material with high mechanical property and better self-healing efficiency.

In an experimental study conducted by the Bristol University, hollow 
glass fibers were utilized as a healing agent instead of microcapsules. The 
reason was that hollow glass fibers not only acted as functional group 
carriers but also as reinforcing materials for the structural composites. 
Besides these reinforcements, the composite system comprised of one or 
two parts by weight of resin and hardener or a matrix material that was 
made of catalyst and hardener [16]. It was observed from the results that 

Hydroxyl: —OH

mPEG m: MeO
O

H
m

MBC: O O

O
O

Hydrophobic
association

HO

O O O O

O O O O

O

O

O O

O

OOH

HO

Hydrogen
bonding

O
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these materials displayed outstanding fracture toughness when subjected 
to fatigue loading when compared with the traditional composites. Due 
to the wider practical and daily basis applicability of polymer composite 
materials, research works were focused in developing a self-healing poly-
mer composite material to have an extended life for the material. Apart 
from the damage recovery and other usual problems solving, self-healing 
polymer composites render various other healing effects also for the poly-
mer composites [17].

10.2	 Self-Healing Materials

Design of structures mainly depends on the lifespan of the structures and 
self-healing promises to enhance the lifespan of any structure, which in 
turn improves the design reliability. Development of self-healing mate-
rials is in the limelight of current research and the ability of self-healing 
could be triggered by various factors like pH, temperature, humidity, 
mechanical forces, and so on. Self-healing materials are grouped into 
several types, such as intrinsic, capsule-based, and vascular materials. 
Capsule-based materials are the ones which consists of the agents in 
encapsulated microcapsules and these materials undergoes rupture when 
comes into contact with a damage or crack, which in turn activates the 
formation of high strength and tough polymeric networks through the 
reaction with catalysts and healing agents released within the vicinity 
[18]. Vascular networks comprise capillaries or hollow tubes to contain 
the healing agents within them, and these are connected through 1D, 
2D or 3D connections until they get activated by the damage. When the 
healing agent gets released from a network because of a crack, it again 
gets refilled through the vascular network through the external supply 
of healing agent and this may increase the healing efficiency by catering 
multiple healings at the same time. Intrinsic self-healing has an inbuilt 
self-healing mechanism which gets activated through the propagation of 
damage or external stimulus and this process has no separate healing 
agent involved. Self-healing process by any of the above methods might 
involve thermoplastic phase melting, mobility of polymeric chains, 
reversible polymerizations, ionic interactions, hydrogen bonding, and 
entanglement reactions, and all these process aid in multiple healings at 
a time [19, 20].

The method of functional healing components contained in composite 
materials to bring back the physical characteristics of the material after its 
damage has been adopted practically since the early 1990s. Effectiveness 
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of the self-healing method depends on repairing capacity of self-healing 
resin, damage nature, and location and the effect of environment in which 
the polymer composite is working. The self-healing fibres could be incor-
porated in the composite plate as supportive elements at crucial failure 
prone spots and the distance between every self-healing laminate was 
maintained equally at a predetermined distance from each existing lami-
nate of the composite. Use of hollow glass fiber for that case becomes feasi-
ble when the operational nature of the damage induced within a composite 
plate is clear [21].

Self-healing materials are grouped into extrinsic and intrinsic materials 
based on the materials chemistry and the application of general self-healing 
mechanism. Intrinsic type materials were formed on the basis of materials 
design with catalysts and healing agents encompassed within the matrix 
materials through specialized containers [22–25] while the vasculature 
and encapsulated self-healing material systems come under the extrinsic 
self-healing systems. In order to manufacture microencapsulated materi-
als or microvascular network these two self-healing materials design phe-
nomenon are widely adopted. In either of the aforesaid cases the triggering 
mechanism of self-healing process were the damage/rupture/internal/
external stimulus present in capsules or vascular networks. Some of the 
commonly used capsule shell materials were polyurethane, polymelamine 
formaldehyde, polyurea formaldehyde, or polymelamine urea formalde-
hyde, which were highly capable of generating very vast polymeric chain 
networks [26, 27]. Yet, challenges such as exhaustion of prefilled healing 
agent immediately after filling of the damaged area as the agent is one-use 
in nature and the high usage cost of catalyst during the process of microen-
capsulation becomes inevitable. In order to avert these difficulties, various 
researches in the form of experiments and surveys were conducted during 
earlier days [28, 29].

In most of the cases, intrinsic materials were dependent on any one of 
materials chemistry including dynamic covalent or noncovalent nature. 
The noncovalent chemistry utilizes π-π stack, hydrogen or ligand-metal 
bond and host-guest interaction stacking while the covalent chemistry case 
utilizes few other method of bonding, such as transesterification, radical 
ion exchange, dynamic urea bond, and Diel-Alder’s reaction. The structure 
of self-healing polymers based on coordinative or hydrogen bonds, iono-
mers, and π–π interactions was recently studied through literature survey. 
Various previous studies discussed vastly about the compliance of these 
supra-molecular chemistries for the design, and comprehension of various 
classes of self-healing polymeric materials was addressed. The reforma-
tion of structural bonds in intrinsic type is triggered by numerous external 
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stimuli including light, pressure, pH change, oxygen or temperature and 
many others [30–33].

10.2.1	 Self-Healing Polymers

Past few decades had witnessed the design and fabrication of various 
self-healing materials, which work either autonomic or nonautonomic, 
for different applications. Actually, the last stage of biological healing 
is the regrowth of flesh in core and skin tissue which in turn fuses the 
wound surfaces together. It was also a known fact that the healed area 
turns unrecognizable from the unharmed areas after healing. This could 
be taken as a reference for the healing of polymer system, in which the 
regrowth of polymer chains might happen through the reconnection of 
disintegrated polymer chains [34]. Reactions that involve covalent bonds 
and supra-molecular chemistry are the two major types of failure surface 
fusion mechanisms that occur in the polymeric material systems at the 
time of self-healing.

Conditions prevailing in the local matrix conditions decide the formation 
and disintegration of covalent bonds during self-healing. It also denotes the 
formation of covalent bonds within themselves for the self-healing of dam-
ages that had occurred. Most of the self-healing materials establish revers-
ible covalent bonding along with dynamic behaviour when it comes to the 
repairing of polymeric materials. Low weight polymeric materials possess 
high molecular mobility and hence their self-healing ability would be higher 
while the same cannot be generalized for all classes of polymeric materials. 
Most researches pointed out that the nonmodified polystyrene had very lower 
molecular weight while its self-healing property was higher when compared 
with other polymers. Supra-molecular chemistry, on the other hand, had 
attracted many researchers toward it since the working of supra-molecular 
chemistry depend on the wholesome material network rather than the indi-
vidual molecular arrangement. It was stated in many researches that when 
compared with covalent bonds supra-molecular interactions provide rapid 
network remodelling and they were much more sensitive and bi-directional 
in nature unlike covalent bonds which were unidirectional and relatively 
lesser sensitive [35, 36]. Figure 10.3 shows the process of self-healing of an 
elastomeric material based on a shape memory effect.

10.2.2	 Self-Healing Polymer Composite Materials

Engineered self-healing materials work on the principle of closure of 
wounds before the growing of skin over the wound flesh. Previously the 
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healing agents discussed were polymer matrix but it can either be a liquid 
or solid. Materials described in the previous sections were characterized 
by low strength and/or toughness so that they cannot be used in structural 
applications [37]. 

Many experimenters analysed the ability of a self-healing compos-
ite material to bear maximum structural load through its design itself. 
Healing efficiency of any self-healing material was enhanced by using a 
suitable healing agent. Any healing agent works in three main phases such 
as getting infused inside a developed crack, fusing homogenously with the 
matrix material and developing a bond with the material through incor-
poration into the matrix and these phases are almost common for all the 
materials [38]. Healing efficiency may range in between 40% and 99% 
based on the method of incorporation of the healing agent into the matrix 
system. It was also stated in many researches that an efficiency of 119 % can 
be accomplished when the chemistry of epoxy matrix was modified and 
the infiltration method of healing agent infusion was not that effective for 
the self-healing materials. Hence, the healing agents were usually encapsu-
lated within microcapsules in liquid form and were placed at requisite des-
tinations where the damage was anticipated. As an advancement, current 
researches use shape memory and remote self-healing techniques or the 
combination of both coupled with suitable encapsulation methods in any 
damage prone system [39, 40]. 

Textile industry was the forerunner in developing a microcapsule that 
contained catalysts or cross-linking agents through imbibition. This con-
cept was taken to the next level by manipulating the encapsulation process 
which encompassed the polymer coated composite material completely. 
It was during late 1970s when the rupture of microspheres containing the 

Figure 10.3  Elastomer self-healing based on shape memory effect [11].
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encapsulated healing agents were sensed in textile applications and taken 
as it is to be used in material systems. Materials used for encapsulating the 
medicines which healed the biological wounds were used for the encap-
sulation of reactants which were used for self-healing applications [41]. 
For engineering applications of self-healing, materials like microspheres, 
hollow fibres and nanotubes were used for the encapsulation of healing 
agents sometimes. Design of healing agents and reactants were to be made 
only after the design of suitable encapsulations by the researchers. Only 
after these discussions, material concentration and dispersion mechanisms 
were discussed in various researches [42].

End closure of the cracks was witnessed as a significant step in healing 
process which was mostly done by the redesigning of shape of the crack at 
the time healing through the use of healing agents. Healing agent, which 
actually seals the crack by inducing a chemical reaction within the dam-
aged material to bring back its actual characteristics, undergoes healing 
only after repairing the damage. Healing efficiency was noted to be higher 
when the healing agent fills the crack completely. A class of materials 
termed as safe memory materials (SMMs) was identified which respond 
to various types of stimulus such as light, chemicals, electric fields, mag-
netic fields, water and temperature. These materials possess wider range 
of characteristics and much distinctive functionalities and so they could 
be explored more so that their development experiences a rapid phase. 
Few researchers manufactured composite SMMs which contained elec-
tro-active carbon nanotube within polyurethane matrix. These compos-
ites were manufactured in the form of sandwich panels that encompassed 
the polymer matrix laminates and these materials were tested for its appli-
cability to heal impact damages. These materials were also tested after 
being incorporated with syntactic foams for their thermo-mechanical 
behaviour and the tests results were based on the uniaxial experiments for 
both the cases [43–46]. 

10.3	 Mechanically-Induced Self-Healing Materials

Outer excitation-based healing systems make use of a vascular network 
or capsule to hold the resin. Extrinsic self-healing materials are designed 
around the catalyst and healing agent that are used. Two frequently used 
methods for designing those external materials are microvascular networks 
and microencapsulation. Self-healing is ignited in such design methods 
when pulmonary channels and capsule surfaces rupture or suffer internal 
damage as a result of a variety of factors. The capsule shells were primarily 
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constructed utilising sxome substances such as polymelamine urea form-
aldehyde (PMUF), polyurea formaldehyde (PUF), polymelamine formal-
dehyde (PMF), and polyurethane, as well as a variety of polymerization 
techniques. Nonetheless, some of the common drawbacks of the microen-
capsulation strategy include the high cost of the catalyst with abrupt evac-
uation of the complete covered curing mediator in site of injury during the 
self-healing process [47, 48]. Figure 10.4 illustrates the numerous centuries 
of self-healing materials.

10.3.1	 Self-Healing Induction Grounded on Gel

The investigation on light weight resources is heavily reliant on gel par-
ticles, which have an extremely low molecular weight. Hydrogels are the 
most important gels due to their high liquid limit and wide range of uses 
in bioengineering. Several techniques for processing a hydrogel are listed 
by various researchers. Those are, less particles volume for self-healing 
with organogels, with polymer-based hydrogels and finally self-healing 
with nanocomposite-based hydrogel. Even if that is the case, these mate-
rials have a variety of potential applications in the medical field for mus-
cle thixotropy and nerve fibre rejuvenation, none of the other light weight 
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resources with less particle volume self-healing capacity might serve as 
an indicator for immediate development. However, current attention has 
focused on structures contains several molecules (supramolecular) soft 
smart materials that incorporate the ability to self-heal. This necessitates 
the development of a less particle volume self-healing hydrogel capable of 
performing aforementioned medical functions, such as thixotropy. When 
a material is developed that replicates the behaviour and characteristics of 
a low molecular weight hydrogel (LMHG), it may be used for self-repairing 
processes or additional difficult medical fields [49].

LMHGs are predominantly delicate to exterior mechanical pressure 
or stress, and when those are applied to the substance, they discharge the 
adhesive flush enclosed within them, irreversibly collapsing the material’s 
self-integrated net scheme. Self-healing mediators could be incorporated 
into these gels that function as dense interruptions, but the gels’ elastic char-
acteristics were vanished when the applied stress was withdrawn. However, 
thixotropic gels may be an exemption because they can regain their ductile 
characteristics when applied stress or strain is detached. Thixotropic gels 
regain their characteristics by crumbling into a viscid base when mechani-
cal stresses are applied. Even nerve damage could be averted with the addi-
tion of electroactive properties to these hydrogels. Few researchers have 
specified that the only amino acid-based hydrogels are those containing 
1-aminoundecanoic acid [50, 51]. The self-healing of a composite mate-
rial coated with epoxy is shown in Figure 10.5 and is monitored using an 
acoustic emission cell.

The response of a supramolecular polymeric gel to a stimulus was 
determined by the noncovalent bond establishment mechanism used for 
structure formalisation in supramolecular systems. If the noncovalent 
conjugation mechanisms are properly chosen, supramolecular hydrogels 
that respond actively to stimuli can be easily manufactured. Researchers 
working in the conventional polymer fields of science and engineering 
could benefit from this material, which has a broader application scope 
in a variety of fields of science and engineering. The most frequently used 
measures are material amalgamation and polymerization of a monomer 
containing a functional group with the key particle. After some expan-
sion, self-healing materials were synthesised using microencapsulated 
polymeric gums and additional substances that persuade healing in supra-
molecular gels. When a crack forms in a polymer composite, the process 
of self-healing begins with monomer release into crack, followed by the 
polymerization, which retards the crack’s growth. Advanced systems such 
as multi-stimulus responsive self-healing materials, polymers with non-
covalently linked molecules, and self-assembled gels for self-repairing are 
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being established in the upcoming years, which may enable new applica-
tions [52, 53].

10.3.2	 Self-Healing Induction Based on Crystals

Researchers are currently interested in the development of effective nano 
or micro energy alternators that convert light or heat energy to energy pos-
sess by virtue in the arrangement of dynamical motion via mobile crys-
tals that show twisting, skipping, overflowing, or flexure motion. Crystals 
typically mobile, break into molecules, reshape, or rupture into fragments 
by absorbing energy from an exterior inducement and amplifying it via 
intermolecular connections. Occasionally, crystals remain immobile in 
response to functional dynamical effort, and the mechanical replication 
occurs gradually. This delay, referred to as the initiation time, enables the 
crystal structure to modify figure more slowly, and when additional stimu-
lus is applied during this period, the crystal retains its macroscopic struc-
ture. Unlike solids such as elastic, polyurethane, and liquid quartzes that 
have a well-organized particle system, crystals can crush, curl, or flexure 
their structured molecular network in response to external mechanical 
stimuli or light. Polyhalogenated benzenes are a good example of a quartz, 
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Figure 10.5  Self-healing composite material [51].
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which could display mechanical acceptance in response to an inducement. 
When subjected to confined mechanical stress, these resources could flex-
ure entirely about 360 degrees without deflection. Similarly, certain biolog-
ical crystals can deform at multiple locations and create zig-zag rifle. The 
acicular crystals of the classical tetra fluorobenzene crystal can be wound 
as many times as required around a cylinder. These flexible materials may 
be used as model materials for the development of novel crystals and the 
investigation of the invisible characteristics of yet-to-be-discovered parti-
cle objects. Additionally, they bridge the division among unstructured light 
weight polymer resources and tensile metals or metal alloys. Stochastic 
event-driven rapid propulsion of minerals via photo and thermosalient 
processes always results in disintegrated results, whereas unhurried crystal 
deflection affects such as tensile and brittle bending [54, 55].

The majority of defect location cracks in crystals induced by ther-
mosalient processes resulted in explosion or splitting, rendering them 
unsuitable for the majority of real-world applications. This case is notable 
in that the particles of feelings of contentment acid could be repeatedly 
actuated without significant deflection. When tensile energy is joined 
with an exterior induction in a right way, it can induce a reversible reac-
tion in a less span of time period, reducing the answering time of soft 
material switch to a minimum. Together with its current mechanical 
properties, such a combination may also result in a variety of interest-
ing properties such as super elasticity. However, slower response times 
have disadvantages such as less effective energy conversion, whereas 
faster response times result in elemental disintegration. The trade-off 
between response time and crystal integrity continues to be the primary 
impediment to trying to develop actuator materials for a wide variety of 
practical applications. Currently, study is working on the importance of 
vibrant crystalline materials with balanced equation and faster actuation 
[56, 57]. The method of self-predicated on squid mechanisms is illus-
trated in Figure 10.6 for the implementation of flexible electronics and 
its components.
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Figure 10.6  Self-healing materials for soft robotic applications [57].
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10.3.3	 Self-Healing Induction Based on Corrosion Inhibitors

Corrosion is the degradation of a material’s top surface caused by inter-
nally or externally forces. Due to the fact that current corrosion inhibi-
tion methods require the use of expensive consumables such as frequent 
replacement of sacrificial metals or the inescapable use of poisonous 
chemicals, researchers have recently adopted self-healing processes as a 
technique for eradicating corrosion. When a self-healing corrosion protec-
tion method is used, it may be possible to eliminate the use of dangerous 
substances and other more expensive consumables. Numerous studies on 
modern techniques of external self-healing for corrosion protection have 
been conducted using fiber- and capsule-based methods. Further method 
development may result in an even more affordable and novel process [58].

Healing is the process of restoring a material created specifically and 
properties following damage. If a substance contained within the server 
stimulates this curing, the method is referred to as self-healing. Before sev-
eral days, during the early stages of investigation in this area, whenever 
a thermoplastic material was nourished very close to the material crack, 
re-entangling of polymer chain on the scratched surfaces self-healed. 
However, previous studies used a variety of stimuli, including heat and sol-
vent application, to materialise the chain interdependence in the vicinity of 
the damage area. As self-healing liquid materials, some researchers tries to 
overcome thermoset fluid monomers into millimetre-sized capillary tubes. 
When mechanical damage is induced, these tubes are designed to open 
within the host material, thereby fixing the induced damage [59, 60].

When failure happens in epoxy-based composites, the minute capsules 
rupture their exterior walls in response to the mechanical stimulus. After 
rupturing, the composite which is based on epoxy, crack was packed by the 
self-healing substance via seam action. According to the investigations, the 
resilience of epoxy composites had regained 75–90% of its previous price 
following healing [35, 45–47]. Though the composites’ strength recovers 
almost completely inside an hour, full recovery can take up to 12 to 14 
hours. When related to exothermic DCPD reactions at less heat of 78°C, 
endothermic DCPD has a relatively slow polymerization kinetics [61]. 
Few researchers have developed a novel technique for having to process 
self-healing materials embedded in original fibre reinforced composites. 
Initially, the core and shell consisting of trying to cure fluid and polyacrylo 
nitride have been mixed via electrospinning, accompanied by the scatter-
ing of epoxy matrix and resin onto natural fibres, resulting in the forma-
tion of capsule-free microdroplets in the epoxy matrix. After 5 minutes of 
electrospinning, the natural fibres had a transparency of up to 93%, which 
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was regarded to be an attractive magnitude. This resulted in an amor-
phous combination of core-shell natural fibres and microdroplets devoid 
of capsules. Though natural fibres were used in small quantities to create 
self-healing materials, their anti-corrosion properties outperformed that 
of other components used for the same purpose. This was demonstrated 
through electrical characterization on the materials used in conjunction 
with these materials [62, 63].

10.4	 Self-Healing Elastomers and Reversible 
Materials

The self-healable substances might take numerous forms including such 
as elastomers, additives, polymers, coatings, microcapsules as well as com-
posites. These substances have been integrated to conductive substances 
that provide the circuit along with conductivity. The illustration above 
illustrates the appropriate self-healing conductors for repairing particular 
damages such as cracks as well as cuts. The principal challenge in designing 
such components is to ensure that they have the capabilities to self without 
jeopardising their electronic characteristics. Elastomers are versatile that 
are used in a variety of applications. Several regions are addressed, includ-
ing wearable electronic skin, protective coatings, 3D and or 4D printing, 
and reversible adhesion [64].

Elastomer layers could even accommodate wearable as well as portable 
electronic devices due to their greater elasticity. Whenever the elastomers 
sustain damage, those who self-heal, thereby healing the digital devices 
attached to each other. Such a healing strategy in surface coating elim-
inates scratches, as well as protects the base substrate made up of metal 
from exposure to the surroundings. Bonds within the sequence of poly-
meric materials in adhesive could disintegrate, significantly reduces the 
material’s viscosity, which results in the formation of new as well as rigid 
bonding. Once the exogenous stimulus has been forced to remove from the 
substance, the collapsed bonds re-establish, likely to result with in elastic 
materials adhering solidly toward the substrate. Such viscosity transfor-
mation processes are required for the effective manufacturing of self-heal-
ing elastomeric materials via 3D and or 4D printing. Materials which are 
conductive in nature become auto-healing conductive substances when 
they have been integrated into healable elastic materials. These materials 
may be used to rehabilitate substrates that are located inside the conduc-
tive path, allowing for unimpeded state. These conductive materials have 
developed application areas in electronic gadgets as well as skins. Wearable 
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electronic devices can be constructed utilizing elastomeric materials as the 
elastic substrate material [65]. 

Self-healable elastic conductors, in particular, are characterised by their 
comfort and increased sensitivity to strain, which makes them ideal for use 
in skins, super capacitors, sensors as well as interactive interfacial materi-
als among machines as well as human beings. The much more common 
method of manufacturing auto-healing conductive elastic chemiresistor 
substances is by dissipating thin film inorganic components on the top 
layer of self-healing elastic substances. Several researchers developed an 
elastomer by coating onto a cross-merged di-sulphide polyurethane sub-
strate about 30 minutes at, ambient temperature these substances have 
been tested as auto-healing materials as well as restored to their authen-
tic state after 16 hours. The material gains improved temperature sensing 
capability and high strain rates as a result of this restoration. To manu-
facture self-healing conductive materials, fillers including such graphene, 
ionic liquids, as well as multiwalled carbon nanotubes are indeed inte-
grated over the self-healing polymeric walls [66, 67]. By integrating nickel 
nanoparticles over supra-molecular organic substance for electronic skins, 
the first self-sustaining self-healing conductive elastomer has been pro-
duced. When assessed, the material had to have an electrical conductivity 
around 40 S/cm, could heal to 90% of its original conditions after 15 sec-
onds at ambient temperature, as well as changed back toward its mechan-
ical properties upon ten minutes. Owing to the reversal of resistive forces 
under such elastic materials when extrinsic forces are imposed they can 
easily be used to evaluate a variety of mechanical loads, including such 
tactile pressure as well as flexions, as illustrated in Figure 10.4c. Certain 
researchers attempted to combine auto-healing elastopolymer conductors 
composed of nanocarbon nanotubes of metal-ligand elastomer binding 
materials [68]. Figure 10.7 illustrates how an encased protein substrate 
self-heals via the discharge of a self-healing substance.

Self-healing polymers have been primarily found in conductive poly-
meric materials where dynamic reversible bonds have been facilitated. 
Some researchers introduced the self-healing conductors, a polymeric 
materials network depends on the electrical current. Organometallic poly-
meric materials are efficacious for auto-healing studies because they are 
composed of N-heterocyclic carbenes (NHCs) and various metal salts 
(M14Ni, Cu, Pt, Pd, Rh, and Ag). Numerous NHCs have been synthesised 
from numerous R¼ alkyl, aryl compositions to strengthen the carbene 
moiety [69, 70]. Organo-metallic polymeric materials with conductivities 
over the order of 10-3 S/cm have been prepared to be used via many amal-
gamations of metallic salts. The investigators used a sharp razor blade to 
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create the minute scrapes necessary to investigate the self-healing property. 
The early grooved side expression of the led enabled detection whenever 
a small amount of it would be heated with a temperature of 200°C over a 
25-minute period. 

Prompted along with dimethyl sulfoxide solvent vapor that has been 
heated to 150 degrees Celsius for two hours managed to recover a conductive 
film that had been ruined mechanically. Between 800 and 0 nm, the pene-
trant of incompetence reduced. Even but there was a relatively minor obser-
vation based on electronic behaviour. This type of issue must be resolved 
by increasing the resistive power of a stipulated material in relation to the 
electric current flowing, which must be increased to at least 1 S/cm for lesser 
necessities. That are double triple imine polymeric materials, self-healing of 
the whole carbon-based conductors is a possible strategy [71–73]. 

10.5	 Self-Healing Conductive Materials

10.5.1	 Self-Healing Conductive Polymers

Trying to fix a conductive material to something like a resin is a supplemen-
tary consideration when it comes to creating self-healing conductive mate-
rials. If the conductive material decided to add exceeds the filtering edge 
because the mixture only converts to conductive, it becomes extremely 
difficult to understand. Conductive containers determine the material’s 
self-healing characteristics as well as physical capabilities. Conductive 
material as well as matrix play a critical role throughout achieving 
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Figure 10.7  Self-healing of a coated protein substrate [57].
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self-healing composites based on its chemical interaction as well as area of 
contact. Additional studies have concentrated on the integrating of inor-
ganic metal particles in an organic supra-molecular polymeric material 
matrix. Efficacious dispersion among matrixes was accomplished through 
hydrogen bonding throughout supra-molecular oligomers, a skinny nickel 
oxide layer mostly on surface of the particle, including the use of huge 
spherical particles that also resulted in a decrease in step accumulation, as 
illustrated in Figure 10.6. The glass transition temperature as well as elec-
trical conductivity have been increased from −20°C to 10°C and 40 S/cm, 
respectively, by altering the structure of nickel particles. By severing the 
specimen’s conductivity over the substance is altered [74].

A further examination of self-healing was conducted often using anodes 
for batteries. In comparison with graphite anodes, lithium-ion batteries per-
formed tenfold effectively when silicon microparticles have been used as 
anodes. Even though effectiveness, as well as capability, is instantaneously 
degraded after only ten cycles, resulting in failure as well as particle segrega-
tion. To prevent this, the anode should indeed be enclosed in a self-healing 
substance. When carbon black nanoparticles are dissolved in self-healing 
polymer, the conductivity increases by 0.25 S/cm. Thus, when compared 
with graphite anodes, silicon-covered microparticle anodes provide a capa-
bility that is more than six times that of graphite anodes. The life cycle of 
microparticle anodes is increased by more than tenfold due to the higher 
mechanical tensile strength as well as rigid collaborations between both the 
surfaces of silicon. As a result, the self-healing coating effectively manages 
bulk variation lithiation/delithiation. Li as well as colleagues demonstrated 
how to integrate graphene networks with a self-healing hydrogel. The tech-
nique for manufacturing a graphene-poly (N, N dimethylacrylamide) cross-
linked polymeric material was relatively simple [75, 76]. 

10.5.2	 Self-Healing Conductive Capsules

The capsule is yet another well-known methodology for self-healing. 
Whenever the conductors are stimulated mechanically, it releases the able to 
heal core agent. Without the need for any numerous different stimulants, the 
ability to heal material is released out from capsule instantaneously restores 
the electrical connection over through the faulty loop. To obtain conductors, 
different types of conductive self-healing materials have been embodied. 
The healing process is aided by the microcapsule, which is composed of the 
well-known polyurea-formaldehyde as well as a passivation layer of metal 
oxide [51]. The capsule that resulted has been ellipsoidal in structure. Once 
the surface is damaged, the capsules discharge metal alloy oxide that also 
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completes the circuit. The current is flowing as well as the lamp is illumi-
nated. Mechanical as well as electrical methods of healing are used. Several 
additional studies successfully achieved a unique conductive material which 
are self-healing that heals completely when affected. The conductor is made 
of eutectic gallium-indium that acts as a polymeric material [77]. The energy 
holding mechanism utilizing lithium-ion capsules is depicted in Figure 10.8. 
The figure shows that the positively charged barrier prevents the Li+ from 
entering the protrusion, causing further Li+ to deposit on the anode until a 
layer is formed, thereby achieving self-healing.

10.5.3	 Self-Healing Conductive Liquids

After a few years, several other investigators discovered a self-healing 
ionic liquid heavily guarded transistor. The transistor’s type of behaviour 
has been altered as a result of the humiliation of alpha zinc oxide as well 
as the decline of the cathode, which resulted in the formation of super-
oxide. By combining tannic acid to pure ionic-liquid, an unreliable to 
reliable onset voltage can be accomplished. This binding mechanism 
is determined by the phenolic properties as well as volatile ester. After 
the preliminary bias cycle, this surface seems to be intense and does 
not necessarily involve resupply due to the increased absorption. The 
self-healing conductors mentioned previously suggest the possibility of 
future electronic devices with significant safety and economic benefits 
and an exceptional life span [78].

10.5.4	 Self-Healing Conductive Composites

While different kinds of substances assist in recreating the original con-
dition of something like the electric substances, this discussion will focus 
exclusively on materials used in mixture to form a composite. As is well 
established, the significant variable of healing is highly dependent mostly 
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on numerous mediums of state such as liquids in their metals, ionic state, 
carbon, metal alloys, as well as polymers. The investigators began by eval-
uating different components that have a greater capacity for healing while 
also having a higher conductivity. They discovered that gold nanowires 
(AgNWs) attracted a large number of people due to their exceptional con-
ductivity. Gold nanowires have such a higher aspect ratio, which enables 
the creation of an impressive conductivity filtering network with numer-
ous implementations in self-healing materials. Only several researchers 
successfully created an auto-healing polymer-based conductive material. 
They integrated AgNWs into the polymeric surface, and the surface holds 
natural healing properties due to the Diels Alder network (D-A). They cre-
ated the whole hybrid material through a process called drop casting. The 
significant factor to recognize is temperature; those who recommend that 
healing should take place at ambient temperature as higher temperatures 
can impair the material’s performance [79, 80]. 

Recent investigation indicates that polyeletrolytes gathered in numer-
ous levels as a film have the capabilities to self when exposed to water 
like a catalyst. Consider this as an example: Sun as well as his assistants 
devised a simple method for creating a self-healing conductive electric 
film. AgNWs are coated with polyacrylic acid–hyaluronic acid (PAA–
HA) and branched polyethylenimine to form a hybrid material [69]. 
They accomplished this through the use of an LED blub circuit. At first, 
the circuit is entirely inaccessible allowing the bulb to glow. With the aid 
of a knife, a cut is made across the circuit, immediately turning off the 
LED bulb. Following that, the produced composite is applied through it, 
which closes the circuit and illuminates the bulb. Additionally, the SEM 
micrograph can be seen at different magnification to aid in the under-
standing of the process of healing at the level of micron. Similarly, the 
healing effect of the hybrid material is used to prepare the circuit for 
operation [81].

10.5.5	 Self-Healing Conductive Coating

The methodologies addressed above would be aimed at re-establishing the 
missing connection in its original state. This method is self-healing due to 
the coating. The coating discussed here is decided to make of a polymeric 
material. It is skilled of instantaneously healing the defects by spreading 
a thin film across the surface of the metal to protect it from corrosion. 
Conductive polymers are a class of polymers. It has numerous variants 
among PANI as well as PPy as just a healable covering that captivated 
numerous investigators due to its capabilities to retain active anions. Once 
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a process of healing begins, anions emerge from the coating that are anti-
charged and act as a support for the polymer in its oxidation form. The 
recovery process is completed when polymers undergo decline, resulting 
in the discharge of anions. To integrate the timely unveiling of anions by 
polymers, healable conductive coatings are considered. The critical point 
to remember in this circumstance is that these forms of polymeric mate-
rials are efficacious healers as well as also environmentally friendly, which 
puts them in a good position when compared to traditional chromium 
coating materials [82, 83]. We demonstrated a new technique for fabricat-
ing organic self-healing materials for coatings by embedding black carbon 
as well as polypyrrole in a matrix of polyvinyl butyral. This new material 
covering exhibits excellent self-healing properties and also acts as a barrier 
against corrosion. A redox-based auto-healing preventive technique for 
corrosion had also been developed, which was being utilized to activate the 
discharge of self-healing agents. The innovative protective coating material 
is composed of PANI as a shell and a self-healing material as the core [84]. 
The auto-healing method of silicon utilising self-healing lithiated coatings 
is illustrated in Figure 10.9.

10.6	 Conclusion and Future Prospects

Design and processing of polymer nanocomposites has been given utmost 
importance these days and their recent developments have seen steep 
growth. But due to the constraints in their inherent damage repair capa-
bilities their application spectrum could not be widened. Polymer com-
posites could be encompassed in many detailed physical damage detection 
facilities their damage detection was also not possible. Subjecting the poly-
mer composites to nondestructive testing was also not possible since the 
process was time consuming, not cost effective and the materials suffer 
some internal damage without external symptoms at the time of testing. 
Researchers, hence, found various ways and means not only to determine 
the mode of failure of the polymer composites but also to choose the 
self-healing mechanism based on the damage mode. Healing efficiency of 
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Figure 10.9  Self-healing using lithiated coatings [77].
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this tailored healing material is defined as the ratio of healed to the original 
parameters, which quantifies their healing nature. Various parameters that 
could be considered to define the healing efficiency can be any quantifiable 
material property which includes fracture stress, various moduli, fracture 
toughness, elongation of the body and so on. Only few of the self-healing 
materials reported in this chapter had an ability to completely self-heal 
the materials, and many materials were identified to possess that capability 
only in ambient conditions. Challenges remain as it is in determining the 
ability of a material to self-heal under the varying effects of pressure and 
cyclic temperature.

From the above discussions, it could be concluded that gel-based 
self-healing materials containing adenosine monophosphate and zinc 
had better mechanical induction than any other materials. It was also 
discussed in many researches that in order to instigate crystal ploymor-
phing through thermosalient transition, mechanical motion was given as 
the mechanical stimulus for the crystals to behave as self-healing mate-
rials. Polymeric materials respond to mechanical stimulus through their 
molecular misalignments and their response was also better similar to 
gels and crystals. Corrosion healing was also carried out by self-healing 
fibers and capsules through mechanically induced self-healing materials 
and the healing was found to be complete when both the above materials 
are used for this purpose. As discussed in the above sections, repairing 
of electronic and electrical circuits could be done using the self-healing 
materials, which is emerging as an area of greater research interest. Future 
of next-generation electronic gadgets highly depend on such self-healing 
materials and it becomes practically possible owing to the wider categori-
zation of such self-healing materials. Hybrid self-healing materials are also 
under developmental stage whose effectiveness would be better when used 
for the repairing of electronic gadgets. Such novel materials development 
will not only contribute in materials research but also contribute toward 
developing the intellectual property status of the nation. If rapid materi-
als formation, controlled development and superficial materials chemistry 
combine together, then the future advancement in self-healing material in 
terms of its advancement and application can readily be forecasted.
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