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due to their enormous potential to meet a spectrum of applications, particularly in 
improving the strength-stiffness properties, thermal properties, optical and electrical 
properties. The exploitation of polymer nanocomposites in the aerospace industry 
is found to be attractive in recent times, since they can provide significant strength 
to the components with lightweight characteristics. In addition, a wide variety 
of polymers can be tuned with carbon and non-carbon-based nanomaterials and 
deployed as archetypes in the structural components of aerospace applications. 
Accordingly, this chapter consider the key properties of different nanomaterials in 
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polymers as a function of nano-scale approach. Furthermore, this chapter is also 
dealing with the challenges that need to surmount the technological enduring of the 
polymer nanocomposites for advancements in the aerospace structural applications 
in the coming future.
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Electromagnetic waves can have serious effects on human health by long-term 
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shielding (EMS) that could prevent interference is a high desire for protection. 
Nanocomposites polymers have a wide range of potential applications and offers 
suggested solutions in environmental and aerospace applications. This chapter will 
cover the current challenge in the reduction of electromagnetic wave by developing 
lightweight absorber material with a wide absorption frequency. A wide range of 
different nanocomposites polymers contain conductive fillers such as metal or 
magnetic nanoparticles and carbon-based materials will be discussed. In addition, 
EMS mechanisms of reflection, absorption, and multiple reflections will be discussed. 
The unique of the chemical and physical properties of nanocomposites polymers are 
promising for shielding with low-cost environmentally friendly material.
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This chapter deals with the modelling of nanomaterial and nanocomposite mechanical 
and thermal properties. Enrichment in the technology requires materials having higher 
thermal properties or higher structural properties. Nanomaterials and nanocomposites 
can serve this purpose accurately for aerospace or thermal applications and structural 
applications respectively. The thermal system requires materials having high thermal 
conductivity while structural system requires materials having high strength. Selection 
of the material for particular application is very critical and requires knowledge and 
experience. Al, Cu, TiO2, Al2O3, etc. are considered for thermal applications while 
epoxy-glass, FRP, etc. are considered for structural applications. Modelling of these 
nanomaterials and nanocomposites is done with the help of different mathematical 
models available in the literature. Results show that addition of the nanoparticle/
composite in the base material can enhance the thermal and structural properties. 
Results also show that amount of weight percentage added also affects the properties.
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problems with very approximate analyses. These monolithic, large, design and analysis 
codes are genuinely multidisciplinary, but as analyses become more complex, such 
codes have grown so large as to be incomprehensible and hence difficult to maintain. 
This chapter deals with the computational modeling of nanoparticles. Nanomaterials 
constitute a prominent sub-discipline in the materials and chemical sciences. 
Conventional materials like glass, ceramic, metals, polymers, or semiconductors can 
be acquired with nanoscale proportions. Nanomaterials have various microstructural 
distinctive attributes such as nanodiscs, nanotubes, nanocoatings, quantum dots, 
nanocomposites, and nanowires. The unique properties of nanoparticle-based 
materials and devices depend directly on size and structure dependent properties.
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Preface

Nanotechnology has a revolutionary part in the development of various industries. 
However, developing nanotechnologies cannot be achieved without the utilization of 
nanomaterials. These nanomaterials have different tremendous properties compared 
to their bulky forms basically due to their higher surface area, surface reactivity, 
and energy according to reduced dimension. As an example, carbon nanomaterials 
have been widely used in industries from biosensors, actuators, to aviation. The 
development in the aerospace relates to many factors ranging from reduction of 
weight, less or no repairs, extended and safest life, availability of materials with 
multifunctional properties, bio-fuels, low fuel consumption, faster and highly 
responsive communication systems, decreased time frame of developing cycle from 
concept to implementation and others. In addition, the polymeric nanocomposites 
are important engineering materials predominantly due to their enormous potential 
to fit a wide range of applications, particularly in enhancing the mechanical strength-
stiffness characteristics, thermal properties, optical and electrical properties. The 
use of polymer nanocomposites, such as polymer/Carbon nanomaterials, in the 
aerospace industry is increasing in the recent few years, since they guarantee a higher 
strength to the components with lightweight features. One famous useful polymer is 
epoxy resin, which has been utilized as an important matrix for producing aerospace 
composite and nanocomposite. Key application areas of these nanomaterials in this 
regard are thermal stability, mechanical strength, lightning strike resistance, and 
radiation shielding of space vehicles as the electromagnetic waves can engender 
serious effects on human health by long term exposure. Thus, producing of lightweight 
nanomaterials having enhanced electromagnetic radiation shielding could prevent 
interference is high desire for protection.

ORGANIZATION OF THE BOOK

The book is organized into eight chapters. A brief description of each of the chapters 
follows:

xiii

 EBSCOhost - printed on 2/14/2023 2:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



Preface

Chapter 1 put a great deal of emphasis on the position of carbon nanomaterials; 
CNTs, Graphene and Carbon Nanofibers together with their main synthesis methods 
and their application areas. The reader can get a quick idea about the basics of CNTs, 
Graphene and Carbon Nanofibers and their fabrication techniques.

Chapter 2 describes the formation processes of epoxy nanocomposites with 
carbon (nanotubes, graphene, and graphite), metal-containing, and aluminosilicate 
(montmorillonite and halloysite tubes) fillers are considered. It also discusses the 
design of epoxy nanocomposites to realize the unique functional properties of 
nanoparticles including electric, magnetic, optical, chemical, and biological.

Chapter 3 deals with latent and essential features of carbon nanotube (CNT) 
nanofiller have been considered with reference to aeronautical application. 
Consequently, epoxy/carbon nanotube nanocomposite are conversed here for space 
competency. Inclusion of CNT in epoxy resin affected the prerequisite features 
of space nanocomposite. Dispersion of nanotube has been altered using suitable 
processing technique. Uniform nanotube network formation affects mechanical, 
electrical, and other physical properties of nanocomposite. Key application areas in 
this regard are flame and thermal stability, strength, lightning strike resistance, and 
radiation shielding of space vehicles. Further investigations to optimize structure and 
properties of multiscale epoxy/CNT nanocomposite are needed for future success 
in the field. Hence, towards the end challenges and future prospects of epoxy/CNT 
nanocomposite have also been deliberated for the improvement of nanomaterial 
properties for aerospace relevance.

Chapter 4 describes the latent and essential features of carbon nanotube 
(CNT) nanofiller have been considered with reference to aeronautical application. 
Consequently, epoxy/carbon nanotube nanocomposite are conversed here for space 
competency. Inclusion of CNT in epoxy resin affected the prerequisite features 
of space nanocomposite. Dispersion of nanotube has been altered using suitable 
processing technique. Uniform nanotube network formation affects mechanical, 
electrical, and other physical properties of nanocomposite. Key application areas in 
this regard are flame and thermal stability, strength, lightning strike resistance, and 
radiation shielding of space vehicles. Further investigations to optimize structure and 
properties of multiscale epoxy/CNT nanocomposite are needed for future success 
in the field. Hence, towards the end challenges and future prospects of epoxy/CNT 
nanocomposite have also been deliberated for the improvement of nanomaterial 
properties for aerospace relevance.

Chapter 5 consider the key properties of different nanomaterials in polymers as 
a function of nano-scale approach. Furthermore, this chapter is also dealing with 
the challenges that need to surmount the technological enduring of the polymer 
nanocomposites for advancements in the aerospace structural applications in the 
coming future.

xiv
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Preface

Chapter 6 covers the current challenge in the reduction of electromagnetic wave 
by developing lightweight absorber material with a wide absorption frequency. A 
wide range of different nanocomposites polymers contain conductive fillers such 
as metal or magnetic nanoparticles, carbon-based materials will be discussed. In 
addition, EMS mechanisms of reflection, absorption and multiple reflections will 
be discussed. The unique of the chemical and physical properties of nanocomposites 
polymers are promising for shielding with low-cost environmentally-friendly material.

Chapter 7 considers the key properties of different nanomaterials in polymers as a 
function of nano-scale approach. Furthermore, it is also dealing with the challenges 
that need to surmount the technological enduring of the polymer nanocomposites 
for advancements in the aerospace structural applications in the coming future.

Chapter 8 summarizes the computational modeling of nanoparticles. Nanomaterials 
constitute a prominent sub-discipline in the materials and chemical sciences. 
Conventional materials like glass, ceramic, metals, polymers or semiconductors can 
be acquired with a nanoscale proportion. Nanomaterials have various microstructural 
distinctive attributes such as nanodiscs, nanotubes, nanocoatings, quantum dots, 
nanocomposites, and nanowires. The unique properties of nanoparticle-based 
materials and devices depend directly on size and structure dependent properties.

Noureddine Ramdani
Research and Development Institute of Industry and Defense Technologies, 
Algeria & Harbin Engineering University, China
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Chapter  1
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ABSTRACT

Development of materials always plays a key role in the civilization of the societies. 
After the industrial revolution, material-based technologies received attention. 
Nanotechnology has a revolutionary part in the development of industries. Developing 
technologies cannot be considered without the usage of nanomaterials. Nano-sized 
materials have different properties than their bulk forms basically because of the 
increased surface area, surface reactivity, and energy according to decreased size. 
Carbon-based nanomaterials have a variety of possible application areas from 
biosensors to aviation. This compact review put a great deal of emphasis on the 
position of carbon nanomaterials: CNTs, graphene, and carbon nanofibers together 
with their main synthesis methods and their application areas. The reader can get 
a quick idea about the basics of CNTs, graphene, and carbon nanofibers and their 
fabrication techniques.

Carbon Nanomaterials:
Carbon Nanotubes, Graphene, 

and Carbon Nanofibers
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Carbon Nanomaterials

INTRODUCTION

Materials have always had an important place in the improvement of societies 
since the beginning. The prehistoric ages were named according to the commonly 
used material such as; stone, bronze and iron ages which reflects the importance 
of the materials in the development of civilizations. When we look at the today’s 
technological developments, composite materials gain a huge impact due to their 
unique and combined properties in the same product. As represented in Figure 1 
our century is called the Nano age due to the developments on the engineered nano 
materials. Not only their neat forms but also their cooperation with the previously 
improved polymeric matrixes take attention and have a pivotal role in the material 
science.

When Richard Feynman emphasized the importance of nanoparticles by saying 
“There’s plenty of room at the bottom.” nanomaterials start to draw attention. 
However, characterization tools had not been powerful enough to examine the 
submicron systems, thus; technological developments needed to wait until they let the 
examine nano sized materials. Nano materials have distinctively different properties 
than their bulk forms in terms of surface area and dominance of quantum effects, 

Figure 1. The materials time-line with a nonlinear scale
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while increased surface area play a role on the improved chemical reactivity of the 
material, quantum effects are resultant with the change a material’s optical, magnetic 
or electrical properties (Britain, 2004). Thus, polymer composites with nanoparticle 
addition display different role than the bulk size of polymeric composites. Total 
investment in the nanotechnology is getting rise day by day due to the proliferation 
product range (Navarro et al., 2008).

Carbon is not the most abundant element in the world however, its role is 
fundamental and Earth’s 0.2% of mass consists of carbon (Delhaes, 2013).

Different carbon atom bonding causes to obtain allotropes of carbon which are 
comprised of unique properties. Most well-known carbon allotropes are; diamond 
and graphite (Figure 2). Besides, graphene, fullerenes, carbon nanotubes are the new 
generation of carbon allotropes (Krüger, 2010; Delhaes, 2013). The ideal crystal 
structure of graphite (see Figure) consists of layers in which the carbon atoms are 
arranged in an open honeycomb network containing two atoms per unit cell in each 
layer, a carbon nanotube is a graphene sheet appropriately rolled into a cylinder 
of nanometer size diameter. Therefore, it is expected to the planar sp2 bonding is 
characteristic of graphite to play a significant role in carbon nanotubes (Ajayan, 
1999). Each carbon atom has six electrons which occupy 1s2, 2s2, and 2p2 atomic 
orbitals. Three possible hybridizations occur in carbon: sp, sp2, and sp3 while other 
group IV elements such as Si and Ge exhibit primarily sp3 hybridization (Dresselhaus 

Figure 2. (A) Graphene, (B) CNT, (C)Fullerene, (D)Carbon Nanofiber
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& Avouris, 2001). The discovery more than two decades ago of the allotrope of 
carbon referred to Buckminsterfullerene which was a pivotal event at the beginning 
of nanotechnology. This key discovery showed that; how intense energy sources 
may be used to vaporize ordinary carbon and convert it into the nanomaterials such 
as fullerenes and carbon nanotubes (Weisman & Subramoney, 2006). Multi-walled 
carbon nanotube variants were synthesized initially in 1991 (Iijima, 1991), while 
graphene is the unwrapped form of the carbon nanotubes.

Polymer nanocomposites consist of nanoparticles such as, carbon nanotubes, 
carbon nanofibers, and graphene, which embedded inside the polymeric matrix and 
different application areas are possible according to homogeneous dispersion of 
nanoparticles inside the host matrix without losing their performance and preventing 
the agglomeration (Njuguna & Pielichowski, 2004). Nanoparticles have a huge variety 
of application areas from sports to the aviation industries (Cao & Wang, 2011). In 
this chapter, carbon based nanoparticles; carbon nanotubes, graphene, and carbon 
nanofibers were considered.

CARBON NANOTUBES

Carbon nanotubes (CNTs) are novel carbonaceous materials and their composites have 
been widely studied since their discovery in 1991. CNTs have a significant potential as 
a building block, due to their high aspect-ratio together with their nano-sized tubular 
structure which leads to strong confinement effect. Principally, CNTs are created by 
wrapping graphene layers. CNTs can be singular or multi-walled according to folded 
graphene layer number. Also, it is possible to increase the variety of CNTs by using 
doping techniques. Doped CNTs have numerous advantages and can be useful for 
nanoscale devices such as; miniaturized electronics and electromechanical, chemical 
and scanning probe devices. Moreover, CNTs can be used as filler for macroscopic 
composites. In this review, synthesis methods for CNTs and doping techniques are 
briefly introduced together with their present application areas to give an approach 
to basic knowledge about CNTs.

Synthesis of Multi-Walled and Single-Walled Carbon Nanotubes

In this section, most preferred carbon nanotube fabrication techniques are presented 
together with their advantages and drawbacks. Synthesis of single-walled and multi-
walled carbon nanotubes mainly followed by arc-discharge (Iijima, 1991; Journet 
et al., 1997; Moravsky, Wexler, & Loutfy, 2004), laser ablation (Moravsky et al., 
2004; Rinzler et al., 1998) and chemical vapor deposition (CVD) (Z. P. Huang et al., 
1998) methods and schematic presentations were given in the Figure 3. Past decades, 
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arc-discharge and laser ablation methods had more interest to build nanotubes, and 
common principle of these methods is to condensation of carbon atoms which are 
obtained from evaporation of solid carbon sources and temperature during these 
methods are nearby to the melting temperature of graphite which is around 3000-4000 
°C (Dai, 2001). During the growth of SWNTs via laser ablation or arc-discharge 
methods, by products of the process can be; graphitic polyhedrons with enclosed 
metal particles, fullerenes and amorphous carbon as particles or over coating on 
the sidewalls of nanotubes (Dai, 2001).For scale-up productions laser ablation and 
arc discharge method have limitations. Methods require further purification steps 
due to the creation of impurities in the form of catalyst particles, amorphous carbon 
during the process. Moreover, these methods make the production of CNTs expensive 
(Thostenson, Ren, & Chou, 2001). On the other hand, gas phase techniques, CVD 
can be a potential for the scale-up production of CNTs with fewer impurities (W. 
Z. Li et al., 1996; Thostenson et al., 2001).

Electric Arc Discharge

A basic of the arc-discharge method is explained as; plasma of helium gas ignited 
by high currents passed through carbon anode and cathode aids to evaporate carbon 
atoms. The arc-discharge method has been developed to fabricate high quality multi-
walled nanotubes (MWNTs) and single-walled nanotubes (SWNTs). MWNTs can 
be obtained by adjusting the growth conditions such as the arcing current and the 
pressure of an inert gas in the discharge chamber. In 1992, a revolution in MWNT 
growth by arc-discharge was first made by Ebbesen and Ajayan who have been 
achieved the growth and purification of high quality MWNTs at the gram level 
(Ebbesen & Ajayan, 1992).

MWNTs are synthesized by arc discharge, have lengths around ten microns and 
diameters in between the range of 5-30 nm. The nanotubes are naturally connected 

Figure 3. Schematic description of (a) electric arc-discharge, (b) laser ablation, (c) 
chemical vapor deposition methods
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together by strong van der Waals interactions and form tight bundles. MWNTs, 
which are created by the arc-discharge method, are very straight, due to their high 
crystallinity. For as grown materials, there are a few defects such as pentagons or 
heptagons existing on the sidewalls of the nanotubes. Moreover, the by-product of the 
arc-discharge growth process is multi-layered graphitic particles in polyhedron shapes. 
It is also possible to the purification of MWNTs by heating the grown material under 
an oxygen atmosphere to eliminate the graphitic particles by oxidation (Ebbesen & 
Ajayan, 1992). For the growth of single-walled tubes via the arc-discharge method, 
a metal catalyst is required. The first success in producing substantial amounts of 
SWNTs by arc-discharge was achieved by Bethune and coworkers in 1993 (Bethune 
et al., 1993).

When the arc-discharge is carried on keeping the gap between the carbon electrodes 
about 1mm, cylindrical deposits forms on the surface of the cathode. The diameter 
of this cathode deposit is the same as that of the anode stick (Yumura, 1999).

To obtain a high yield of tubes via carbon arc technique is challenging and 
requires careful control of experimental conditions as opposed to its production 
simplicity. Generally, in laboratory scale production operation is carried with direct 
current (DC) and arc operates 1 to 4 mm wide gap between two graphite electrodes 
which have a diameter in 6 to 12 mm and can be placed vertically or horizontally 
in a water cooled chamber which is complete with Helium gas at sub atmospheric 
pressure (Moravsky et al., 2004). During the fabrication of MWNT, quality or 
quantity is not affected from the position of the electrode axis however, Helium gas 
and DC current are more remarkably affect the fabrication yield and the high yield 
arc process requires a constant feed rate and arc current for the duration of synthesis 
for the stable synthesis (Kiselev, Moravsky, Ormont, & Zakharov, 1999).Graphite 
cathode and anode holder rods are generally equipped with the water cooling system 
to prevent the damage which can be happened when the arc is closed to one of the 
holders. The cooling has effects on the properties of the cathode deposit merely a 
first few millimeters from its origin; the deposit up to 10 to 15 cm total length (rest 
of the deposit) has a stable cross-sectional structure and composition (Moravsky et 
al., 2004). The cathode deposit growth in the first few millimeters, the arc process 
stabilizes and a steady electrode surface temperature is set. Then, the cooling of 
the cathode is not affecting the deposit working surface temperature. Thus, it is 
beneficial to use a cathode of adequately small diameter (for instance; equal or 
smaller than the anode rod diameter) that is long enough (a few centimeters) to more 
quickly reach a steady temperature at the cathode working surface and in the arc. 
Furthermore, the cathode deposit is more strongly connected to a smaller diameter 
cathode compared to larger ones. A strong bond has a key role to prevent the cathode 
deposit from breaking off the cathode surface in the sequence of the production 
process. Moreover, excessive cooling of the cathode holder is undesirable property 
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and, same is also true for the anode holder. Because when the arc zone approaches 
to cold anode holder, the anode working surface becomes cooler, which affects the 
plasma properties, and deteriorating the uniformity of the deposit structure and 
composition. Advisable holders are generally low-heat conductive anode holders 
(Moravsky et al., 2004). Another production parameter is, Helium gas and it can 
be a static or dynamic atmosphere during the process and there is not any product 
quality difference is recorded. For MWCNTs, requirements for Helium gas purity 
are quite less rigid than for fullerene or SWNT synthesis; to be exact; 99.5% and 
99.999% pure gases, respectively produce the same amount of MWNTs. The MWNT 
synthesis is much more flexible for the presence of oxygen based impurities in the 
buffer gas due to the formation of MWNTs is occurred in the inter electrode gap, 
where the gas does not penetrate, while fullerenes and SWNTs are formed outside 
the gap (Moravsky et al., 2004).

Laser Ablation

Laser ablation method was used when C60 was first discovered in 1985 (Kroto et al., 
1985). This method has also been applied for the synthesis of CNT, but the length 
of MWCNT is much shorter than that by the arc-discharge method. So, this method 
does not seem adequate to the synthesis of MWCNT. However, in the synthesis of 
SWCNT marvelously high yield has been obtained by this method, hence, the laser 
ablation method has become another important technology in this respect (Yumura, 
1999).

During fullerene production experiments using a laser vaporization apparatus 
with an ablated graphite sample positioned in an oven, it was found that closed-
ended MWNTs were produced in the gas phase through homogeneous carbon-vapor 
condensation in a hot argon atmosphere (Jiang et al., 2004).

MWNTs which are produced with the laser ablation method are similar to arc 
produces ones, due to their relatively short size (ca. 300 nm), but the number of layers 
which are ranging between 4 and 24 nm, and the inner diameter, varying between 
1.5 and 3.5 nm. MWNTs with an even number of layers was generally obtained, 
however there is not any SWNTs were observed. The yield and quality of MWNTs 
are dropped at oven temperatures below 1200°C, and at 200°C there is not any 
nanotubes were detected. Which is explained by the need for the sufficiently high 
temperature to rapidly anneal the imperfect structures into a closed form through 
the incorporation and rearrangement of pentagons (Smalley, 1992).

How an open-end nanotube would be grown rather than close off into a short 
spheroidal structure at 1200°C is unclear due to the applied temperature range and in 
the absence of extrinsic stabilizing factors (such as the high electric fields) proposed 
earlier in the literature (Smalley, 1993). It was suggested that adequate temperature 
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and rapid annealing play a key role, stabilization of the open-end interaction between 
adjacent tube layers is provided by carbon “adatom” bridges that saturate some of 
the dangling bonds (Guo et al., 1995). Such cohesive lip-lip interactions may explain 
the tendency of MWNT layers to close in pairs, as well as occasionally observed 
(Kwon et al., 1997) “turnaround” growth in arc-produced MWNTs. To keep the 
growing MWNT end open, it is essential to have lip-lip interaction between at least 
two inner layers. The next layers may grow with some delay, for example, by island 
nucleation (Kwon et al., 1997) and anneal on the underlying nanotube template. 
Nanotube thickening by additional layer growth terminates when carbon-vapor density 
falls below a threshold value corresponding to the saturated vapor pressure of small 
carbon clusters adsorbed on the tube surface. This threshold value decreases with 
the increasing tube radius thus, may be imposed a limit on the MWNT diameter 
(Guo et al., 1995).

Chemical Vapor Deposition

Chemical vapor deposition (CVD) methods have been successfully used for creating 
carbon materials such as; fibers, filaments, and nanotubes for more than decades 
(Morgan, 2005). With arc-discharge or laser ablation techniques, only tangled 
nanotubes mixed randomly with various impurities are obtainable.

Recent research activities in CVD nanotube growth have also been sparked by 
the idea that aligned and ordered nanotube structures can be grown on surfaces with 
control. Growth process explained as; catalyst material is heated to high temperature 
inside the tubular furnace and time to time hydrocarbon gas flows through the furnace 
and materials grown over the catalyst are taken with the cooling of the system at 
room temperature (Dai, 2002).The key parameters for CVD growth of nanotubes 
are the hydrocarbons, catalysts and growth temperature. The active catalytic species 
are typically transition-metal nanoparticles formed on a support material such as 
alumina (Dai, 2001).

CVD has been extensively used to grow a variety of CNT structures, a single-
walled nanotube is rolled-up tubular shell of the graphene sheet, which is made up 
of benzene type hexagonal rings of carbon atoms and, a multi-walled nanotube is 
a rolled-up stack of graphene sheets in concentric cylinders. In contrast, a stacked 
cone arrangement in the central core region is also seen in some CVD samples 
(Nolan, Lynch, & Cutler, 1998).

Doping Techniques for Carbon Nanotubes

Substitutional doping of carbon nanotubes was first attempted in 1994 (Stephan 
et al., 1994). They synthesized, boron-nitrogen doped MWNTs using the arc-
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discharge method. Nitrogen doped nanotubes are less stable than their pure carbon 
counterparts, breaking easily under the electron beam in the transmission electron 
microscope (TEM) and oxidizing at lower temperatures than undoped tubes. This is 
understandable when one considers the nitrogen atoms as localized defects, which 
will be energetically less stable than a pure carbon lattice. This also makes the tube 
surfaces chemically active, facilitating chemical functionalization (Jiang et al., 2004).

The possibility of attaching functional groups to the nanotube surface also allows 
the combination of the properties of the nanotubes and the additional unit.

Besides the chemical modification of defect groups, a significant improvement 
for single walled carbon nanotubes have sidewall functionalization via addition 
reactions to use reactive organic species such as; nitrenes, carbenes, lithium alkyls, 
fluorine and diazonium salts (Holzinger et al., 2001).

Nanotube doping can be achieved in two different ways, either directly during 
the synthesis or by post treatment of pre-synthesized carbon nanotubes. For both 
approaches, various methods have successfully been employed for making nitrogen 
doped carbon nanotubes. Arc-discharge method; the tubes are grown through 
evaporation of a graphite rod via an electric-arc, in a Helium gas atmosphere. Another 
high temperature growth technique is laser ablation, whereby a catalyst containing 
a graphite target is ablated using a pulsed laser, with the vaporization products 
rapidly removed by flowing gas such as N2. Laser ablation is also commonly used to 
produce nitrogen doped fullerenes. Arc-discharge, laser ablation and the solar oven 
all belong to the so-called high temperature synthesis methods. The high temperature 
is used in all these cases to evaporate the carbon source, normally graphite (Journet 
et al., 1997). Nitrogen doped multi-walled nanotubes have been synthesized both by 
classical chemical vapor deposition techniques (CVD) and by aerosol assisted CVD 
methods (Ewels, Glerup, Krstic, Basiu, & Basiuk, 2007). Post treatment techniques; 
apart from nitrogen incorporation during growth, it is also possible to nitrogen 
doped nanotubes through post treatments of pristine carbon nanotubes. Chemical 
substitution has been used to nitrogen doped SWNTs, through partial substitution 
reactions of undoped tubes, using B2O3 vapor and N2 gas at 1500-1700 °K. This 
resulted in irregular damaged nanotube walls with less than 1% N substitution, 
when it is comparable with arc-discharge techniques. D.C. magnetron sputtering has 
successfully been applied by Suenaga et al, achieving high nitrogen concentrations 
of 15-30% nevertheless, mainly in the carbon nanoturbolites (Suenaga et al., 1999).

Based on theoretical studies, ion implantation has been proposed as a way 
to selectively dope carbon nanotubes with nitrogen. This approach was used 
experimentally to implant nitrogen in MWNTs (Morant et al., 2006). They quantified 
the nitrogen concentration to be 0.47% by using XPS. In particular, spatially resolved 
doping should allow both homogenous dopant distribution and spatially localized 
doping as required. Notably, concentration variances in nanotubes doped during 
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synthesis can arise from inhomogeneous synthesis conditions, e.g. impurities in the 
catalyst, catalyst size, an uneven gas flow, or temperature gradients in the reaction 
zone (Ewels et al., 2007).

Properties and Applications

CNT is a folded layer of graphene which is rolled around and according to rolling 
angle it is named such as arm chair, chiral and zigzag (Figure 4). Moreover, If CNT 
is only one layer it is named as single-walled carbon nanotubes (SWCNTs) and if 
it has multi layers than it is named as multi-walled carbon nanotubes (MWCNTs) 
which is basically centric SWCNT with outer rolled graphene layers (Thostenson 
et al., 2001).

CNTs have a low density with one-dimensional properties in nano range, 
extraordinary mechanical and electrical properties with high aspect ratios which 
makes them a good reinforcement material for the polymeric composites (Spitalsky, 
Tasis, Papagelis, & Galiotis, 2010). Their highlighted properties are mechanical, 
electrical, magnetic, optical and thermal properties (Xie, Mai, & Zhou, 2005).

CNTs can be used in a variety range of products in the field of aerospace 
applications. Application of CNTs can take a place in commercial aircrafts, 

Figure 4. Schematic representation of CNT type according to rolling angle
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satellites, space launch vehicles moreover, their stipulated applications such as 
hydrogen storage encapsulation, lightning protection for aircraft, reduced weight of 
satellites are breathtaking (Gohardani, Elola, & Elizetxea, 2014). For the high-tech 
application areas such as aerospace, aviation, automobile, etc. polymeric composite 
structures should have anti-wearability, load carrying capacity together with the 
low density, in that perspective nanoparticle addition to composite structures are 
studied (Su, Zhang, & Liu, 2006). CNTs are considered as the new area for new 
the enhancement of the polymeric composite structures for tougher and/or fatigue 
resistant materials which is highly depended to their good dispersion on the matrix 
(Bal & Samal, 2007; Cooper, Ravich, Lips, Mayer, & Wagner, 2002). The aim of 
creating the polymer/CNT composites is to combine ease of processability of the 
polymer with the excellent properties of the CNTs (Xie et al., 2005). Extent and 
efficiency of stress transfer through the interface between nanotubes and polymers 
makes their dispersion difficult for the nanocomposite (Njuguna & Pielichowski, 
2004). Different than the conventional filled polymer composites, CNT composites 
are required low filling ratios to achieve desired property enhancements, thus they 
are a strategic candidate for the aerospace applications (Njuguna, Pielichowski, & 
Fan, 2012). Polymer and CNT cooperation creates composite structures which can 
be used in a variety of applications. Composite fabrication of CNTs via conventional 
composite processing have a wide range of challenges thereby the uniform dispersion 
or difficulty of precise control. Layer by layer assembly of CNTs offers advantages 
such as; uniform dispersion of CNTs into a composite which is enabled by direct 
adsorption of CNTs from a solution to a solid state without phase segregation, tailor-
made multifunctionality, and ease of fabrication (Podsiadlo, Shim, & Kotov, 2009).

Depend on the dispersion and functionalization of carbon nanotubes they have 
fruitful mechanical and multifunctional properties (Ma, Siddiqui, Marom, & Kim, 
2010). Their mechanical properties are highly dependent on the cooperating polymer 
type, filling ratio of CNTs and together with the single or multi walled structure of 
the carbon nanotubes. Moreover, CNTs exhibit an improvement on the electrical 
properties of the composites whereas it is highly fluctuating in accordance with 
the function of the polymer matrix, processing method and CNT type (Spitalsky 
et al., 2010).

NASA also has a research on the composite structures with CNTs for the Mars 
mission applications (Dresselhaus, Dresselhaus, & Avouris, 2001). Likewise, CNTs 
are appropriate candidates to work as a pressure sensor, and durable interfaces with 
electronics as a form of semiconductor membranes with the combination of textiles 
(Gugliuzza & Drioli, 2013). Polymer composites of nanotubes can be used for 
transparent conductive coatings, electromagnetic interference shielding applications 
(Spitalsky et al., 2010).
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Another most studied polymer/CNT combination is based on fibers. Addition 
of CNT to fiber improves the properties of the fiber even though they have 
superiorities than the high performance fibers in terms of tensile strength values. 
Direct dispersion of CNTs into the chopped fiber creates a polymeric composite 
whereas alignment of the CNT and fibers have a significant role (Iwahori, Ishiwata, 
Sumizawa, & Ishikawa, 2005). CNT and fibers are expected to be used in a wide 
range of application areas such as; reinforcements for composites, supercapacitors, 
transmission lines and electrochemical sensors (Yadav, Dasgupta, Patwardhan, & 
Joshi, 2017). For all cases, the huge amount of CNT is needed to create combined 
structures like polymer composites or fiber/CNT combinations. This is come together 
with the scale-up limitation issues of CNTs and the need for further purifications. 
Thus, fabricating the highest amount of CNTs, the CVD method is the most promoted 
one (Thostenson et al., 2001).

GRAPHENE

Graphene is a two dimensional layer of sp2 bonded carbon atoms and has only a one 
atom thickness (Figure 5), which displays improved mechanical and thermal properties 
(H. Kim, Abdala, & Macosko, 2010) (Stankovich et al., 2006) (Ramanathan et al., 
2008). Graphene exhibits a superior mechanical and electrical features which makes 
it ideal for potential applications and it is possible to obtain polymeric composite 
structures with a lower amount of loadings (Du & Cheng, 2012).

Synthesis of Graphene

Single atom thickness is the most significant reason which makes graphene the 
rising star of nanoscience. Primarily, the graphene layer is obtained via mechanical 
exfoliation of graphite with the assistance of scotch tape (Geim & Novoselov, 
2009). Different synthesis techniques for graphene layers are available with bottom 
up and top down approaches. Most common methods are; mechanical exfoliation, 
chemical exfoliation and chemical vapor deposition (Allen, Tung, & Kaner, 2010; 
Bhuyan, Uddin, Islam, Bipasha, & Hossain, 2016; Novoselov et al., 2004; Reina et 
al., 2009). Principally mechanical exfoliation of graphite is based on a mechanical 
force and adhesive material to remove a graphene layer from graphite (Bhuyan et 
al., 2016). Chemical exfoliation is explained as a solution with alkali ions dispersed 
to graphite and large alkali ions help to open up the graphite layers (Stankovich et 
al., 2007). As described in the previous part, the catalytic thermal CVD method is 
highly suitable to produce scale up graphene layers. Different than those methods, 
chemical synthesis methods are also available in the literature (Pei & Cheng, 2012).
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In terms of fabricating the graphene, exfoliation means a separation/peel off 
graphite layers or its derivatives such as graphene oxide (GO) to obtain a graphene 
layer. For mechanical exfoliation single graphene layer is extracted on the preferred 
substrate with the applied external force to remove a single graphene layer on 
the graphite (Bhuyan et al., 2016). External force should be around 300 nN/μm2 
to separate mono layer of graphene which is consist of the top down approach, 
opposite of the stacking mono layers (Zhang, Small, Pontius, & Kim, 2005). This 
mechanical process can be conducted with the assistance of several products; such 
as scotch tape (Geim & Novoselov, 2009), the electric field (X. Liang et al., 2009), 
and ultra-sonication (Ci et al., 2009). Graphene flakes can be characterized via 
optical microscopy, Raman spectroscopy and AFM to determine the thickness and 
the amount of layers (Z. H. Ni et al., 2007; Z. Ni, Wang, Yu, & Shen, 2008). By this 
method high quality graphene layers without defects are achieved however scale up 
issues are existing due to the usage of the wafer as a plate to collect graphene layers 
and which is labor exhaustive process (Bhuyan et al., 2016).

Figure 5. Schematic representation of graphene layers in a form of graphite
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Chemical exfoliation method is based on a separation of graphite to graphene 
layers via the assistance of the chemical substrates. Chemical exfoliation of graphite 
has two main stages. Firstly, colloidal suspension helps to reduce Van der Waals 
forces to increase the interlayer spaces between graphene layers than, rapid heating 
or sonication helps to exfoliate graphene with single to few layers (Wu, Yu, & Shen, 
2010). This method is quite appropriate to obtain easily graphene layers.

As described in the previous parts, chemical vapor deposition method helps 
to vaporize heated material to gaseous state, which is named as a precursor and 
thanks to the high temperature substrate is diffused on the precursor. Deposition 
of high quality graphene layers are achieved via CVD on the different transition 
metal substrates and Ni was the first substrate where the large area of graphene was 
obtained by CVD (Obraztsov, Obraztsova, Tyurnina, & Zolotukhin, 2007).

Chemical reduction of graphite oxide is another method to produce graphene flakes. 
Mainly methods are Hummer’s (Hummers & Offeman, 1958) and, Staudenmaier 
(Staudenmaier, 1898) methods. They are followed to chemically reduce GO. For 
reduction of GO, sonication and electrochemical reduction, and, pyrolysis of graphene 
are also available. It is also possible to obtain graphene layer via, unzipping of CNTs. 
Unzipping process is based on a chemical and plasma etched method of CNT. As a 
bottom-up approach, epitaxial growth of graphene is another way to build graphene 
(Bhuyan et al., 2016).

Properties and Applications

The twenty-first century has an impact on the development of nanomaterials and 
graphene is a 2-D new generation material with lots of unique properties. These 
thin and strong materials provide cutting-edge technologies for the development 
of light and strong materials. Nanoparticle applications in engineered structural 
composites have an important role. Among the different structural composite systems 
aerospace structural composites should provide tremendous physical, chemical, 
electrical, thermal and mechanical properties. Thus, nanoparticles especially carbon 
nanoparticle combinations serve a good opportunity for the structural aerospace 
applications. Whereas they need high property demands for bringing out higher 
performance materials. While creating the high performance structural composites 
for the aviation industry, performance criteria such as weight, processability, life 
cycle and risks assessment of the new material should be considered and balance 
with the performance expectation (Baur & Silverman, 2007). Nanocomposites are 
getting attention due to the enhanced properties and application areas of engineering 
polymers (Njuguna & Pielichowski, 2004).

Carbon nanomaterials are used as effective fillers to produce high performance 
structural composites. Enhanced electrical, chemical and mechanical properties 
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make them considered as nanocomposite materials for a variety of applications 
such as aviation, electronics and biotechnology applications (Iwahori et al., 2005; 
Lim, Guzman, Schaefer, & Minaie, 2013; Zhou, Pervin, Rangari, & Jeelani, 2006). 
Flame retardancy and thermal stability is one of the required material properties 
for aviation applications and, desired properties are achieved with the usage of the 
nanocomposites (Njuguna & Pielichowski, 2004). Carbon nanoparticles are also 
considered as an additive for aerospace applications (Rettenbacher, Elliott, Hudson, 
Amirkhanian, & Echegoyen, 2006).

Graphene has a variety of application areas from optoelectronics to polymeric 
composites. Mainly electronic and photonic applications are emerging technologies 
(W. Choi, Lahiri, Seelaboyina, & Kang, 2010). There is also gas and biosensor and 
battery applications are available for the products which contain graphene. Graphene 
can be used as a gas and bioelectronic sensors and working principle is based on a 
change in the electrical conductivity, sigma bonds (σ) for the reason of adsorption 
of molecules on the graphene sheet. The absorbed molecule can act as a donor or 
acceptor and the change in the conductivity aids to change the carrier concentration 
of graphene (C. Lee, Wei, Kysar, & Hone, 2008). Also, graphene is an attractive 
material for the membrane applications thanks to its atomic thickness, mechanical 
strength, and chemical stability and there are also some challenges about adjusting 
the pore size for the graphene added membranes (Editorial, 2015). There are also 
some market products are available, which includes graphene. Wheel producer 
Vittoria built a wheel which contains graphene and expressed that, they are the 
best wheels in their products and the fastest in the world. Another study released 
the Unmanned aerial vehicles (UAV) which were constructed with the graphene 
and it is the point of that graphene can be integrated within the aerospace industry 
(“Media Innovation Studio,” 2018).

CARBON NANOFIBERS

Different than the carbon nanotubes and graphene, carbon nanofibers have several 
advantages on their web form. Which makes their fabrication easier and moreover, 
let their processability in the polymer matrix easily while CNTs and graphene have 
to overcome the agglomeration issues. Besides, CNTs and Graphene have scale up 
difficulties (Y.-H. Lee et al., 2013).

Through the decades carbon fibers are intensively used in the composite 
applications. Different than the carbon fiber’s micro size, carbon nanofibers offer 
a huge surface area due to their reduced fiber diameter together with the porous 
surface structure. Moreover, carbon nanofibers can be available in activated carbon 
nanofiber form, which makes them feasible to use as a membrane.
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Furthermore, CNFs are lighter than the micro sized carbon fibers while serving 
an improved surface area. Different precursors are available to fabricate carbon 
nanofibers. Most studies precursor types are PAN, pitch and cellulose based ones 
(Edie, 1998; Morgan, 2005). Acrylonitrile unit has a 67.9% carbon content and carbon 
yield of PAN precursors is around 50–55%, for cellulosic precursors (C6H10O5)n carbon 
contents is 44.4% however, they have a complex carbonization process which limits 
the carbon yield in between 25–30% when it comes to pitch, it has a higher yield of 
85% however its graphitic nature resultant with poorer compression and transverse 
properties compared to PAN based carbon fibers (Morgan, 2005). Thus, among 
the others PAN gets more attention due to its carbonization process advantages. 
Figure 6 represents the chemical changes of PAN through the carbonization which 
is formed as a nanofiber. Not only homopolymer PAN is used as a precursor but 

Figure 6. Carbonization mechanism of polyacrylonitrile
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also its copolymers are suitable for the fabrication of the carbon fibers whereas they 
have advantages to control the carbonization and oxidation process easily (Bashir, 
1991; Ismar & Sarac, 2016; Faraji, Yardim, Can, & Sarac, 2017). 

Fabrication of CNFs

For fabricating the carbon nanofibers, several methods are presented in the literature 
such as electrospinning of polymeric precursors (Ali & El-Hamid, 2006; Ismar & 
Sarac, 2016), and vapor growth method (VGCNF) (Tibbetts, Lake, Strong, & Rice, 
2007; Al-Saleh & Sundararaj, 2009). Generally, fabricating PAN based carbon 
nanofibers, electrospinning method is selected and electrospun PAN nanofibers are 
converted to the carbon nanofiber through the oxidative stabilization and carbonization 
processes. Vapor grown carbon nanofibers are fabricated via catalytic chemical vapor 
deposition are different than the PAN based CNFs in terms of production method, 
physical properties and structure of the CNF. During this fabrication process, raw 
material can be hydrocarbons (natural gas, propane, acetylene, benzene, and ethylene, 
etc.) or carbon monoxide onto a metals (Au, Fe, Co, Ni,) or metal alloy such as; 
Fe-Ni, Ni-Cu with a catalysts at a high temperature range (500–1500 oC) (Sattar, 
Kausar, & Siddiq, 2015; Zhou, Pervin, & Jeelani, 2007). Microstructural properties 
of VGCNFs have some impurities thus, elimination of the defects and side groups 
on the VGCNFs, graphitization method is the one of the effective way (Endo et al., 
2003). VGCNFs structures can be a potential for polymer composite structures as 
a filler due to their light weight and high strength and good chemical resistance to 
creating an inexpensive semiconducting composite, however agglomeration of the 
VGCNFs one of the issues to overcome (Cortés, Lozano, Barrera, & Bonilla-Rios, 
2003; Zeng, Saltysiak, Johnson, Schiraldi, & Kumar, 2004; Higgins & Brittain, 
2005; Y. K. Choi, Sugimoto, Song, & Endo, 2005).

Electrospinning of Carbon Nanofibers

Nanofibers cannot be produced via conventional spinning techniques; such as dry, 
wet, melt and gel spinning methods, with those methods polymeric fibers can be 
in the micrometer range. For reducing the fiber diameter from micro to nano scale 
electrospinning method is preferable for polymeric precursors (Gu, Ren, & Vancso, 
2005). The spinning of polymers with the help of electrostatic force is a well-known 
process for more than a hundred years. First patents using the electrostatic force to 
produce filaments go to the 1930s by Formhals (Z.-M. Huang, Zhang, Kotaki, & 
Ramakrishna, 2003). Moreover, in nano scale; aspect ratio of the fibers is increased 
and surface functionalities and better mechanical performance is achieved (Afshari, 
Kotek, Tonelli, & Jung, 2007). Furthermore, desired properties of electrospun 
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nanofibers can be achieved through the adjustments on the electrospinning process 
(D. Li & Xia, 2004). Major electrospinning fabrication parameters are divided into 
three main group; solution parameters, ambient parameters, process parameters 
and for all have a different effect on the fiber diameter and homogeneity of the web 
(Bognitzki et al., 2001; Deitzel, Kleinmeyer, Harris, & Beck Tan, 2001; Doshi & 
Reneker, 1995; Sarac, 2015).

Indeed, it is not possible to achieve carbon nanofibers only by the finalization of 
the electrospinning. Electrospun fibers should be thermally treated to obtain carbon 
nanofibers. PAN based carbon nanofibers can be simply obtained via electrospinning 
technique, if those electrospun nanofibers are heat treated, PAN based carbon 
nanofibers are achieved (Ismar & Sarac, 2016, 2018). The oxidation mechanism 
should be conducted preciously to prevent the fiber damages and achieve the desired 
properties. During the stabilization, cyclization and dehydrogenation reactions occurs 
which makes PAN fibers denser and stable and prevents its fibrous structure for further 
high temperature steps; carbonization (Edie, 1998; Rahaman, Ismail, & Mustafa, 
2007). Carbonization step can be dived into two according to applied temperature; 
low temperature and high temperature carbonization. Carbonization temperature has 
a critical role as much as the oxidation step and applied temperature determine the 
mechanical properties of the material. As a concept, increased temperature assists 
to increase the carbon content of the nanofiber thus, high temperature (1000-1500 
°C) carbonization resultant with the increment on the tensile strength. According to 
researches the maximum strength is achieved at 1500 and 1700 oC where the elastic 
modulus increases monotonically with temperature due to the increased volume 
fraction and crystallite size, especially at temperatures between 2000 and 3000 oC 
which is also another phase called graphitization (Arshad, Naraghi, & Chasiotis, 
2011; Edie, 1998; Liu, Wang, Xue, Fan, & Zhu, 2008).

Vapor Grown Carbon Nanofibers

Vapor Grown Carbon Nanofibers (VGCNFs) can be considered as an inexpensive 
alternative to CNTs, in terms of their ease fabrication when it is compared with the 
CNTs (Al-Saleh & Sundararaj, 2009). CNTs have improved mechanical properties 
than the VGCNFs, while they have a smaller diameter and lower density (Al-
Saleh & Sundararaj, 2011). VGCNFs are fabricated via catalytic chemical vapor 
deposition which is basically similar with the previous CVD methods. During this 
fabrication process, precursor can be hydrocarbons (natural gas, propane, acetylene, 
benzene, and ethylene, etc.) or carbon monoxide onto a metal metals (Au, Fe, Co, 
Ni,) or metal alloy such as; Fe-Ni, Ni-Cu as a catalysts at a high temperature range 
(500–1500 oC) (Sattar et al., 2015; Zhou et al., 2007). In other words, the catalyst can 
be collected on a substrate or directly fed with the gas phase (Mordkovich, 2003). 
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According to the operating conditions, feedstock and catalyst type it is possible 
to obtain different VGCNFs in shapes (helical, twisted) and characteristics (B. O. 
Lee, Woo, & Kim, 2001). Not only their shape but also surface area and electrical 
conductivity features of VGCNFs are dependent to catalyst and feedstock type (Al-
Saleh & Sundararaj, 2009).

Properties and Applications

CNFs are in a nanometer scale in diameter, and their morphology and dimensions are 
highly dependent on the fabrication technique together with the process conditions 
(Cooper et al., 2002). Applied oxidation and carbonization process temperatures, 
durations, temperature ramps, a cooling process, inert gas content are all affect the 
mechanical and surface structure of the nanofibers (Ismar & Sarac, 2018). Carbon 
fiber structure can be crystalline, amorphous, or partly crystalline. The crystalline 
form consists of a crystal structure of graphite with sp2 hybridized carbon atoms 
which are arranged two-dimensionally in a honeycomb structure in the x-y plane 
(Chung, 1994). It is possible to fabricate self-standing, flexible supercapacitors 
from carbon nanofiber webs (McDonough, Choi, & Yang, 2009; Ismar, Karazehir, 
Ates, & Sarac, 2018). Porous carbon nanofiber webs are a good candidate for the 
electrochemical energy applications as an electrode (Ra, Raymundo-Piñero, Lee, & 
Béguin, 2009). Alignment of the nanofibers in the bundle also has an effect on the 
capacitive behavior of the carbon nanofiber electrode, one way alignment enhances 
the electrochemical performance of the web (M. Kim et al., 2016). Nanoscale carbon 
reinforcements, for example, CNFs are taking attention due to their improved matrix 
dominated properties and functionalities of the structure via their unique properties 
(Lee et al., 2011) which is essential for creating advanced composite structures. Due 
to the remarkable properties; high tensile strength and modulus of CNFs have some 
potential applications in polymer reinforcement composite structures (Al-Saleh & 
Sundararaj, 2011; Zhou et al., 2006).

Nanofibers have possible application areas from composite materials, 
reinforcements to tissue engineering applications. Moreover, combined structures 
with carbon nanofibers and the carbon nanotubes and graphene are also studied as 
an alternative to macroscopic composite structures. Graphene oxide and carbon 
nanofiber composite structure is studied in detail to improve the capacitive behavior 
of the webs (Gergin, Ismar, & Sarac, 2017). There is also CNF/polymer composite 
combinations are available for a variety of applications. Carbon nanofibers are 
also a good candidate for the electromagnetic shielding applications (Tibbetts et 
al., 2007). Carbon nanofiber and epoxy composites have stunning properties such 
as high strength, high toughness and low weight, which makes them appropriate 
candidate for the aerospace, automobile, coating, electronics sport and etc. applications 
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(Chisholm, Mahfuz, Rangari, Ashfaq, & Jeelani, 2005; Rana, Alagirusamy, & 
Joshi, 2011; Shalin, 1995). Carbon nanofibers, especially vapor grown ones used 
as nanofillers in different type of polymers (nylon, epoxy, polypropylene, etc.) to 
reinforce the polymeric matrix and improve the mechanical and thermal properties 
of the structure (Pogue, Ye, Klosterman, Glass, & Chartoff, 1998; Patton, Pittman, 
Wang, & Hill, 1999; Kumar, Doshi, Srinivasarao, Park, & Schiraldi, 2002; Pervin, 
Zhou, Rangari, & Jeelani, 2005). Polymer based CNF filled composite structures 
exhibit enhanced properties with low filler amounts (such as lower than 3wt.%) 
thanks to the increased surface to volume ratio and the high aspect ratio of the 
nanofibers (Zhou, Pervin, Jeelani, & Mallick, 2008).

CNT and CNF enhanced composite structures are a new class of materials and 
improved performance of these composite structures are highly depended to their 
well dispersion inside the composite structure and feeding weight percentage of 
the nanomaterials (Rana et al., 2011). In the literature; CNF/epoxy composites are 
studied moreover combination of CNFs and CNTs as nanofillers with epoxy resin 
or other polymeric matrices as a form of hybrid composites are suggested to get an 
absolute potential of each nanoparticle to obtain improved mechanical, chemical 
and thermal properties for the structural composites (Y. L. Liang & Pearson, 2010; 
Shokrieh, Esmkhani, Haghighatkhah, & Zhao, 2014). Besides, it is possible to create 
tailor-made polymeric composite structures with enhanced properties by using CNFs 
and CNFs are more economical than the CNTs which makes composite structures 

Figure 7. Schematic description of carbon nanoparticle composites
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more cost effective, and multifunctional (Miyagawa, Rich, & Drzal, 2006; Wang, 
Sihn, Roy, Baek, & Tan, 2010). Layer by layer composite structures with CNF filling 
were prepared as a film for significant application areas such as radiation shielding, 
thermal interfaces, space and aviation (Shim, Starkovich, & Kotov, 2006).

CONCLUSION

In the aerospace applications, weight is the primary factor to be considered 
together with the strength, and thermal and chemical stability of the material. 
The nanotechnology has a key role on the engineering composites due to the 
extraordinary reduced weight of the nanoparticles. When material size is reduced 
to nano level, energy becomes more remarkable and small amount of loadings of 
those carbonaceous materials give a chance to create unique polymeric composite 
structures. The future is promising with all these carbon based nanoparticles. 
State of the art technologies nanoparticles work as a back bone of technological 
developments. Polymeric nanocomposite structures offer superior features. Thus,in 
this chapter selected carbon nanoparticles; carbon nanotubes, graphene, and carbon 
nanofibers were shortly enlightened from their synthesis to applications by taking 
into account their outstanding polymeric composites structures.
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KEY TERMS AND DEFINITIONS

Carbon Nanotubes: Rolled graphene layers in 2-D.
Electrospinning: The method for producing submicron fibers via electrical force.
Graphene: Single layer of graphite.
Nano: Unit which equals to 10-9.
Polyacrylonitrile: Synthetic semi-crystalline organic polymer, generally used 

as a precursor for carbon fiber production.
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ABSTRACT

The formation processes of epoxy nanocomposites with carbon (nanotubes, graphene, 
and graphite), metal-containing, and aluminosilicate (montmorillonite and halloysite 
tubes) fillers are considered. A high reactivity of epoxy groups and a thermodynamic 
miscibility of epoxy oligomers with many substances make it possible to use diverse 
curing agents and to accomplish curing reactions under various technological 
conditions. Epoxy nanocomposites are designed to realize to the same extent the 
unique functional properties of nanoparticles: electric, magnetic, optical, chemical, 
and biological. The mutual effect of both a matrix and nanoparticles on the composite 
formation is discussed.

INTRODUCTION

Since around the mid-1990s, polymer nanocomposites have become the subject of 
considerable attention, as evidenced by monographs, and a great number of reviews: 
since 2010, more than two dozen papers have been published (Irzhak, 2017). The 
application of nanocomposites is associated with their unique properties related to a 
huge specific surface and high surface energy of nanoparticles. Nanosized particles, 
as opposed to microinclusions and coarser inclusions, are not stress concentrators, 
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and this circumstance facilitates a marked improvement in the mechanical properties 
of nanocomposites. Compared with the respective polymers, the transparency of 
nanocomposites does not decrease, because nanoparticles do not scatter light because 
of their small sizes. Depending on the type of nanoparticles introduced in polymeric 
materials even at a low concentration, nanocomposites acquire remarkable chemical 
(primarily catalytic), electrophysical, and biomedical properties, thereby opening 
wide potential for their use.

Among polymer nanocomposites (Figure 1, curve 1), it would appear that 
composites based on an epoxy matrix occupy an insignificant place—nearly 10% 
as to the number of publications—but an ever increasing number of papers appear 

Figure 1. The number of publications on (1) polymeric and (2) epoxy nanocomposites 
and (3) the number of their citations according to the Web of Science Reprinted 
with permission from IAPC “Nauka” (2017, Irzhak)
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annually (curve 2). Moreover, the interest in them grows almost exponentially, as 
evidenced by the number of citations (curve 3).

Epoxy polymers in terms of a set of properties stand out among other polymeric 
materials and play an important role in aerospace, automotive, shipbuilding, and 
other industries. Their wide application in engineering is associated, firstly, with 
a high processability of epoxy resins and, secondly, with the unique combination 
of performance characteristics of their curing products (Paquin, 1958, Lee, 1967, 
Chernin, 1982, Khozin, 2004).

A high reactivity of epoxy groups and a thermodynamic miscibility of epoxy 
oligomers with many substances make it possible to use diverse curing agents and to 
accomplish curing reactions under various technological conditions (Irzhak, 1979, 
Rozenberg, 1986, Okabe, 2013). Of no small importance are the features of synthesis 
processes, such as the absence of volatile products and low level of shrinkage.

Epoxy polymers have high values of static and shock strength, hardness, and 
wear resistance. They possess marked thermal stability and heat resistance. Many 
solid surfaces form strong adhesive bonds with epoxy polymers (Paquin, 1958, Lee, 
1967). This circumstance determines their use as compounds, glues, paint and lacquer 
materials, and coatings, including in aerospace engineering. Epoxy nanocomposites 
are designed to realize the unique functional properties of nanoparticles: electric, 
magnetic, optical, chemical, and biological.

Information about epoxy nanocomposites is contained most completely in (Irzhak, 
2017). Reviews (Irzhak, 2011, Kablov, 2013) are devoted to epoxy nanocomposites 
with carbon nanotubes (CNTs). Some aspects of epoxy nanocomposites containing 
graphene were covered in (Song, 2013). Other generalizing papers are unavailable 
in this field.

Taking into consideration the urgency of the issue and the presence of recent 
studies not covered in the mentioned reviews, authors took a chance to consider 
epoxy nanocomposites containing metal and mineral nanoparticles, graphene, and 
CNTs and to discuss the processes of their formation.

FEATURE OF SYNTHESIS OF EPOXY NANOCOMPOSITES

The generally accepted scheme of the amino-epoxy cure involves two main reactions 
of the glycidyl ether (Box 1).

In principle, a reaction of esterification is possible – the resulting hydroxyls 
with epoxy groups.

The ratio of the rate constant of the secondary amine addition to the corresponding 
constant of the primary one depends on electron-donating properties of an amine and 
may vary with temperature. Normally this ratio varies within 0.1–0.6. It is because 

 EBSCOhost - printed on 2/14/2023 2:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



37

Synthesis of Epoxy Nanocomposites

of accumulation of hydroxyl groups during the reaction that the process of curing 
epoxy oligomers under the action of amines has autocatalytic character. Kinetics is 
often analyzed using empirical Eq. (1)

d
dt

k k m nα
α α= +( ) −( )1 2

1 	 (1)

d
dt

k k
nα

α α= +( ) −( )1 2
1 (1а)	

where α is the degree of conversion of epoxy groups; the sum of exponents m + n 
defines the overall reaction order, which is usually two. Sometimes it is assumed that 
m = 1 (Eq. (1a)). Constants k1 and k2 reflect the autocatalytic character of the process.

From the standpoint of formation of epoxy nanocomposites, there are two types 
of fillers: fillers belonging to the first type are chemically unchanged and should be 
reduced to the desired size in one way or another. An example is provided by CNTs, 
diverse minerals, and graphene. Compounds whose chemical nature changes during 
composite formation belong to the second type. These are, in particular, metal salts, 
in which cations should be reduced to the zero-valence state.

In contrast to linear polymers, epoxy nanocomposites are obtained only via 
the curing of epoxy oligomers in the presence of a filler or the corresponding 
precursor. It is evident that these additives may affect the kinetics of the process 
and the properties of the resulting matrix. The mechanism of curing of epoxy resins 
is fairly complicated, because many reactions occur simultaneously and depend on 

Box 1. Epoxy-amine cure reactions scheme
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such phenomena as gelation and glass transition (Irzhak, 1979, Rozenberg, 1986). 
After incorporation of nanoparticles into the epoxy resin, the process of its curing 
becomes even more complicated. A considerable number of papers concern the 
kinetics of curing of epoxy systems with various types of nanoparticles.

Most of kinetic studies are using DSC. DSC analysis has shown that etherification 
occurs at elevated temperatures once all the primary amines are exhausted. In this 
case, the data are analyzed as a rule in terms of the generalized formula

d
dt

k T f
α

α= ( ) ( ) 	 (2)

For nonisothermal conditions the temperature varies with time with a constant 
heating rate, β = dT/dt.

Isoconversional kinetic analysis has shown that the reaction rate at constant 
conversion depends only on the temperature. In other words,

E Rd
d
dt

dT
a
= −











−ln /
α 1 	 (3)

where Eα is the effective activation energy at a given conversion. The energy of 
activation was determined by varying the rate of scanning. Multistage processes 
show the dependence of Eα on α, the analysis of which helps not only to reveal the 
complexity of the process, but also to identify its kinetic scheme. So, for example, 
starting from equation (1), we get:

E R k E k E k k
a

m m= − +( ) +( )1 1 2 2 1 2
α α/ 	 (4)

In Figure 2 shows the data (Vyazovkin, 1996) experimental, processed according 
to (3), and calculated by the equation (4). The calculation was carried out under 
the condition E1 = 120 and E2 = 50 kJ/mol and a variation of the exponent m. The 
first value was obtained from the experiment as the limiting value of the effective 
activation energy, since Eα = E1 as α → 0.

As can be seen, the calculation can be reconciled with the experiment by specifying 
the values of E2 and m. Thus, we can assume that Eq. (1) adequately describes 
the experimental data. Namely this approach is used to study the effect of various 
additives on the kinetics of epoxy nanocomposites formation.
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INFLUENCE OF THE FILLERS ON THE 
NANOCOMPOSITE SYNTHESIS PROCESS

Carbon Fillers: CNTs, Graphene, Graphite, and Carbon Fiber

Taking into consideration the molecular structure of carbon nanoparticles, in 
particular, graphene and CNTs (D’yachkov, 2006, Grayfer, 2011, Ivanovskii, 2012, 
Rakov, 2006, 2013) it may be stated that their influence on the kinetics of the process 
of curing of epoxy oligomers will be similar. Indeed, graphene, CNTs, and other 
compounds with the sp2-hybridized carbon can catalyze diverse organic reactions 
(Schaetz, 2012, Navalon, 2014, Chua, 2015). Their surface energy is fairly high; 
therefore, the adsorption of various molecules is typical of them (Liang, 2004, 

Figure 2. Dependencies of the activation energy upon conversion computed by eq. 
4 for different m: (1) 0.7, (2) 0.9, (3) 1.1, (4) 1.3, and (5) 1.5, as compared to the 
actual value (•). Curve 6 represents the model eq. 4 dependence with E2 = 53 kJ/
mol and m = 1.3. Reprinted with permission from Am. Chem. Soc. (1996, Vyasovkin).
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Britz, 2006, Shen, 2013, Xue, 2015). The components of epoxy binders are not 
exceptional in this respect. Adsorbed molecules may be involved in the process of 
matrix formation in a certain manner.

In work (Xie et al., 2004) it was investigated the high-temperature isothermal 
curing of tetraglycidyl-4,4′-diamino-diphenylmethane with 4,4′-diaminodiphenyl 
sulfone (DDS) in the presence of multi-wall CNTs.

The typical technique used to prepare the reaction mixture for kinetic studies of 
the process will be described below, and the techniques described in other papers 
may differ from the typical one only in some details.

A mixture of an epoxy resin with preliminarily purified multi-wall CNTs 
was sonificated for 2 h and placed in an oil bath at temperature of 120°С, and 
the stoichiometric amount of a curing agent was slowly added under continuous 
mechanical stirring until formation of a homogeneous mixture. This process took 
nearly 10 min.

The kinetics was analyzed using Eq. (1). It was found that with the increase in 
concentration of CNTs, constant k1, which defines the initial rate of reaction, grows, 
while the corresponding activation energy drops. The autocatalytic constant k2 is 
practically unaffected by the presence of tubes. (Xie et al., 2004) believe that these 
effects may be attributed to the catalytic effect of surface hydroxyl groups that arise 
as a result of oxidation during the purification of CNTs.

The initial acceleration of the reaction under the action of single-wall CNTs 
was also observed (Tao, 2006), but the magnitude of this effect was insignificant. 
At the same time, the glass-transition temperature Tg decreased, thus suggesting a 
reduction in the degree of crosslinking of the matrix (Irzhak, 1979).

The effect of concentration and type of CNTs (single-, double-, and multi-wall) 
on the kinetics of reaction between low viscosity mixture of epoxy oligomers and 
amine curing agents was studied (Esmizadeh, 2015). Analysis was conducted in 
terms of the equation

d
dt

k T m nα
α α= −( )( ) 1 	 (5)

It was shown that the type of CNTs exerts almost no effect on kinetic parameters 
possibly because of their low concentration (0.01%). At a concentration of 0.1, 0.2, 
and 0.5%, the rate constant changes nonmonotonically, but on the whole it is lower 
than that in the absence of CNTs. The energy of activation increases from ∼6 to ∼9 
kJ/mol. The heat of reaction decreases, indicating the incompletion of the process. 
This is also evidenced by a decrease in the high-elasticity modulus, i.e., matrix 
network density. In accordance with (Esmizadeh, 2015), the observed effects may 
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be explained by increase in the viscosity and thermal conductivity of the system in 
the presence of CNTs, although these properties were not estimated.

Multi-wall CNTs, when taken at low concentrations (0.5%), slightly accelerate the 
reaction of amine curing of bisphenol F diglycidyl ether, while at higher concentrations 
(1.5%) they decelerate this reaction (Visco et al., 2009). They believe that the rate 
of the process is controlled by viscosity of the system.

The curing of an epoxy resin is regarded as a heterogeneous phase formation 
process and the role of multi-wall CNTs is discussed from this viewpoint (Susin 
et al., 2014). They believe that the tubes restrict the local free volume and assist in 
development of the heterogeneous morphology in resin, especially at high content 
of multi-wall CNTs. At the same time, with the increase in their concentration (to 
1%), the ultimate heat of reaction increases, while the energy of activation decreases.

Most of kinetic studies are aimed at gaining insight into the effect of functionalized 
CNTs using DSC. Rahaman and Mohanty (2014) presented the data of the influence 
of multi-wall CNTs carrying СООН groups on the process of curing of epoxy resin 
EPOLAM with anhydride of 1,2,3,6-tetrahydroxymethyl-1,3,6-methanephthalic 
acid. According to these authors, this dependence provides evidence that in the 
presence of multi-wall CNTs the degree of crosslinking increases; as a result, the 
mobility of unreacted groups declines. The closeness of the curves at the beginning 
of the curing process indicates that the addition of CNTs does not affect the value 
of E1. From the form of the divergence of the curves in the course of the reaction, 
it follows that the entrainment of the filler leads to an increase in E2.

Note that methods using the dependence of a change in the exothermal peak on 
the rate of heating cannot provide reasonable isothermal predictions for the kinetics 
of curing of epoxy compounds because of the autocatalytic character of the process 
(Irzhak, 1979, Rozenberg, 1986). The presence of at least two kinetic constants, as 
in Eq. (1), should be taken into account.

In this context, noteworthy are other methods that may be successfully used 
depending on the type of investigation or the nature of epoxy resins (Cividanes, 
2014). Among them, for example, the method of luminescence spectroscopy makes 
it possible to determine the degree of conversion with high accuracy at the final 
stage of reaction. This is hardly achievable by other methods. Analysis with the aid 
of a rheometer provides information about the time of gelation which cannot be 
obtained by another method.

The DSC studies (Zhou, 2009) showed that multi-wall CNTs act as catalysts, 
with СООН functionalization stimulating the initial stage of the curing of bisphenol 
А diglycidyl ether (BADGE). This accelerating effect is noticeable even at a 1% 
content of multi-wall CNTs. Nonfunctionalized multi-wall CNTs decrease the 
degree of crosslinking, as evidenced by a lower overall heat of reaction and lower 
glass-transition temperatures of the nanocomposites compared with the neat epoxy 
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resin. At the same time, the functionalization of multi-wall CNTs increases the 
degree of crosslinking.

Compared with the neat epoxy resin, 1% of carboxylated multi-wall CNTs 
decreases the heat of reaction and increases the energy of activation (Abdalla, 2008). 
Fluorinated tubes insignificantly influence the value of Еа but lower the ultimate 
degree of conversion Qlim.

The grafting of butylamine onto plasma- and CF4-treated single-wall CNTs 
markedly improves the ultimate conversion, whereas clean tubes, when the reaction 
is accomplished in the nonisothermal regime, have no effect on this parameter, while 
in the case of the isothermal regime (30°C), they decrease it (Valentini, 2008).

There was another conclusion (Qiu, 2010): clean and aminated single-wall 
CNTs reduce the ultimate heat of reaction. Tubes with the grafted epoxy groups 
give almost the same value of heat as that obtained in the curing of resin without 
any filler: 355 versus 362 J/g. It is possible that different results may be attributed 
to different concentrations of single-wall CNTs.

The kinetic analysis of the curing process in terms of Eq. (1) does not reveal 
marked differences in the values of constants and exponents for the systems of 
interest. However, it was shown (Choi, 2009) that the introduction of 3% of clean 
multi-wall CNTs does not influence the kinetics of reaction, but tubes with grafted 
amino groups decrease the constant k1 by factor of almost 2.5, increase k2 by factor 
of 3, and decrease exponent m from 0.53 to 0.27.

Multi-wall CNTs with amino groups decelerate the curing of BADGE with 
2-ethyl-4-methylimidazole at concentrations of 0.5 and 1 wt % (Yang, 2008), but 
the deceleration effect vanishes at a concentration of nanoparticles of 3%. However, 
in this case the value of ultimate heat decreases as well. Note that clean multi-wall 
CNTs accelerate curing of the same reaction system (Zhou, 2009).

The impact of multi-wall CNTs carrying acidic and amino groups on the process 
of curing was studied by Raman and luminescence spectroscopy (Cividanes, 2013). 
Throughout the reaction conducted in the presence of nanoparticles the rates were 
higher compared with the neat resin. The difference in the rates of curing was 
explained by homogeneity of the sample and the presence of chemical groups.

The kinetics of the amine curing of BADGE in the presence of multi-wall CNTs 
functionalized by oxygen-containing groups using viscometry and transmission 
electron microscopy along with calorimetry was analyzed (Grachev, 2014). The 
samples of multi-wall CNTs had different values of specific surface S. This factor 
was found to be decisive in the kinetic study of reaction: if at the onset the rates were 
equal, then, by the time of attaining the maximum rate Wmax, the higher the value of 
S, the more pronounced the deceleration of the process, so that the time of attaining 
Wmax increased. Afterwards, the inverse effect was observed, namely, acceleration, 
so that the higher the value of S, the more pronounced the final heat release. The 
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rheokinetic study demonstrated that the time of a sharp gain in viscosity of the 
system (the gel point) also shifts to longer times with an increase in S. However, 
variation in the concentration of multi-wall CNTs (to 5%) insignificantly influences 
the kinetics of reaction.

The kinetic features of the process may become understandable if the micrograph 
of the epoxy composition which is measured at the initial stage of curing performed 
in the presence of multi-wall CNTs is examined (Figure 3). It is seen that compact 
polymer structures grow along the tube. Evidently, hydroxyl groups grafted on the 
surface catalyze the reaction of epoxy groups with amine (Rozenberg, 1986) to 
give rise to new hydroxyl groups accelerating this reaction. In doing so, the process 
of polymer formation is localized and the reaction assumes the frontal character. 
The natural consequence of the localization process is the formation of ineffective 
crosslinks. Therefore, the value of critical conversion increases and correlation is 
observed between the time of a sharp gain in viscosity and the specific surface of 
multi-wall CNTs.

There was shown that graphene oxide (GO) accelerates the curing of tetraglycidyl-
4,4′-diaminodiphenylmethane with 4,4′-diaminodiphenyl sulfone (Qiu, 2011). 
According to this work, this effect is related to the presence of hydroxyl and carboxyl 
groups on the surface of GO.

The kinetics of the nonisothermal curing of BADGE with liquid poly(amido 
amine) in the presence of amine-functionalized GO using Eq. (5) was investigated 
(Ryu, 2014). It is seen that for the systems without any filler and in the presence 
of GO containing NH2 groups, the parameters of this equation are similar. At the 
same time, GO slightly decelerates the process.

The mixture of BADGE and 1,1,2,2-tetra(p-hydroxyphenyl)ethane tetraglycidyl 
ether with diethyltoluenediamine in the presence of graphene was cured (Park, 
2014a). There was showed that the latter somewhat accelerates the reaction and 
increases Тg by 15– 25°C. Previously, the same authors showed using Eq. (1) that 
this effect is associated with an increase in constant k1 and the functionalization of 
graphene by amine enhances the effect of the filler (Park, 2014b).

The IR spectral analysis of the curing of BADGE with 4,4’-diaminodiphenylmethane 
in the presence of GO permited to obtain kinetic curves for both epoxy groups and 

Figure 3. Initial stage of curing of the epoxy matrix in the presence of СООН-
functionalized CNTs. Reprinted with permission from IAPC “Nauka” (2014, Grachev).
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primary, secondary, and tertiary amino groups (Galpaya, 2015). These studies made 
a considerable contribution to gaining insight into the mechanism of reaction. It 
was shown that the original GO has no effect on the overall kinetics of the process 
and even decelerates the consumption of primary amino groups. But after autoclave 
purification, GO increases the rate of reaction of epoxy groups by more than factor 
of 2 and the rate of reaction of primary amino groups by factor of 1.8. As was shown 
by X-ray photoelectron spectroscopy, purification leads to a marked reduction in 
the amount of oxygen-containing groups on the surface of GO. The glass-transition 
temperature of a nanocomposite based on the crude GO is much lower than that of the 
epoxy matrix, whereas the purification of GO causes an increase in this parameter, 
although Tg does not attain the Tg value of the matrix.

The influence of various graphite fillers (graphite with a high surface area, 
graphite oxide, and exfoliated graphite oxide) on the reaction of epoxy ring opening 
of BADGE by amines—primary (benzylamine and cyclohexylamine) and secondary 
(dibenzylamine)—and hydroxyl (benzyl alcohol) was studied (Acocella, 2016). 
These data indicate the strong catalytic effect of fillers on the reaction with amines. 
This effect is the most pronounced for the exfoliated graphite oxide. In the case of 
benzyl alcohol, interaction with epoxy groups was observed only for graphite oxide. 
A similar effect was coused by fillers on the process of matrix formation: in the 
presence of graphite fillers, the rate and heat effect of the reaction grow and the gel 
point shifts to smaller times.

In essence, analogous data were reported (Mauro at al., 2014). These authors 
believe that a marked rise in the Tg of nanocomposites compared with the neat 
matrix is evidence of the catalytic effect of graphite with a high surface area (308 
m2/g) and graphite oxide. The catalytic effect of graphite was confirmed using the 
reaction of epoxystyrene with benzylamine.

On the other hand, it was found that the samples of graphite oxide with carboxyl 
or amino groups have almost no effect on the kinetics of nonisothermal curing of 
BADGE with 4,4’-diaminodiphenylmethane (Li, 2015). Possibly, this is related to 
a low concentration of the fillers (0.5%).

The effect of carbon nanofibers (diameter of 100–200 nm and length of 30–100 
μm) oxidized in a solution of nitric acid and then treated with 3-glycidoxypropy
ltrimethoxysilanе on the kinetics of curing of epoxy resin Cycom 977 described 
by Eq. (1) was studied (Seyhan, 2009). It was shown that all kinds of fibers exert 
a catalytic effect which manifests itself as an increase in ultimate conversion and 
growth of kinetic constants k1 and k2. Note that Еа1 decreases, while Еа2 increases. In 
terms of catalytic efficiency, the fibers may be arranged in the following sequence: 
untreated, oxidized (СООН groups on the surface), and treated with silane (epoxy 
groups on the surface).
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The catalytic effect of a carbon nanofiber was observed: the ultimate conversion 
and the kinetic constants in Eq. (1) increase, while the respective activation energies 
decrease (Cai, 2010). The higher activity is exhibited by fiber whose surface is 
modified through the oxidative polymerization of aniline (in accordance with the 
authors, the “nanograssy” coating).

The above results are contradictory. Most likely, this circumstance may be 
explained by ambiguity with respect to the filler concentration and uncertainty in 
the degree of dispersion and in the value and structure of its surface. The above 
results, summarized in Table 1, are rather contradictory, which is probably caused by 
ambiguity in the concentration of the filler, uncertainty in the degree of dispersion, 
the magnitude and structure of its surface.

Table 1. Kinetic features of curing epoxy oligomers in the presence of carbon 
nanoparticles

Filler Concentration, 
wt %

Method of 
Experiments Reaction Results Tg References

Multi-wall 
CNT-COOH 1 Isothermal 

calorimetry, eq. (5)
Decrease of Qlim, 
increase of Ea

No effect Abdalla, 2008

Multi-wall 
CNT-F 1 Isothermal 

calorimetry, eq. (5) Decrease of Qlim No effect Abdalla, 2008

Multi-wall 
CNT 3 Isothermal 

calorimetry, eq. (1) No effect Increase Choi, 2009

Multi-wall 
CNT-NH2

3 Isothermal 
calorimetry, eq. (1)

Decrease of k1 and 
m, increase of k2

Increase Choi, 2009

Multi-wall 
CNT-COOH 
Multi-wall 
CNT-NH2

0.2
Raman- and 
luminescence 
spectroscopy

Increase of initial 
reaction rate – Cividanes, 

2013

Single-, 
Double- and 
Multi-wall 
CNT

0.1 – 0.5 Isothermal 
calorimetry, eq. (5)

Decrease of k(T), 
increase of Ea

– Esmizadeh, 
2015

Multi-wall 
CNT-COOH, 
Different 
values of S

0.1 – 5
Isothermal 
calorimetry, 
viscometry

Increase of Qlim with 
decrease of S, no 
concentrate effect

Increase Grachev, 2014

Single-wall 
CNT-NH2

– Nonisothermal 
calorimetry Decrease of Qlim – Qiu, 2010

Multi-wall 
CNT-СООН 0.1 – 1 Nonisothermal 

calorimetry Increase of Qlim Increase Rahaman, 
2014

Multi-wall 
CNT 0.25 – 1 Nonisothermal 

calorimetry
Increase of Qlim, 
decrease of Ea

– Susin, 2014

continued on following page
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Filler Concentration, 
wt %

Method of 
Experiments Reaction Results Tg References

Single-wall 
CNT 1 Isothermal 

calorimetry

Weak initial 
increase of reaction 
rate

Decrease Tao, 2006

Single-wall 
CNT-NH2

0.5 – 1.5 Nonisothermal 
calorimetry

Reaction rate 
depends on 
concentration

– Visco, 2009

Multi-wall 
CNT-NH2

0.5, 1, 3 Nonisothermal 
calorimetry, eq. (3)

Decrease of reaction 
rate and Qlim

– Yang, 2008

Multi-wall 
CNT 1, 5 Isothermal 

calorimetry, eq. (1) Increase of k1 – Xue, 2015

Multi-wall 
CNT 1, 3, 5 Nonisothermal 

calorimetry

Initial increase of 
reaction rate, 
decrease of Qlim

Decrease Zhou, 2009

Multi-wall 
CNT-COOH 1, 3, 5 Nonisothermal 

calorimetry
Increase of reaction 
rate, increase of Qlim

Decrease Zhou, 2009

GO – Fourier IR 
spectroscopy

Increase of reaction 
rate Decrease Navalon, 2014

GO 1 – 5 Nonisothermal 
calorimetry

Increase of reaction 
rate, 
weak increase of 
Qlim

– Qiu, 2011

GO 1 Nonisothermal 
calorimetry, eq. (5)

Decrease of reaction 
rate – Ryu, 2014

GO-NH2 1 Nonisothermal 
calorimetry, eq. (5) No effect – Ryu, 2014

Graphene 0.5 – 2 Nonisothermal 
calorimetry

Weak increase of 
reaction rate Increase Galpaya, 2015

Graphene-
NH2

1 Isothermal 
calorimetry, eq. (1) Increase of k1 Increase Park, 2014а

Graphite 3
Nonisothermal 
calorimetry, 
viscometry

Increase of reaction 
rate, increase of Qlim

– Acocella, 
2016

Graphite 0.5 Nonisothermal 
calorimetry, eq. (5)

Decrease of reaction 
rate, increase of Еа

– Li, 2015

Graphite 3 Model reaction Catalytic effect Increase Mauro, 2014

Carbon 
nanofibers, 
polyaniline

1 Isothermal 
calorimetry, eq. (1)

Increase of k1 and 
k2, decrease of Еа1 
and Еа2, increase 
of Qlim

– Cai, 2010

Carbon 
nanofibers 
-СООН, 
epoxy-

1, 3, 5 Isothermal 
calorimetry, eq. (1)

Increase of Qlim, 
decrease of Еа1,
increase of Еа2

– Seyhan, 2009

Table 1. Continued
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Noncarbon Fillers: Oxides of Metals and Silicon

The effect of Al2O3 nanoparticles on the kinetics of polycondensation of BADGE 
under the action of diethylenetriamine using modulated DSC was explored (Sanctuary, 
2009). As a result, not only the rate of the process was registered, but also variation 
in the heat capacity of the system during the process was monitored. It was shown 
that the filler increases the rate of reaction but decreases the ultimate heat. Viscosity 
measurements confirmed that the formation of the polymer network accelerates in 
the presence of nanoparticles and the gel point shifts not only with time but also with 
conversion. This implies that nanoparticles are directly involved in the formation of 
intermolecular bonds. At the same time, experiments with water additives revealed 
that nanoparticles affect the kinetics of the curing reaction in qualitatively the 
same manner as Al2O3 nanoparticle (Baller, 2011). The authors inferred that water 
adsorbed by nanoparticles is responsible for the catalytic effect.

DSC was used to examine the effect of additives of Al2O3 and ZnO nanoparticles 
on the curing of BADGE with о-tolylbiguanidine (Karasinski, 2013). Both oxides 
decelerate the reaction but increase the ultimate limiting degree of conversion. 
Exponents m and n in Eq. (5) remain almost unchanged, whereas the activation 
energy decreases. Note that in the case of ZnO this decrease is considerable.

At a fairly low concentration (1 and 5%), ZnO nanoparticles accelerate the 
reaction of BADGE with 2,2’-diamino-1,1’-binaphthyl; at concentration of 10%, 
their catalytic efficiency declines, while at content of 15% retardation is observed 
(Zabihi, 2011). Compared with the neat matrix, nanocomposites feature higher 
values of ultimate heat and glass-transition temperature with the maximum values 
corresponding to 5% content of nanoparticles. Probably, reduction in the catalytic 
activity of nanoparticles with increasing concentration may be attributed to their 
aggregation; as a result, the effective surface decreases.

In work (Ghaffari, 2015) there was studied how the size of ZnO nanoparticles 
affects the kinetics of BADGE curing with poly(aminoamide). Nanoparticles were 
sheets with a thickness of nearly 20–40 nm, while microparticles were rods with 
a length of ∼1 μm. Analysis was performed using Eq. (5). It was found that the 
autocatalysis of reaction is absent; that is, т = 0 and п is somewhat above unity. For 
both composites, compared with the neat matrix, the energy of activation decreases, 
but the rate constant slightly grows in the case of the microcomposite and declines 
in the case of the nanocomposite.

BADGE with the propylenimine dendrimer carrying eight end groups -NH2 in the 
presence of Fe2O3 nanoparticles was cured (Zabihi, 2012). The latter manifested the 
catalytic effect. The higher the concentration of nanoparticles, the more pronounced 
the increase in ultimate conversion and glass-transition temperature. It is shown that 
the kinetics of formation of the nanocomposite containing 10% Fe2O3 is adequately 
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described by Eq. (1a). No data are available for other systems, including the neat 
matrix. A similar result was reported in (Omrani, 2011). It was showen that the 
kinetics of curing of glycerol diglycidyl ether with 3,3’-dimethylglutaric anhydride 
in the presence of Al2O3 obeys Eq. (1а).

Nanoparticles of metal oxides are able to adsorb components of the reaction 
system to one extent or another (Hong, 2001). Possibly, their kinetic role is associated 
with this property.

Direct measurements of the complex specific heat capacity demonstrated that 
the interaction of SiO2 nanoparticles and BADGE molecules is very weak (Baller, 
2009). At all stages of polymer network formation, the interaction of nanoparticles 
and matrix is of a physical origin. The effect of the filler on the kinetics of curing 
was insignificant.

In contrast, acceleration of the process was observed (Ghaemy, 2007, Rosso, 
2007). The kinetic studies revealed that the catalytic effect of SiO2 nanoparticles is 
related to the presence of hydroxyl groups on their surface (Alzina, 2011). When 
the latter groups are changed for epoxy groups, the effect of nanoparticles on the 
kinetics of BADGE reaction with m-phenylenediamine is eliminated.

The kinetic results of this section are summarized in Table. 2.

Minerals

For polymer nanocomposites, the most popular fillers from the class of minerals 
are layered silicates (Pavlidou, 2008), which are sometimes called nanoclays, in 
particular, montmorillonite (MMT). The structure of its crystal lattice is such that 
it can adsorb various ions (mostly cations) and swell in polar liquids owing to their 
penetration into the interlayer space (Becker, 2005, Paiva 2008).

At the nanometer scale, MMT is composed of three-layer stacks ∼0.7 nm in 
thickness and several hundred nanometers in length and width. At micron level, 
these stacks are united into primary particles with interlayer distance of about 1.35 
nm. At higher level, they form aggregates. During formation of nanocomposites, 
stacks should be exfoliated in order to reach a high area of contact with the matrix. 
In order to facilitate exfoliation, the surface of stacks should be treated for the 
purpose of changing their hydrophilic nature to hydrophobic, because the hydrophilic 
character of the silicate surface hampers the dispersion of MMT. Neutral organic 
compounds may form complexes with interlayer cations; for example, alkylamines 
are transformed into alkylammonium cations.

These properties of MMT govern the kinetic features of formation of epoxy 
nanocomposites.

In the absence of the curing agent (1,3-phenylenediamine), the modified MMT 
and even the unmodified MMT promotes the homopolymerization of BADGE 
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at a high temperature (Alzina 2012). Depending on the nature of the intercalated 
modifier (octadecyl-, trimethylstearyl-, methyldihydroxyethylammonium), MMT 
may either catalyze the reaction of the epoxy oligomer or react with a prepolymer 
or a curing agent.

At the same time, it was found that MMTs modified with alkylamines weakly 
accelerate (Ivankovic, 2006, Román, 2010, Alzina, 2010), retard (Li, 2014), or do 
not affect at all (Ferdosian, 2013) the kinetics of curing of epoxy oligomers with 
amines. A weak acceleration was also observed for the unmodified MMT and MMT 
with intercalated 3-aminopropylethoxysilane (Shanmugharaj, 2012).

Thus, it should be stated that the rate of curing of epoxy oligomers is almost 
insensitive to the presence of MMT. However, the kinetics of formation of polymers 

Table 2. Kinetic features of curing epoxy oligomers in the presence of noncarbon 
nanoparticles

Filler Concentration, 
wt %

Method of 
Experiments Reaction Results Tg References

Al2O3 7, 12, 16 Isothermal 
calorimetry

Increase of reaction 
rate – Baller, 2011

ZnO 1 Isothermal 
calorimetry, eq. (5)

Decrease of reaction 
rate, decrease of Еа, m 
= 0, increase of n

– Ghaffari, 2015

Al2O3, ZnO 2.5 Nonisothermal 
calorimetry, eq. (5)

Decrease of reaction 
rate, decrease of Еа, 
increase of Qlim

Increase Karasinski, 
2013

Al2O3 2, 3.5, 4.5
Isothermal 
calorimetry, eq. (1), 
viscometry

Increase of reaction 
rate, decrease of Qlim

– Sanctuary, 
2009

ZnO 1, 5, 10, 15 Nonisothermal 
calorimetry, eq. (5)

Increase of reaction 
rate depending 
on concentration, 
increase of Qlim

Increase Zabihi, 2011

Fe2O3 1, 5, 10
Isothermal 
calorimetry, eq. 
(1а)

Increase of Qlim, n = 
2.75 Increase Zabihi, 2012

SiO2 10, 20 Nonisothermal 
Calorimetry

Increase of reaction 
rate Decrease Alzina, 2010

SiO2 5-20 Nonisothermal 
calorimetry, eq. (3)

Increase of reaction 
rate, increase of 
Qlim depending on 
concentration

– Ghaemy, 2007

SiO2 1, 3, 5 Nonisothermal 
calorimetry, eq. (1)

Increase of reaction 
rate, decrease of Qlim

Increase Rosso, 2007
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is not reduced only to a change in the concentration of reactants: structure formation 
should be taken into account. Even to a higher extent, this applies to a nanocomposite, 
whose properties are determined not only by structural levels of polymer matrix 
but also by the structure of nanoparticles and the character of their distribution in 
the material bulk.

As was noted above, MMT requires exfoliation. Namely this process occurs 
during the chemical reaction, and its efficiency depends on the reaction conditions. 
For example, it was shown (Shiravand, 2014a) that the cationic polymerization of 
triglycidyl-p-aminophenol occurs within the interlayer space, which entails the 
exfoliation of MMT, whereas with DDS the epoxy oligomer reacts outside the 
interlayer cavity. An increase in temperature is favorable for the former reaction: 
ultimate conversions inside and outside the cavity are 0.19 and 0.74, respectively, 
at 120°C or 0.76 and 0.77 at 180°C.

The optimum structure of epoxy composites was achieved when BADGE 
was cured with poly(ester diamine) in the nonisothermal regime at low rise in 
temperature (2.5 and 5 K/min) (Montserrat, 2008). Small-angle X-ray scattering 
studies revealed the exfoliation of MMT in the matrix. The authors of (Cortés, 
2014) used hyperbranched polyethylenimine with end amino groups as a curing 
agent and attained effective exfoliation. A comparison of three systems, such as 
triglycidyl-p-aminophenol + DDS, BADGE + poly(ester diamine), and BADGE 
+ hyperbranched polyethylenimine, showed (Shiravand, 2014b) that the exfoliation 
ability of MMT decreases in the mentioned sequence.

As was reported in (Shiravand, 2015), the nonisothermal curing of epoxy 
oligomers with amines in the presence of MMT includes four different reactions: 
formation of the matrix via the interaction of epoxy groups with the diamine curing 
agent, intracavity homopolymerization, and two homopolymerization reactions 
outside MMT which are catalyzed by onium ions of organically modified clay and 
tertiary amines.

X-ray diffraction was used to probe the exfoliation of MMT intercalated by 
octadecylammonium during the isothermal curing of BADGE with DDS (Kong, 
2003). It was showed that this process may be divided into three different stages 
(Figure 4).

The first stage is related to the penetration of BADGE into the interlayer space of 
MMT; at the second stage the cationic polymerization of the epoxy resin catalyzed 
by ammonium takes place; and at the third stage BADGE sorbed by MMT is cured 
with amine.

In order to identify the intracavity polymerization, mixture of MMT and triglycidyl-
p-aminophenol was held at various temperatures for tens of days in the absence of 
the amine curing agent. Afterwards, DDS was added and the curing process was 
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conducted in the nonisothermal regime (Hutchinson, 2013). A similar procedure was 
employed for the system BADGE–MMT–poly(ester diamine) (Pustkova, 2009). At 
the first stage the epoxy equivalent and the glass-transition temperature increased. 
This technology makes it possible to improve both the degree of dispersion of MMT 
in the epoxy resin and the subsequent exfoliation of the clay during formation of 
epoxy nanocomposites.

The period of the intracavity polymerization was reduced to tens of minutes by 
the use of complex BF3·C2H5NH2 as a catalyst (Hutchinson, 2014).

An attempt to accomplish the intracavity polycondensation was made (Jagtap 
2015). In contrast to the commonly used MMT modifiers, i.e., polyalkylamines 
(see Table 3), they used half neutralized salt of poly(ester diamine), which was 
intercalated via ionic exchange in an aqueous–organic solution, assuming that these 
macromolecules, when fixed by the ionic end on the walls of the cavity, will react 
with epoxy groups of the binder via its free amine end. However, no direct evidence 
for this reaction is available (Jagtap 2015).

Figure 4. Change in distance d between MMT sheets during the isothermal curing 
of BADGE at (1) 140, (2) 130, and (3) 120°С. Roman numerals denote stages of the 
exfoliation process. Arrows indicate the expected tendency of exfoliation. Reprinted 
with permission from Am. Chem. Soc. (2003, Kong).
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Metal-Containing Nanoparticles Synthesized in Situ

The synthesis of metal-containing nanoparticles for producing nanocomposites may 
be accomplished by various physical processes on the preformed matrix containing 
molecules of appropriate precursors (Pomogailo, 2005, Wilcoxon, 2006, Gusev, 
2007, Suzdalev, 2006, Faraji, 2010, Lu, 2012). Physical methods of obtaining 
metal-containing nanoparticles (photolysis, radiolysis, and thermolysis) are as a 
rule accompanied by chemical reactions leading to their formation. An important 
factor is the diffusion of preformed substances (metal atoms): the glassy state of the 
matrix provides a considerable obstacle to diffusion. For example, N-cetylpyridinium 
tetrachloroaurate was dissolved in methyl methacrylate and, after polymerization of 
the latter, was subjected to UV radiation. However, the formation of gold nanoparticles 
was registered only at temperatures above Тg of the polymer (Agareva, 2009).

A substantially different method involves the combination of processes of formation 
of a matrix and metal-containing nanoparticles, i.e., formation of nanocomposites 
in situ.

Main chemical method used at moderate temperatures includes the reduction 
of chemically bound metal atoms in nonpolar media. These methods of chemical 
reduction are the subject of most publications (Wilcoxon, 2006, Lu, 2012, Rozenberg, 
2008, Wuithschick, 2013, Wang, 2014, Yan, 2014, Völkle, 2015). Mechanisms 
controlling formation of metal-containing nanoparticles in situ are highlighted in 
the review (Irzhak, 2016).

The transformation of the resulting single valence atoms, or monomers, into 
nanoparticles includes nucleation stages with formation of primary clusters or stable 
particles, their growth by addition of monomers, possible subsequent coagulation and/
or Ostwald ripening. The kinetics of all these stages determines the size distribution 
function which strongly affects the ways and possibilities of the nanoparticles and 
corresponding nanocomposites application. An important role in this is played by 
a polymer medium in which chemical reactions take place, including the ability of 
its components or fragments of macromolecules to be adsorbed on the particles, as 
well as the possibility of formation of micelle-type structures.

With rapid decay of the precursor, there will be a supersaturation of the system 
with a monomer. In this case, the nucleation will, as a first approximation, describe 
by thermodynamic theory of Gibbs-Volmer-Frenkel (Volmer, 1939, Frenkel’, 1975), 
according to which the magnitude of the radius of the critical nucleus is determined 
the formula:

r
V

RT Sc
m=

2σ
ln
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where rc, σ and Vm are radius, surface tension and molar volume of the critical 
nucleus, R is the gas constant, T is temperature, and S is the supersaturation. In this 
case, the nucleus will be unstable if r < rc, and it stabilizes when r ≥ rc.

A qualitative picture of nucleation kinetics on the basis of the classic 
thermodynamic notions was proposed (LaMer, 1950). The pattern illustrating their 
idea is shown in Figure 5.

Rapid increase in the concentration of monomer will lead to the achievement 
the critical value of Cmin (region I, the stage of prenucleation), and then to overcome 
Cmin. Exceeding this value gives rise to proper nucleation. Because of the balance 
between the rate of formation of the monomer and its expenditure consumption on 
nucleation and growth of the generated nuclei, the concentration will reach a peak, 
Cmax, and then begins to decrease due to an increase in consumption for growth and 
again reach the critical level of Cmin, marking the end of the nucleation stage (region 
II). After that, the concentration of the monomer will continue to decrease to the 
equilibrium value of C0, expending on the growth of nucleus without renucleation, 
due to the fact that the supersaturation is below the critical level (region III).

Although short spatial and temporal scales of the nucleation stage hamper the 
direct observation of the classic process, to trace the time-resolved formation of 
silver CNs using small-angle X-ray scattering in situ was managed (Polte, 2012). 
Silver perchlorate was reduced with sodium boron hydride in an aqueous solution. As 
shown in Figure 6, the nanoparticles nucleation kinetics corresponds to the LaMer 
pattern: the number of particles initially grows without any appreciable change in 

Figure 5. LaMer pattern (see text for explanations)
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their sizes, attaining a maximum in fractions of a second. Further, the number of 
nanoparticles descends, and their radius increases. This corresponds to stage III in 
the pattern, and nanoparticles interact with each other alongside with their simple 
growth via the reaction with monomers, i.e., the aggregation mechanism is engaged.

However, under conditions of formation of composites, it is hardly possible to 
implement such a mechanism. An alternative variant was obtained in (Turkevich et 
al., 1951). When studying the synthesis of gold by reducing HAuCl4 with sodium 
citrate, it was shown that rapid nucleation is not observed; on the contrary, the kinetic 
curve of accumulation of critical nuclei is S-shaped with a more or less extended 
induction period. The authors suggested that such feartures of the process are due 
to redox reactions leading to the conversion of gold cations to a zero-valent atom 
and citrate ion to acetone dicarboxylic acid. In this case, the supersaturation of the 
system by the monomer, Au(0), is absent. Obviously, in this case the concept of a 
critical nucleus becomes meaningless.

Later it was established that S-shaped kinetics is inherent in many metals with 
variable valence (see, for example, the review (Finney, 2008)). To describe such 
processes, a rather simple two-step scheme was proposed (Watzky, 1997):

A B

A B B

k

k

1

2

2

 →

+  →
	

Figure 6. Kinetics of change in the average radius and number of particles for first 
2 s. Reprinted with permission from Am. Chem. Soc. (2012, Polte)
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The first stage is the slow nucleation of “kinetically efficient” clusters В 
from precursor А, and the second stage is the particle’s fast growth reaction. In 
the original studies, in particular in (Turkevich, 1951), А represented complex 
[(n-С4Н9)4N]5Na3[(1,5-cyclooctadiene)Ir・P2W15Nb3O62], and В was the catalytic 
surface of a Irn(0) nanocluster.

Studies of a wide range of systems show (see (Irzhak, 2016)) that the value depends 
on the number of catalytic active nuclei, namely, their ratio with increasing ratios 
k2A0/k1 for practically unchanged diameters of the order of 2 nm. The medium, active 
additives, temperature – these factors make it possible to achieve the formation of 
an almost monodisperse distribution (width not exceeding 15%) of the nanoparticles 
with a size determined, as a rule, by a “magic number” (number of atoms in a filled 
shell: 13, 55, 147, 309 and etc.).

The processes of formation of zero-valence atoms or other monomers inevitably 
lead to their clustering. To stabilize clusters in a nonpolar solution, it is necessary 
to have amphiphilic molecules capable of forming adsorption layers and thereby 
form inverse micelles from the nanoparticles.

At the same time, when the epoxy nanocomposite films are stored under light 
for a while, the optical density Dmax in the region of the surface plasmon resonance 
of silver nanoparticles decreases. Similar changes are observed in the spectra and 
at storage of films in dark (Bogdanova, 2019) (Figure 7). The kinetic curves are 
described by the first-order equation (Figure 7a, straightening in Figure 7b).

D D A kt
max lim

exp= + −{ } 	

Dlim = 0.534 (in the dark) и 0.42 (in the light).	

Accordingly, the value of the limiting conversion of nanoparticles under light is 
higher than in dark: the conversion under light is 0.29, while in dark, the conversion 
is 0.11.

The decrease in Dmax in time means a drop in the total concentration of metallic 
silver, apparently due to its “dissolution”. The relatively recent discovery of digestive 
ripening (DS), which represents the transfer of atoms from large metal nanoparticles 
to smaller ones (Irzhak, 2016), indicates the possibility of such a process.

Although the mechanism of the DS process is not fully understood, there are 
grounds to believe that the equation proposed in (Lifshits, 1958, Wagner, 1961) for 
describing the kinetics of Ostwald ripening (OS) is applicable to DS. The latter is 
one of the options for the growth of the nanoparticles, when large particles grow at 
the expense of small particles. According to the theory, the change in the radius r 
of a spherical particle in time will obey equation:
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dr
dt

K

r

r
r

D

cr

= −








2
1 	

where D is diffusion coefficient, V is molar volume, and C0 is solubility of the 
monomer; C is monomer concentration; S = C/С0; σ is interphase free energy; k is 
the Boltzmann constant; and T is temperature.

As can be seen, the particles grow if r ≥ rcr, their dimensions decrease otherwise. 
This is the physical meaning of the phenomenon of OS.

Figure 7. Kinetics of the decrease in the concentration of silver NP in the dark (1) 
and in light (2) in natural (a) and semi logarithmic (b) coordinates. Reprinted with 
permission from IAPC “Nauka” (2019, Bogdanova).
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A vivid example of reversible OR and DR was demonstrated (Xin, 2012). They 
observed fluctuating growth of bismuth nanoparticles in the absence of precursor at 
180°C. The reaction system consisted of a limited number of large Bi nanoparticles 
(80–150 nm in diameter) in a solution of oleylamine (surfactant) and dichlorobenzene. 
The Bi nanoparticles served as a source of monomeric Bi(0).

The process includes formation and growth of small particles due to large ones 
(DR) with simultaneous OR. The total number of particles increased for a while 
and then changed to the fluctuation mode. The total volume of content fluctuated 
near a certain level evidently given by the total volume of initial Bi nanoparticles. 
The size of each of the observed particles and their assemblies experienced similar 
fluctuations.

Figure 8 shows the trajectories of variation of the volume of close-lying particles 
P1 and P2. Their size changes in antiphase, demonstrating the simultaneous DR 
(growth of the first particle from the zero volume to the volume equal to that of the 
second particle) and OR (further growth of the first particle, leading to a decrease 
in the size of the second). The total volume of these particles is maximum when 
only one of them remains and minimum at equal sizes. In other words, the monomer 
concentration in the diffusion layer around the particles is minimum in the former 
case and maximum in the latter.

Figure 8. Volume trajectory of the Р1 and Р2 particles. Reprinted with permission 
from Am. Chem. Soc. Am. Chem. Soc. (2012, Xin).
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Obviously, the first stage of the DS process is the disassembly of small 
nanoparticles on zero-valence atoms and metal clusters. Under normal conditions, 
they subsequently form nanoparticles, which requires their diffusion displacement. 
But under the conditions of a glassy matrix, diffusion is difficult, if not forbidden 
at all. Therefore, the entire process is reduced to the first stage, i.e. “dissolution” 
of large nanoparticles with the formation of zero-valence atoms and silver clusters. 
The presence of a limit, apparently, is due to the saturation of the boundary zone 
surrounding the particle by the zero-valence atoms and clusters of silver formed.

As precursors soluble in organics, complexes of univalent gold [O(AuPR3)3]
(CF3SO3) (R = Ph or СН3) (Bardaji, 2002), [RN(CH3)3][Au(SC12H25)2] (R = 
C8H17, C12H25, and C14H29), and [(C18H37)2N(CH3)2][Au(SC12H25)2] were proposed 
(Nakamoto, 2005); salts of organic acids with a fairly bulky (even high-molecular-
mass (Tkachuk, 2013, Kuzub, 2015)) radical, such as silver myristate С13Н27СООAg, 
copper oleate (C18H33СОО)2Cu, silver oleate, silver octanoate C7H15COOAg, silver 
stearate C17H35COOAg, silver 2-hexyldecanoate p-C8H17CH(n-C6H13)COOAg, 
cis9-octadecanoate p-C8H17CH=CH(CH2)7COOAg, and silver neodecanoate 
CH3(CH2)3C(CH3)2COOAg, have enjoyed popularity (Bardaji, 2002, Yamamoto, 
2003, 2006, Kashiwagi, 2006, Khanna, 2008, Clary, 2011, 2012).

However, the nonideal state of solutions of these compounds should be taken into 
account. This implies that, when a certain concentration is exceeded, precursors in 
solution are united into associates, i.e., are clustered. Evidently, this circumstance 
cannot be disregarded when considering feasible mechanisms governing formation 
of metal-containing nanoparticles.

The silver nanoparticles by the reduction of alkyl carboxylates in trimethylamine 
at 78°C were synthesized (Kuzub, 2009, 2010). It was found that the induction 
period grows and the maximum rate decreases in the following sequence: decanoate, 
myristate, and stearate. But in this sequence, the length of the hydrocarbon radical 
of carboxylates (С9, С13, and С17) increases. It is reasonable to assume that solubility 
grows in the same sequence and, hence, the possibility of formation of clusters 
decreases. Thus, there is a direct relationship between the rate of formation of 
nanoparticles and the concentration of precursor clusters.

This idea underlies the theory of formation of metal-containing nanoparticles 
from precursors of the silver carboxylates type via their reduction which was put 
forth (Solov’ev, 2015).

The model adopted for formation of metal-containing nanoparticles may be 
presented as follows. Carboxylates reversibly form triangular and tetrahedral clusters. 
The development of larger clusters is not allowed because of steric reasons. The 
reduction of cation in them occurs. As a result, the adsorption of new salt molecules 
becomes possible. Indeed, if for carboxylates the tetrahedral structure is limiting, 
then the metal atom in the limit may be surrounded by 12 molecules (the icosahedron 
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structure). It is assumed that the concentration of the reducing agent is high, so that 
the corresponding reaction is pseudo first order. Thus, the kinetic scheme may be 
written as follows:
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i = 0, 1, 2, …; j = 3, 4,…).	

Here Rji denote clusters composed of i carboxylate molecules and j atoms of 
the zero-valence metal. Accordingly, R01 is the initial carboxylate, R03 is the cluster 
of the triangular carboxylate, and R04 is the cluster of the tetrahedral carboxylate. 
Reactions with constants k1 and k2 are responsible for the formation and dissociation 
of associates consisting of three carboxylate molecules, and reactions with constants 
k3 and k4 correspond to the addition of one molecule to cluster Rji and its detachment. 
The reaction with constant k5 involves reduction of the bound metal in a cluster.

A system of equations corresponding to scheme (6) was analyzed with a wide 
variation in kinetic constants. It was shown that the values of k2, k4, and k5 have 
a slight effect on kinetics of the process. The decisive role is played by constants 
k1 and k3, that is, those constants that determine reactions giving rise to clusters, 
including mixed clusters.

The kinetics of the process is characterized by existence of the induction period 
in the reaction of carboxylate consumption and an almost linear growth of average 
sizes of metal-containing nanoparticles with conversion. With increase in constant 
k1, the maximum rate increases, the induction period shortens, and the sizes of 
resulting particles decrease After a certain period of growth, the number of particles 
reaches a limiting value which is lower the greater the value of k1 (Figure 9). At 
the same time the mass of NPs varies in proportion to conversion, irrespective of 
the constant (insert in Figure 9). At the same time, the narrow size distribution is 
typical of these particles.

Papers addressing methods of in situ obtainment of epoxy nanocomposites with 
metal nanoparticles are scarce. Below we will concern studies published during the 
last decade.
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Under UV radiation 2,2’-dimethoxy-2-phenylacetophenone decomposes into 
radicals. A dimethoxyphenyl-carbonium radical reacts with AgSbF6 and reduces a 
silver cation to Ag(0) via the transfer of electron, and then the radical transforms 
into the carbonium cation able to initiate the polymerization of diepoxide. Hence, 
silver nanoparticles and network matrix are formed simultaneously (Sangermano, 
2007). With increasing concentration of silver salt, the rate of polymerization and 
the ultimate conversion decrease, but the glass-transition temperature increases.

The concentration of AgSbF6 in a wide range varied and the yield of silver 
nanoparticles determined (Vescovo, 2010) (Figure 10). As it is seen, an almost full 
conversion was attained (the amount of Ag is 31% of the precursor mass). In part, 
these results were proved in (Kortaberria, 2012).

The silver nanoparticles with the same precursor, AgSbF6 were obtained, but in the 
presence of degradable under irradiation with visible light 3,5-bis(4-methoxyphenyl)-
dithieno[3,2-b;2,3d]-thiophene (Yagci, 2011). A similar technique was employed to 
synthesize epoxy nanocomposites with nanoparticles of silver (Yagci 2008a) and 

Figure 9. Variation in N-value and mass M (insert) of nanoparticles; k1, L2·mol−2·s−1 
= (1) 10, (2) 30, (3) 50, (4) 100, and (5) 200. Reprinted with permission from IAPC 
“Nauka” (2016, Solov’ev).
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gold (Yagci, 2008b), but 2,3-bornadione (camphorquinone) was used as a source 
of radicals; in the case of gold, the precursor was HAuCl4.

The silver nanoparticles in situ via the reduction of AgNO3 in the epoxy resin by 
Triton-100, which simultaneously functioned as a stabilizer of nanoparticles were 
synthesized (Lu, 2008). A cycloaliphatic epoxy resin, hexahydro-4-methylphthalic 
anhydride as a curing agent, a reducing agent, and a precursor were dissolved in 
acetonitrile and exposed to UV radiation. After completion of the process, the solvent 
was removed at a reduced pressure.

It is supposed (Lu, 2006) that in this case the role of irradiation is insignificant; 
it is more probable that reduction occurs via the following mechanism

–OH + Ag+ → –COOH + Ag(0),	

where -ОН is the end group of the reducing agent.
A complex of silver acetate and 2-ethyl-4methylimidazole was synthesized in an 

epoxy resin and during its curing Ag+ was reduced to Ag(0) as a result of thermal 
decomposition of the complex (Gao, 2011). In such a manner, silver nanoparticles 

Figure 10. Dependence of the yield of silver nanoparticles on concentration of the 
precursor. The graf is based on data (2010, Vescovo).
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were generated in situ. The imidazole product of complex decomposition served 
as a curing agent.

The epoxy resin ED-20 with triethylamine in the presence of silver myristate was 
cured (Bogdanova, 2012, 2014, 2015). The reduction of the latter and the formation 
of silver nanoparticles occurred simultaneously during polymerization. Reduction 
agents were both amine and the epoxy group. Carboxylate groups compatible with 
the medium functioned as stabilizers of particles.

The kinetic results of this section are summarized in Table. 4.

CONCLUSION

It has been shown that, regardless of whether a filler is introduced in the reaction 
system or is formed in situ during the process of matrix formation, its structure 
changes to a greater or lesser extent compared with the unfilled cured epoxy binder. 
In addition, the matrix influences the character of distribution of nanoparticles over 
volume. This effect is especially important in the case of graphene and MMT, when 
exfoliation is the case in point. The matrix governs the size and shape of the resulting 
nanoparticles. They interact with the epoxy resin affords interfacial layers. There is 
no doubt that all these factors affect the properties of the epoxy nanocomposites.

The application areas of composites are defined by both the physicomechanical 
parameters of the epoxy matrix, its strength, thermomechanical stability, and adhesion 
ability and the unique properties of nanoparticles.

Table 4. Kinetic features of curing epoxy oligomers in the presence of metallic 
nanoparticles forming in situ

Precursor Concentration, 
wt %

Method of 
Experiments Reaction results Tg References

CH3COOAg 10 - 50 DSC
Increase of 
polymerization 
rate

Decrease Gao, 2011

AgSbCl6 5, 10, 15 - - Decrease Kortaberria, 
2012

AgSbCl6 1, 3, 5 FTIR
Decrease of 
polymerization 
rate

Increase Sangermano, 
2007

AgSbCl6 5, 10, 20 FTIR No effect Decrease Vescovo, 2010

AgSbCl6 0.3, 0.5, 1 FTIR No effect Increase Yagci, 2008a

HAuCl4 0.5, 1 FTIR No effect Increase Yagci, 2008b
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Nanoparticles of gold, silver, copper, TiO2, ZnO, fullerene, and CNTs demonstrate 
effective antibacterial properties; therefore, composites containing these nanoparticles 
may be used for the microbiological control and purification of water, disinfection of 
surfaces, and creation of germicidal coatings, protective films, etc. Silver shows anti-
inflammatory behavior and features antiviral and antifungal abilities. Its application 
in the form of nanoparticles (compared with the ionic form) decreases the cellular 
toxicity rather than the antibacterial efficiency (Kortaberria, 2012, Gu, 2012).

Dielectric and magnetic epoxy nanocomposites have found wide use in such 
fields as Fourier spectroscopy, NMR, data storage, and absorption of electromagnetic 
radiation from other objects. The role of nanoparticles shows itself as improvement 
of electric strength and stress durability, suppression of space charge, and increase 
in the stability of dielectric discharge. For example, in the case of built-in planar 
capacitors, the insertion of dielectric films between copper sheets makes it 
possible to efficiently reduce the number of assembly devices. This not only leads 
to the miniaturization of circuit boards and electric wiring but also improves the 
characteristics of devices (e.g., promotes reduction in electromagnetic interference 
and switching noises) (Huang, 2014, Novikov, 2017a, 2017b, Gu, 2012).

Epoxy resins are often employed in antiwear applications. The use of such fillers 
as graphene oxide (Shen, 2013) or complexes MMT + SiO2 (Ni, 2015) and cloisite 
+ TiO2 (Thind, 2015), even at their very low content, decreases the rate of material 
wear by almost an order of magnitude.

The epoxy binders modified with carboxylated carbon nanotubes are more 
resistant to the action of aging factors. The presence of aggregates of carboxylated 
carbon nanotubes in the epoxy matrix positively influences the preservation of 
physicomechanical properties of the composite subjected to heat and humidity aging. 
Microscopic examination revealed structural features of the epoxy nanocomposite 
and their effect on the resistance of the composite to the heat and humidity aging 
(Kondrashov, 2017).

As for the use of epoxy nanocomposites in aerospace science and technology, 
this important problem, in author view, should be devoted to a special work. In 
short, it can be formulated as follows:

Structural nanocomposites, which are reinforcement structures based on carbon 
or glass fibers embedded in a polymer matrix modified with nanofillers, are the 
most important application of nanocomposites in the aerospace field (Dinca, 2012, 
Rathod, 2017), laminates and sandwich structures. In addition, they can be used as 
anti-lightning (Katunin, 2017, Raimondo, 2018), anti-radar (Da Silva 2016, Ates, 
2017) protection devices, flame retardant (Toldy, 2011, Govindaraj, 2018) and 
heat resistant paints (Meenakshi, 2016), ameliorating anti-corrosion performances 
(Monetta, 2015).
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ABSTRACT

Epoxy resin has been employed as an important matrix for aerospace composite 
and nanocomposite. In this chapter, latent and essential features of carbon nanotube 
(CNT) nanofiller have been considered with reference to aeronautical application. 
Consequently, epoxy/carbon nanotube nanocomposite are conversed here for space 
competency. Inclusion of CNT in epoxy resin affected the prerequisite features of 
space nanocomposite. Dispersion of nanotube has been altered using suitable 
processing technique. Uniform nanotube network formation affects mechanical, 
electrical, and other physical properties of nanocomposite. Key application areas in 
this regard are flame and thermal stability, strength, lightning strike resistance, and 
radiation shielding of space vehicles. Further investigations to optimize structure and 
properties of multiscale epoxy/CNT nanocomposite are needed for future success 
in the field. Hence, towards the end, challenges and future prospects of epoxy/CNT 
nanocomposite have also been deliberated for the improvement of nanomaterial 
properties for aerospace relevance.

INTRODUCTION

Nanotechnology advancements have led to several developments for technical 
applications. Design and properties of polymeric nanocomposite for aerospace 
structures have significant effect on aerospace applications. Thus, aerospace 
design has been made safer, faster, and cheaper compared with the conventional 
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space transportation. Polymer nanocomposite have at least one dimension in 
range of 1-100 nm, i.e. offered by the reinforced nanoparticles (Bogue, 2011; 
Ogasawara, Moon, Inoue, & Shimamura, 2011). Pristine polymers have been used 
in aerospace applications, however thermal and mechanical design loads were 
found least compatible (Rao, 2003). Employment of polymer-based nanocomposite 
have been focused in space vehicles owing to superior characteristics (F. Hussain, 
Hojjati, Okamoto, & Gorga, 2006; Liu, Du, Liu, & Leng, 2014). Carbon nanotube 
(CNT) is an allotrope of carbon. It is a cylindrical carbon molecule having several 
useful properties for electronics, optics and other nanotechnology fields (R. Saito, 
Dresselhaus, & Dresselhaus, 1998). Various polymers have been reinforced with 
nanotube including polyaniline, polyamide, polyethylene, polystyrene, polyurethane, 
polycarbonates, epoxies, and several others (S. T. Hussain, Abbas, Kausar, & Khan, 
2013). Solicitation of polymer/CNT nanocomposite has gained remarkable research 
and commercial curiosity (Kausar, Rafique, & Muhammad, 2016). Consequently, 
CNT-based polymeric nanocomposite have been employed in organic solar cell, 
light-emitting diodes, field emission devices, liquid crystal, sensors, electronics and 
biomedical field. Moreover, nanotube-strengthened polymeric nanocomposite have 
been used in armor, civil engineering, automobile, sporting goods and weight-sensitive 
aerospace industry (Kausar & Hussain, 2013; Khan, Kausar, & Ullah, 2016). Epoxy 
resin is a polyepoxide. It is a class of reactive prepolymer containing epoxide groups. 
Polyepoxide reacts with functional diamine or diol hardener to form a thermosetting 
polymer. Epoxy possesses superior mechanical, thermal, and chemical resistance. 
Epoxy has range of applications in adhesives, coatings, electrical components, 
electrical insulators, strengthened materials, etc.(Ellis, 1993; Levchik & Weil, 
2004). Epoxy/carbon nanotube nanocomposite possess exceptionally high strength, 
fatigue resistance, conductivity, thermal stability, non-flammability, adhesion, 
and other desired perspectives for commercial application in aerospace industry 
(Rafique, Kausar, Anwar, & Muhammad, 2016). In this chapter, current potential 
of polymeric nanocomposite especially epoxy/carbon nanotube nanocomposite have 
been explored in aerospace industry. In this regard, essential aspects of polymer 
and epoxy-based nanocomposite have been deliberated. Applications of epoxy/
carbon nanotube nanocomposite in various fields of aerospace technology have 
been systematically conversed (Lan et al., 2009; Pandey, Ahn, Lee, Mohanty, & 
Misra, 2010). Consequently, this chapter reviews essential features of polymeric 
nanocomposites for potential aerospace applications. Towards the end, challenges 
and potential of epoxy/carbon nanotube nanocomposite in aerospace have also been 
discussed considering future advancement.
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BACKGROUND

Aeronautical Composite

In aerospace industry, composites are lightweight materials having high specific 
strength, stiffness, and impact characteristics. Particularly, nanofiber reinforced 
polymers possess excellent toughness, and fatigue and corrosion resistance. 
Furthermore, the high performance composite materials may reveal optimum 
mechanical properties by orientating nanofiber direction with the load transfer paths 
(Gay & Hoa, 2007; Shanyi, 2007). Polymeric systems with organic as well as inorganic 
nanofiller have gained attention for aerospace constituents and systems on commercial 
scale (Ahmed, Ikram, Kanchi, & Bisetty, 2018). Nanoparticles usually have high 
surface area per unit volume and unique structural features (Haque, Hossain, Dean, 
& Shamsuzzoha, 2002). Among organic fillers carbon fiber has been progressively 
employed in space craft and air craft industry. Carbon fiber-based composites are 
well known for light weight, low density, high strength, modulus, stiffness, and 
fatigue life. These nanocomposites have major advantages of low manufacturing 
cost, weight-less ness, and outstanding mechanical and physical features to substitute 
metals such as aluminum alloys in aerospace applications (Hirsch & Al-Samman, 
2013). Initially, the aerospace composite have been employed in passenger aircraft 
Boeing 747 and others. To further enhance the properties of polymer/carbon fiber 
composite for aerospace, nanoparticle coated carbon fiber (carbon nanotube, clay, 
graphene, ferrite powders) have also been focused (Andrei, Dima, & Andrei, 2006; 
Murr et al., 2012). Fuel consumption and maintenance cost of aerospace vehicles have 
also been reduced using composite materials (Tong, 2016). However, processability 
techniques and long and sustainable life of these composite still need research 
attention (Wojciechowski, 2000). Consequently, composite aerospace structures 
need to be replaced by potential nanocomposite materials having exciting properties 
and uses (Fig. 1). Extremely high non-flammability, corrosion suppression, and 
fatigue resistance can be achieved using new nanocomposite designs in aeronautical 
structures (Ganguli, 2013; Leng & Lau, 2010). Future aerospace systems pursue to 
further improve the impact of multifunctional nanocomposite by the integration of 
different type of functional nanoparticles.

Carbon Nanotube as Nanofiller

Carbon nanotube (CNT) is a nanoallotrope of carbon having cylindrical nanostructure. 
It is made up of sp2 hybridized carbon atom nanosheet i.e. rolled to form a nanotube. 
There are many forms of single-walled carbon nanotube (SWCNT) and multi-walled 
carbon nanotube (MWCNT) (Fig. 2). CNT is a minute hollow cylinder having 
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diameter of ~2.5 nm (Jorio, Kauppinen, & Hassanien, 2007). Its length may vary 
from few µm to 100 µm (Tans, Verschueren, & Dekker, 1998). MWCNT is made 
up of two or more concentric cylinders. Nanotubes possess high aspect ratio, and 
exceptional strength, electrical conductivity, elasticity, durability, and toughness 
characteristics. The remarkable features of CNT offer fine potential for electronics, 
energy devices, sporting goods, and biomedical applications. Moreover, high 
performance CNT-based nanocomposite has found relevance in aerospace and aircraft 
industry. Strengthened polymer/CNT nanocomposite has been obtained due to fine 
matrix-nanofiller compatibility. Particularly, electromagnetic interference shielding, 
strength, non-flammability, and lightning strike protection demands the use of high 
performance polymer/CNT in aerospace. The future potential of polymer/CNT-based 
nanocomposite has also opened doors to several advance technical applications for 
aerospace industry (De Volder, Tawfick, Baughman, & Hart, 2013).

Polymer/Carbon Nanotube-Based Nanomaterial

The CNT-based polymer nanocomposites have gained interest owing to superior 
mechanical, thermal, optical, and other useful properties. Exceptional features of 
carbon nanotube render it as a vital nanofiller material for nanocomposite. Several 
polymer/CNT nanocomposites have been synthesized by adding single-walled carbon 

Figure 1. Aerospace structure with composite/nanocomposite application
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nanotube (SWCNT) or multi-walled carbon nanotube (MWCNT) in the polymer 
matrix. Several techniques have been developed to form high performance polymer/
CNT without the destruction of CNT during processing (Cha et al.). Polymer/CNT 
nanocomposites have been categorized as functional composites and structural 
composites. In structural polymer/CNT materials, characteristic mechanical properties 
of CNT (tensile stress, elastic modulus, strain, compression strength) have been 
used to form high performance material (Cha et al., 2018; Rocha, Vale, Rocha, & 
Santos). On the other hand, functional polymer/CNT nanocomposite own exciting 
features such as high thermal, conductivity, and other functional properties (Kozlov 
& Dolbin, 2018). Consequently, nanocomposites of polymer and carbon nanotube 
have been focused owing to their remarkable properties (Shokrieh & Rafiee, 2010). 
Especially, thermal, electrical, and mechanical characteristics of polymer/carbon 
nanotube nanocomposite have been considered for space applications (Dang et al., 
2012; Ma, Siddiqui, Marom, & Kim, 2010). Prospective application span of polymer/
carbon nanotube nanocomposite is quite broad and covers energy systems, sensing, 
field emission devices, biological relevance, etc. In aerospace engineering, benefits 
of nanotube-based material have been observed in the development of Space Shuttle 
(Chang, Kisliuk, Rhodes, Brittain, & Sokolov, 2006). One of the major challenges 
of aerospace industry is the weight and cost reduction of spacecraft (Gohardani, 
Doulgeris, & Singh, 2011). In addition to the structural strength, polymer/carbon 

Figure 2. Carbon nanotube
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nanotube nanocomposite render advantages of low cost and light weight to the 
commercial aircraft and space vehicles. Polymer/SWCNT nanocomposite, for example 
polystyrene/SWCNT has shown increase in Young’s modulus and flexural modulus 
with the nanofiller content. Thermal stability of polystyrene/CNT nanocomposite 
was also enhanced with the reinforcing nanofiller (Chang et al., 2006). Polymers 
bonded to covalently functional CNT also act as intumescent flame retardant materials 
suitable for aerospace (Manchado, Valentini, Biagiotti, & Kenny, 2005). Polypropylene 
wrapped CNT has shown superior flame retardancy and mechanical properties 
compared with the neat matrix. Functional CNT also revealed fine dispersion in 
polymer matrix owing to in-situ compatibilization. Thus, carbon nanotube has been 
used to improve strength, electrical conductivity, and non-flammability properties 
of nanocomposite (Table 1).

Polymer Matrices, Processing, and Application 
of Polymer/CNT Nanocomposite

Range of polymer matrices have been used for carbon nanotube reinforcement. 
Polystyrene and polystyrene copolymers such as hydroxylated styrene-butadiene-
styrene tri-block copolymer, poly(styrene-co-p-(4-(4-vinylphenyl)-3-oxobutanol)), 
styrene-maleic anhydride copolymer, etc. have been employed (Bhattacharyya et 
al., 2007; Kaseem, Hamad, & Ko, 2016; Wu et al., 2010; Zhi, Liu, Zhang, Hong, 
& Yu, 2018). Both SWCNT and MWCNT have been reinforced in these matrices. 
Similarly, MWCNT and modified nanotubes were incorporated into poly(vinyl 
chloride) matrix (Alizadeh, Nayeri, & Mirzaee, 2018; Namsaeng, Punyodom, & 
Worajittiphon, 2018). Mechanical testing showed enhancement in tensile and impact 

Table 1. Properties of polymer/carbon nanotube nanocomposite

Material Young’s 
Modulus Strength Electrical 

Conductivity Reference

Polystyrene/SWCNT 
(0.3wt.%) 1GPa - Percolation threshold 

0.3 wt.% (Chang et al., 2006)

PP/SWCNT 
(0.75%) 1187 MPa 31.0 MPa - (Manchado et al., 2005)

Polyamide/MWCNT 
(12 wt.%) 4180 MPa - 3.57×10-2 S/cm (Meincke et al., 2004)

PS/CNT (5 wt.%) 1 TPa - - (Thostenson & Chou, 
2002)

PS/SWCNT (8.5 
wt %) - - 1.34×10-5 S/m (Ramasubramaniam, 

Chen, & Liu, 2003)
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strength of the nanocomposite. Attempts on the grafting of poly(vinyl alcohol) 
on SWCNT and MWCNT have been observed (Dahoud et al., 2018; Purwanto & 
Salim, 2018). Polydimethylsiloxane has been filled with treated MWCNT to form 
homogeneous and viscous nanocomposite (Ghanbari & Ehsani, 2018). Silane 
functional CNT has been dispersed in epoxy through interfacial interaction (Kadhim 
et al., 2018; Zhang et al., 2018). Correspondingly, several other matrices have been 
explored with carbon nanotube. 

Different techniques have been used for processing of polymer/CNT 
nanocomposites such as solution blending, melt mixing, and in-situ polymerization. 
Other techniques include dry powder mixing and surfactant-assisted mixing. The 
advantage of solution blending is vigorous mixing of polymer with CNT in a 
suitable solvent, which promotes nanotube de-aggregation and dispersion. This 
method mainly consists of three steps (i) nanotube dispersion using appropriate 
solvent; (ii) mixing of polymer and nanotube dispersion; (iii) and nanocomposite 
recovery by precipitation or film casting. Melt blending is also a valued technique 
for nanotube dispersion and nanocomposite formation. Melt blending has been used 
to form several nanocomposites such as nylon-6/MWCNT, polycarbonate/MWCNT, 
polyimide/SWCNT, etc. (Lee, Cruz, & Son, 2018; Otaegi, Aramburu, Müller, & 
Guerrica-Echevarría, 2018; Šehić et al., 2018). Although, melt blending needs high 
shear force and high temperature, which may deteriorate nanotube and nanocomposite 
properties. In-situ polymerization has also been used for the preparation of polymer/
nanotube nanocomposite material. The main advantage of this technique is to form 
better physical/chemical links between the matrix-nanofiller. Nanocomposites with 
high nanotube loading can be easily developed using this route. 

Polymer/carbon nanotube nanocomposite are much attractive for increasing 
number of industries. These are low cost, light weight, and high performance 
materials used for several engineering applications (Duc, Nguyen, Cuong, Van 
Sy, & Khoa, 2018). These materials have also been successfully employed for 
electromagnetic interference (EMI) shielding (Alegaonkar & Alegaonkar, 2018). 
In electronic appliances, the polymer/carbon nanotube nanocomposites are popular 
due to high thermal and mechanical resistance (Kong, Luo, Wang, & Wang, 2018). 
Additionally, these nanocomposites found success in coatings and adhesives industries 
(Augustin, 2018). Potential applications of polymer/CNT have been identified in 
sensors, energy storage and field emission systems, and biomedical (Fu, Ramos, 
Al-Jumaily, Meshkinzar, & Huang; Mihajlovic, Mihajlovic, Dankers, Masereeuw, 
& Sijbesma, 2018; Senokos). Due to extraordinary properties, integration of CNT 
in polymers have led to advanced materials for aviation, petroleum, and aerospace 
production systems (S. Chen, 2018; Smith Jr et al., 2004). 
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Epoxy/Carbon Nanotube Nanocomposite

Epoxy is an important type of thermosetting polymer having epoxide groups in the 
backbone. Epoxy is a pre-polymer having low molecular weight. Curing of epoxy 
using short chain dihydroxy and diamine compounds may lead to the formation of 
hydroxyl and secondary amine groups in the backbone (Park & Kim, 2001; Yang, 
Fu, & Yang, 2007). Cured epoxy also has high molecular weight. This polymer has 
exceptional mechanical properties, thermal stability, and adhesiveness in the cured 
form. Incorporation of carbon nanotube in epoxy before or while curing may lead 
to excellent heat resistance, chemical stability, and thermal constancy (Allaoui, 
Bai, Cheng, & Bai, 2002). Young’s modulus, strength, and electrical properties 
of epoxy/CNT nanocomposite have been significantly enhanced using very small 
nanofiller content (Bekyarova et al., 2007). Table 2 shows some of the epoxy/CNT 
nanocomposite with improved desired properties at particular nanofiller loading.

Role of Carbon Nanotube in Improving the 
Properties of Aerospace Composite

For aerospace constituents, polymeric systems have been reinforced with carbon 
nanotube and carbon fibers as filler materials (Arena, Vertuccio, Barra, Viscardi, 
& Guadagno, 2018). Several polymeric nanocomposites have been commercially 
fabricated. Change in size from microparticle to nanoparticle may cause significant 
changes in the physical properties of composites. Scanning electron microscopy, 
transmission electron microscopy, scanning probe microscopy, and scanning tunneling 
microscopy have been employed to study the dispersion of carbon nanotube and fibers 
in polymers. Fibrous structured fillers have significantly diverse features than that of 

Table 2. Essential properties of epoxy/carbon nanotube nanocomposite

Epoxy/CNT Young’s Modulus Electrical 
Properties Reference

Epoxy/C NT (4 wt.%) 465 MPa 1×10-2 S/cm (Allaoui et al., 2002)

Epoxy/CNT (0.1 vol.%) 65 MPa 10−2 S/cm (J Sandler et al., 1999)

Epoxy/SWCNT (0.25 vol.%) 500MPa 0.049 S/cm (Bekyarova et al., 2007)

Epoxy/SWCNT (0.25 vol.%) 500MPa 0.089 S/cm (Bekyarova et al., 2007)

Epoxy/MWCNT (0.1 wt.%) 2800MPa - (Gojny, Wichmann, Fiedler, & 
Schulte, 2005)

Epoxy/CNT (4 wt.%) 1500 MPa 1×10-2 S/cm (Guadagno et al., 2011)
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the nanoparticles. Carbon fiber-based composites have been used in space craft and 
air craft industry owing to high strength, toughness, fatigue life, modulus, corrosion 
resistance, and light weight compared with metals. For commercial military aircraft 
and satellite constituents, research have been directed towards the incorporation 
of CNT along with carbon fiber to further enhance the mechanical properties of 
composites. Especially, the properties of epoxy/fiber composite have been enhanced 
using carbon nanotube for low density, low manufacturing cost, and outstanding 
mechanical and physical features (Lonjon, Demont, Dantras, & Lacabanne, 2012; 
Lubineau & Rahaman, 2012). Carbon fiber coated with carbon nanotube has also 
been used to achieve advanced light weight aerospace composites. Properties such 
as light weight, high electrical conductivity, thermal stability, thermal conductivity, 
and electro-magnetic shielding efficiency have been attained using epoxy/carbon 
fiber and CNT composites. Future aerospace systems pursue to further improve the 
multifunctional features of composite using carbon fibers and nanotube together.

MAIN FOCUS

Aeronautical Impact of Epoxy/CNT Nanocomposite

Shielding of Space Vehicle From Radiations

Both the SWCNT and MWCNT have been studied for electromagnetic interference 
(EMI) shielding applications in aerospace. Electrical and mechanical properties 
of advanced epoxy/CNT engineering materials have been used for EMI shielding 
of radio frequency (JKWea Sandler, Kirk, Kinloch, Shaffer, & Windle, 2003). 
Intrinsic electrical conductivity, aspect ratio, and dielectric properties of nanotube 
are essential for EMI shielding (Chung, 2001). Epoxy/CNT nanocomposite have 
shown EMI shielding of -20 to 30 dB in X-band (8.2-12.4 GHz). The shielding was 
observed with very low nanofiller loading of 0.01 to 15 wt.%. Moreover, nanotube 
loading as well as thickness of nanocomposite laminates are essential to enhance 
the electromagnetic features (Chung, 2001). Interaction between EM radiations and 
nanofiller nanoparticle is illustrated in Fig. 3. EMI shielding effectiveness of ~20 dB 
is desired for commercial applications of aerospace structures. Inclusion of 10-15 
wt.% SWCNT has shown shielding of ~20 dB in X-band. Influence of functional 
nanofiller ratio on EMI shielding effectiveness has also been observed. Inclusion of 
magnetic nanoparticles such as ferrite nanofiller caused significant effect on EMI 
shielding effectiveness of nanocomposite.
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Lightning Strike Performance

Lightning strikes may cause several damages to epoxy-based aerospace structures. 
Studies have shown increase in the electrical conductivity of epoxy matrix with 
the incorporation of carbon nanotube nanofiller (Domingues, Logakis, & Skordos, 
2012; Logakis & Skordos, 2012; Thostenson, Gangloff Jr, Li, & Byun, 2009). 
Inclusion of CNT in epoxy/fiber reinforced polymer composite has also enhanced 
the electrical conductivity of nanocomposite. However, dielectric nature of matrix 
is highly useful to cure the outer aerospace framework and enhance the lightning 
strike protection. However, several manufacturing complexities need to be overcome 
to attain high lightning strike performance. Ultrasonic C-scanning has been used 
to study the damage produced in the aerospace structures while lightning. Both the 
nanotube reinforced and non-reinforced samples have been used to study the influence 
of nanaofiller in lightning strike protection. Polymer alone has less capability for 
defense against lightning strike. Investigations on multi-wall carbon nanotube 
(MWCNT) doped carbon fiber epoxy composite has also found success in this case. 
In this regard, panels of epoxy/carbon fiber and epoxy/carbon fiber with MWCNT 
layer were produced. Infusion set-up to form cured laminates are given in Fig. 4. 

Figure 3. Interaction between electromagnetic radiation and nanofiller in epoxy/
CNT
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Influence of MWCNT on the lightning strike performance of epoxy/carbon fiber 
composite was significant. Damage in laminates without MWCNT was observed 
using visual observations and ultrasonic C-scans. The epoxy/carbon fiber/MWCNT 
panels have been found useful in primary aerospace structures (Thostenson et al., 
2009; Wichmann et al., 2006).

Non-Flammability Execution

Epoxy/CNT nanocomposite has fascinated extensive research interest owing 
to flame resistant features. Inclusion of carbon nanotube in epoxy has found to 
enhance the flame retardancy and thermal features of epoxy nanocomposite (Song 
& Youn, 2005). Flame retardancy capability of epoxy/CNT nanocomposite has 
been analyzed using limiting oxygen index (LOI), Bunsen burner test, UL-94 test, 
and cone calorimetry. It has been observed that the efficiency of non-flammable 
nanocomposite has been enhanced using carbon nanotube additives (Kuan et al., 
2010). LOI values of CNT loaded nanocomposites were found to enhance compared 
with pure epoxy. LOI results for epoxy and functional nanotube has shown more 
efficient flame retardancy compared with the epoxy/non-modified CNT. Strong 
interfacial interaction exist between epoxy and functional CNT. The interfacial 
bonding between matrix-nanofiller may decrease the thermal conduction in epoxy 
matrix, so reducing the flammability (Schartel, Bartholmai, & Knoll, 2006). Thus, 
ease of flammability was found to reduce even with very low nanofiller addition in 
epoxy/CNT nanocomposite structures. According to thermogravimetric analysis and 
LOI tests, 0.1-0.5 wt.% nanotube loading has enhanced both the LOI and thermal 
stability of aerospace structures.

Figure 4. Infusion set up for epoxy/CNT fabrication
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Mechanical Performance

Improved mechanical performance of polymeric nanocomposite is essential to 
apply in aerospace application. Various methodologies have been established to 
reinforce the aerospace composite structures in thickness, in interface, and through 
various planes. The laminated plies in aerospace structures have been filled with 
epoxy/CNT nanocomposite to study the in-plane mechanical properties (Wicks, 
de Villoria, & Wardle, 2010). However, in plane application may cause volume 
loss, low mechanical properties, and structural damage during the edging process. 
Thus, inclusion of nanocomposite at ply interface without reducing the in-plane 
properties is challenging. Sometimes, carbon nanotube has been used as a second 
nanofiller in addition to the carbon fiber. In this regard, vertically aligned carbon 
nanotube (VACNT) has shown improved inter-laminar toughness when loaded at 
the interface. Accordingly, laminate engineering strength tests have been performed 
to analyze laminate failure (Guzmán de Villoria, Hart, & Wardle, 2011). Compared 
with the traditional aerospace composite, laminate in-plane strength has been found 
to improve with carbon nanotube reinforcement. Effect of nanofiller addition on the 
curing time and resulting strength properties of aerospace structural component is also 
important. Various facets of mechanical property improvement of different polymeric 
systems using CNT have been explained (Thostenson, Ren, & Chou, 2001). The 
CNT type, growth method, functionalization, polymer type, and processing method 
directly affect the mechanical strength of nanocomposite. To transfer the mechanical 
properties of nanotube to polymer, a chemical link is essential to develop in between. 
The interfacial bonding is developed by the functionalization of nanotube surface, 
so improvement in strength may occur (Roy, Petrova, & Mitra, 2018). The effect 
of functional nanotube content on the mechanical properties of nanocomposite has 
been studied (X. Chen et al., 2008). Inclusion of 1.5 wt. % amine-treated MWCNT 
enhanced the tensile strength by 51% and impact strength by 93% (Fig. 5 & Fig. 6). 
The amine-treated MWCNT improved the mechanical properties compared with the 
oxidized MWCNT. The covalent bond formation between polymer and nanotube 
led to effective stress transfer between matrix-nanofiller. Moreover, melt blending 
produce high performance nanocomposite relative to the conventional epoxy/CNT 
mixed materials (Ogasawara et al., 2011). 

CHALLENGES, FUTURE SCOPE, AND SUMMARY

Nanocomposites have been utilized in wide range of technical applications ranging 
from electronics―to―biomedical―to―automobile/aerospace. Carbon 
nanotube is one of the most important type of nanocarbon, owing to distinctive 
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properties, employed in aerospace nanocomposite. Space applications of polymer/
CNT nanocomposite seem to demand superior thermal stability, mechanical strength, 
and electrical features. In aerospace and aeronautics, epoxy is a well-known matrix 
material used (Y. Saito & Uemura, 2000). Incorporation of nanotube in epoxy has 
been deliberated for upgrading the strength, heat constancy, non-flammability, 
EMI shielding, and electrical properties of final nanocomposite. Lightning strike 

Figure 5. Effect of o-MWCNT (oxidized) and a-MWCNT (amine) content on tensile 
strength of epoxy nanocomposite (X. Chen et al., 2008)

Figure 6. Effect of o-MWCNT (oxidized) and a-MWCNT (amine) content on impact 
strength of epoxy nanocomposite (X. Chen et al., 2008)
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prevention has also been observed in aircrafts with polymer/CNT in the outer structural 
frame. Consequently, the role of epoxy has been modified through amalgamation 
with nanofiller in aerospace industry. Initially, aircrafts structures as well as space 
shuttles have used epoxy/CNT-based materials (Heimann, Wirts-Ruetters, Boehme, 
& Wolter, 2008). Further progress in aerospace and aeronautical fields has been 
observed through the modification of nanotube nanostructure. Functionalization of 
nanotube has amplified the nanocomposite application several folds. Functionalization 
also overcomes one of the major challenge in the implementation of nanotube in 
aerospace i.e. dispersion. The reliability, durability, strength, and stability properties 
of aeronautics can be enhanced significantly through uniform CNT dispersion in 
nanocomposite structure. Thus, number of key technologies have been identified 
for the application of epoxy/CNT in aerospace structure, missiles, rotorcraft, and 
next generation aircrafts.

This chapter addresses several prospects of epoxy ad carbon nanotube-based 
nanocomposite. Epoxy matrix incorporated with nanocarbon has been found as 
exceptional nanocomposite for aerospace. Even very small nanofiller content has led 
to substantial enhancement in the desired aerospace properties such as mechanical 
robustness, thermal constancy, electrical conductivity, radiation shielding, anti-flame, 
and anti-light strike properties. Consequently, the chapter systematically focused 
the potential of epoxy/carbon nanotube nanocomposite in aerospace applications.
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KEY TERMS AND DEFINITIONS

Aerospace Technology: Development in science, technology, and engineering 
to hover the atmosphere of Earth and surrounding space.

Carbon Nanotube: It is a nanoallotropic form of carbon having rolled graphene 
sheet like structure.

Electromagnetic Interference Shielding: It is the practice of reducing 
electromagnetic field in space using certain barriers.

Nanocomposite: It is a composite material having nanometer size particles.
Nanofiller: Reinforcement of matrices having size in the nanometer range.
Non-Flammability: Ability of materials to resist flame/fire.
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ABSTRACT

The cryogenic treatment of material has been known to motivate structural stability by 
rearranging its crystallographic structure in metals and by promoting intermolecular 
as well as intramolecular rearrangements in polymers. Additionally, in case of 
polymers reinforced with micro fillers, the structural changes brought about by 
cryogenic treatment are still largely governed by the polymer matrix itself. Thus, 
when investigated for their mechanical and tribological properties, the response 
of polymer/MWCNT nano-composites after cryogenic treatment was found to be 
depending on the cryo-structural modifications in the polymer matrix, followed 
by the MWCNT interaction to some extent. The enhancement in the mechanical 
properties of the polymer/MWCNT nano-composites is attributed to the increasing 
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INTRODUCTION

On a global scenario; the material sector has witnessed momentous growth of polymers 
as a potential alternative for conventional metals and alloys. The major advantages 
of using polymers are good mechanical strength coupled with low stiffness-to-
weight ratio, ease of manufacturing and excellent reproducibility. Due to the ease of 
tailoring the polymer properties; they are used in enormous and expanding range of 
products from paper clips to spaceships. The degree of crystallinity and the extent 
of rigidity of a polymer can also be controlled during its processing itself or by the 
incorporation of different types of additives such as fillers, plasticizers, stabilizers, 
etc. This blending and compounding technology has opened many alternatives to 
pursue tailoring of any polymer, thus, making a variety of choices available. As 
the worldwide market grows continuously; the current global production of plastics 
is approx. 322 million metric tonne per year (Federation of Indian Chambers of 
Commerce and Industry [FICCI], 2017). Such huge production propose the need 
of improving quality of polymers and extending their field of application, as even 
a small enhancement in property seems to be very important economically.

According to FICCI (2017), India is a growing market for plastics and consumes 
about 16 million tonne annually against a global consumption of 322 million tonne 
per year. The polymer consumption of India is growing at an average rate of 10% 
and is expected to touch 30 million tonnes by 2025. It is estimated that current 
low levels of per capita polymer consumption in India, as compared to developed 
countries, along with the increased growth in the end use industries offers a huge 
opportunity for the growth of polymers over long term (FICCI, 2017).

% crystallinity, changes in crystal structure, conversion of less stable phases into 
more stable phases, change in the nature of bonding and strengthening of interphase 
between polymer and MWCNT. Thus, for the cryogenic treatment temperature of 
-185 °C, the optimum soaking period for PA and PA/MWCNT nano-composite was 
24 hrs, whereas for PBT and PBT/MWCNT nano-composite it was 12 hrs and 16 
hrs, respectively. This agrees well with the popular claim that each polymer has a 
specific functional group and/or structural characteristic that readily responds to 
the cryogenic treatments conditions (irrespective of the filler type, content and/or 
interaction), thereby, modifying the structure and giving superior properties, which 
makes cryogenic treatment a material specific process.
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Polymer Composites in Automobile, 
Aerospace and Structural Applications

The automotive industry saw a revolution when polymers started replacing the 
conventional metallic components. Thermoplastics made their debut in automotive 
industry in 1950. The continuous development of advanced, high performance 
polymers has dramatically increased their usage since then. But, now more than ever, 
the automotive industry is under increasing pressure to meet higher fuel efficiency, 
environmental constrains and performance demands at competitive costs (American 
Chemistry Council – Plastic Division, 2014). All material sectors, metals as well 
as polymers, are working to respond to the automotive industry’s changing needs. 
Many see weight reduction as a key to achieve the above requirements at once. 
Weight reduction can be achieved in three different ways; by use of light weight 
materials, by optimizing the design of different components and system layouts or 
by innovations in manufacturing processes. However, the challenge is to keep an 
optimum balance between cost, weight and performance, to comply with regulations 
as well as satisfy customers (Mubarak, 2009). One material class that promises 
such opportunity is high-performance polymer composites. In addition to potential 
innovative aerodynamic design and styling aesthetics, polymer composites with high 
strength-to-weight and stiffness-to-weight ratios have made them the material of 
choice in industries like motor sports and aerospace for years (American Chemistry 
Council – Plastic Division, 2014).

Nowadays, the polymers and their composites are used to make cars more energy 
efficient by reducing weight, together with providing durability, corrosion resistance, 
toughness, design flexibility, resiliency and high performance at low cost. An average 
vehicle uses about 150 kgs. of polymeric parts versus 1163 kgs. of metal – currently 
around 13-15% of total weight of car. It is estimated that every 10% reduction in 
vehicle weight will result in 5% to 7% fuel saving. Thus, for every kilogram of 
vehicle weight reduction, there is potential to reduce 20 kgs. of CO2 emissions 
(Szeteiová, 2010). This makes the incorporation of lightweight, high-performance 
materials in automobiles as a necessity and a common need. Such applications ask 
for higher wear resistance, improved fatigue life, better deformation behavior and 
good mechanical strength.

During the enormous growth of plastics components in automotives, the 
advantages of using plastics have changed. Mounting costs are being met by the 
ability of plastics to be molded into components of complex geometries, often 
replacing several parts in other materials and offering integral fitments that all add 
up to easier assembly. Many types of polymers are used commercially in more than 
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hundred different parts of all shapes and sizes. A quick look inside any model of 
the car shows that plastics are now used in exterior and interior components such as 
bumpers, doors, safety and windows, headlight and side view mirror housing, trunk 
lids, hoods, grilles and wheel covers. Upto 16 different types of polymers are used 
for various automobile components, which are listed in Table 1. In automotive sector, 
polymers have contributed to a multitude of innovations in safety, performance and 
fuel efficiency. However, while providing for the aim of weight reduction in the 
cars, these plastics components are usually made from virgin polymers, occasionally 
mixed with strengthening additives and impact modifiers (Szeteiová, 2010). In order 
to make a regular car as economically friendly as possible, the performance to cost 
ratio of fibre reinforced polymer composites need to be minimized for good.

While the glass fiber reinforced polymers have been in successful use for over 
fifty year or so, the need of composites with even superior mechanical properties 
gave momentum to carbon fiber research (Gohardani, Elola, & Elizetxea, 2014). The 
emerging challenges of crack propagation and encountered fiber defects however 
called for alternative solution for obtaining ultra high modulus fibers. This led to 
accidental discovery of carbon nanotubes (CNTs) by Iijima in 1991. Since then 
the CNT’s have been looked at extensively by researchers in various fields such as 
chemistry, physics, materials science and electrical engineering. CNT’s are unique 
nanostructured materials with remarkable physical and mechanical properties. Since 
carbon-carbon bonds are among the strongest bonds in nature, a structure based 
on a perfect arrangement of these bonds oriented along the axis of the nanotubes 
produces a very strong material with an extremely high strength-to-weight ratio. 
These properties have inspired interest in using CNT as filler in polymer composite 
systems to obtain ultra-light structural materials with enhanced mechanical, thermal 
and electrical characteristics. The prospect of obtaining advanced nanocomposites 
with multifunctional features has attracted the efforts of researchers in both academia 
and industry.

The polymer/CNT nano-composites are a radical alternative to such conventional-
filled polymer composites. The high mechanical, electrical and thermal properties of 
the CNTs make them ideal candidates as fillers in light weight polymer composites. 
It is their extraordinary mechanical properties (exceptionally high tensile strength 
and stiffness) that has aroused particular interest and promoted research into the 
fabrication of polymer/CNT composite materials for high end applications in various 
load bearing and severe abrasive conditions. Recent examples include strong and 
lightweight composite turbine blades and hulls for maritime security boats that are 
made by using carbon fiber composite with CNT enhanced resin (Coleman, Khan, 
Blau, & Gun’ko, 2006 and Chou, Gao, Thostenson, Zhang, & Byun, 2010). Other 
multifunctional applications under investigation include lightning strike protection, 
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deicing and structural health monitoring for aircraft (Coleman et al., 2006 and De 
Volder, Tawfick, Baughman, & Hart, 2013). 

Polymer and their composites are extensively used in aerospace applications 
also. However, if one considers the most widely used polymer composite; carbon 
fiber reinforced epoxy, it has limitations in terms of material failure (Thawre et al., 
2015). These composites not only underperform after surpassing the yield limits, 
but also increase the chances of catastrophic failure of components, all because of 
the delamination phenomenon undergone by carbon fibers (Thawre et al., 2015). 
With the next generation aircraft, rotorcraft, unmanned aerial vehicles and missiles 
demanding stricter requirements in terms of lightweight, visual and thermal signature, 
increased speed, maneuverability, etc; they incite a need for advanced materials and 
systems that can incorporate these functionalities (Gohardani et al., 2014). Similar to 
that of automobile sector, the development of newer aircrafts and aerospace devices 
aims as weight reduction by replacing current materials, which ultimately results in 
the reduction of fuel consumption and directly affects the cost of operation for both 
commercial and military aircrafts and space vehicles. But the constant challenge 
that the aerospace industry faces is the introduction of a light aircraft or spacecraft, 
without sacrificing its structural integrity.

Table 1. Plastics used in a typical car (Szeteiová, 2010)

Sr. No. Component Main type of polymers

1 Bumpers PS, ABS, PC, PBT

2 Seating PU, PP, PVC, ABS, PA

3 Dashboard PP, ABS, SMA PPE, PC

4 Fuel system HDPE, POM, PA, PP, PBT

5 Body (including panels) PP, PPE, PU

6 Under-bonnet components PA, PP, PBT

7 Interior trim PP, ABS, PET, POM, PVC

8 Electrical components PP, PET, PBT, PA, PVC

9 Exterior trim ABS, PA, PBT, POM, ASA, PP

10 Lighting PC, PBT, ABS, PMMA, PU

11 Upholstery PVC, PU, PP, PE

12 Liquid reservoirs PP, PE, PA

PS (poly-styrene), ABS (acrylonitrile-butadiene-styrene), PC (poly-carbonate), PBT (poly-butylene-
terephthalate), PU (poly-urethane), PP (poly-propylene), PVC (poly-vinyl-chloride), PA (poly-amide), SMA 
(styrene-maleic-anhydride), PPE (poly-phenylene-ether), HDPE (high-density-poly-ethylene), POM (poly-
oxy-methylene), PET (poly-ethylene-terephthalate), ASA (Acrylonitrile-styrene-acrylate), PMMA (poly-
methyl-methacrylate), PE (poly-ethylene)
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Polymer nano-composites are a subject of many research endeavors in different 
scientific fields due to their unique combination of properties. However, the dispersion 
of nano-particles and their adhesion at the particle–matrix interface are of crucial 
importance, which otherwise have adverse effects on the mechanical properties. 
In a study conducted by O’Donnell, Sprong, & Haltli (2004), a carbon nano-tube 
reinforced polymer (CNRP) was utilized airframe material on four conceptual aircraft 
structures, viz., Boeing 747-400, Boeing 757-200, Airbus A320, and Embraer E145. 
The simulation was done by replacing the conventional aluminum and its alloys 
with same structural volume of CNRP. The simulation showed a reduction in take-
off mass as a result of replacing the airframe material. This presented approx. 14% 
weight reduction and 10% decrease in fuel consumption. Other studies in the field 
of aerospace materials and structures indicate that conductive epoxy adhesives based 
on MWCNTs bond on metal substrates, with a contact resistance, several order of 
magnitudes higher than their adhesive resistance (Rosca and Hoa, 2011). Also, for 
aerospace grade carbon/epoxy laminates, the modification of interfaces by using 
CNT forests has shown improvement in the interlaminar fracture toughness of the 
material (García, Wardle, & Hart, 2008). The application of vertically aligned 
CNTs as reinforcements in aero-structures has also been implemented by Guzman 
de Villoria, Ydrefors, Hallander, Ishiguro, Nordin, & Wardle (2012), where the 
reinforcement is attributed to a fiber-stitching mechanism.

Thus, numerous studies in the domain of automobile and aerospace structures 
indicates that CNT reinforced polymer composites exhibit multiple structural 
functions and integrated structural functions comprising mechanical properties such 
as fracture toughness, damping, strength and stiffness, along with non-structural 
functions, such as sensing and actuation, electrical and/or thermal conductivity, 
energy harvesting/storage, electromagnetic interference (EMI) shielding, recyclability, 
biodegradability and self-healing capability (Gohardani et al., 2014). However, 
for successful commercial application, it still requires never ending research and 
improvement.

Need of Cryogenic Treatment of Polymer and Its Composites

Even though polymer performances are enhanced using various micro and nano fillers, 
they are still prone to high wear and abrasion. Thus, to improve the wear resistance 
of such polymeric components, Cryogenic Treatment is proven to be an effective 
tool. Cryogenic treatment is an exciting, important and inexpensive technique that 
has already led to many discoveries and improvements in the field of steels and other 
metals and alloys, but it is still an emerging tool for polymers and its composites. 
Two review works (Indumathi, Bijwe, Ghosh, Fahim, & Krishnaraj, 1999a; Kalia, 
2010) in this area, gives an overall outlook on the cryogenic processing of polymers 
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and polymer composites. The cryogenic treatment has been previously attempted 
on various polymers, including poly-tetra-fluro-ethylene (PTFE), poly-carbonate 
(PC), poly-imide (PI), poly-ether-imide (PEI), poly-ether-ether-ketone (PEEK), 
poly-ether-sulphone (PES), poly-amide (PA6/PA6-6), poly-butylene-terephthalate 
(PBT), poly-urethane (PU), ultra high density poly-ethylene (UHDPE), Epoxy 
resin, and their various composites filled with a variety of fibres and micro-fillers, 
for exploring the potential of the treatment for enhancing the mechanical and wear 
resistance (Indumathi, Bijwe, & Ghosh, 1999b).

It is indeed established that the cryogenic treatment has potential for all the 
selected systems, although the extent of improvement depends on the type of 
polymer, the type of fillers, their geometry, matrix-filler concentration, etc. This has 
aroused a lot of debate in the literature to standardize the parameters of cryogenic 
treatment process and also the outcome of the process for a specific material class. 
Therefore, it becomes difficult to recommend a single process for every material 
or even a single cycle for the components manufactured from the same material 
with different processing details (Chopra, Deshmukh, & Peshwe, 2017a, p. 11). 
This has led several researchers to assess the cryogenic treatment parameters for a 
specific material as per their convenience, knowledge and experience, thus, making 
cryogenic treatment a material specific process, which needs to be optimized for a 
particular material class.

OVERVIEW OF RESEARCH ON CRYOGENIC 
TREATMENT OF POLYMERS AND COMPOSITES

Cryogenic treatment is a capable process for treating a wide variety of materials 
such as metals, alloys, polymers, ceramics and their composites for enhancing their 
desired mechanical, thermal and structural properties. A typical cryo-treatment cycle 
is depicted in Figure 1 and consists of the following phases:

1. 	 A Ramp Down phase, during which the temperature of the sample is lowered 
slowly to the specified level, at a cooling rate to avoid any thermal shock from 
developing in the part.

2. 	 A Soaking phase, during which the metal sample is held at desired cryogenic 
temperature for the prescribed time duration.

3. 	 A Ramp Up phase, during which the temperature of the object is brought 
back up to the room temperature. This phase is very important to the process. 
Ramping up too fast can cause problems such as cracking of the treated part 
(Farhani and Niaki, 2008 and ASM Handbook, Volume 4 - Heat treating, 1991, 
pp. 489-490).
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The changes brought about by the cryogenic treatment are permanent. It affects the 
entire volume of the material. Cryogenic processing establishes a very stable piece of 
material that remains distortion free due to relieving of residual stresses (Baldissera 
and Delprete, 2008). All the individual constituents of the material, which make 
up or build up the material, are rearranged into their most stable state on cryogenic 
treatment. These constituents are then aligned optimally with the surroundings. 
Also, molecular bonds are strengthened by this process. Particle alignment and grain 
refinement assists in relieving internal stresses, which would otherwise lead to early 
material failure. An extremely low temperature during cryogenic processing also slows 
the movement at atomic levels and promotes a pure structural balance throughout 
the material (Figure 2). As a result the improvements in physical and mechanical 
properties can be achieved in the material due to dense and uniform microstructure 
on cryogenic treatment. This increases the component life and ultimately reduces 
the frequency and cost of new production (Pande, 2012, pp. 7-8).

Cryogenic treatment, although a century older, is still considered an infant 
as compared to other conventional high temperature post-processing techniques. 
Nonetheless, it has been shown by many researchers that it can prove a potential 
process for enhancing the properties and ultimately the life of polymeric materials. 
In case of polymers and polymer composites, the cryogenic treatment brings out the 

Figure 1. Plot of temperature versus time for the cryogenic treatment process
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alignment of the randomly oriented chains which leads to improved physical and 
mechanical properties. It is said that the local intermolecular rearrangement during 
the cryogenic treatment results in relaxation. A dynamic mechanical relaxation 
occurs in polymer molecules due to the heat transfer between the intermolecular 
mode and the intramolecular mode (Ray, 2005a). The relaxation phenomena indicate 
a considerable dependence on the morphology of polymers. Polymers which are 
able to change their main chain bond angles seem to excel in cryogenic properties. 
These polymers are flexible and may undergo deformation even when their segmental 
motions are frozen at cryogenic temperatures. The cryogenic hardening and increase 
in crystallinity is reported to be one of the prominent reasons for the enhancement 
in wear performance of the polymers and polymer composites. The improvement 
in the shear value after cryogenic treatment of polymer composites is credited to 
the differential thermal contraction of the matrix during sudden cooling. This leads 
to the development of greater compressive stresses and increases the resistance to 
debonding and better adhesion at the interface of filler and matrix. Proper choice of 
polymer-filler combination and their relative proportions can affect the coefficient 
of contraction in cryogenic environment, thereby reducing the risks of thermal 
shocks. The following section summarizes the available literature related to the 
effect of cryogenic treatment on the mechanical properties of polymers and polymer 
composites.

Indumathi et al. (1999a) investigated the effect of cryogenic treatment on the wear 
performance of a series of thermoplastic engineering polymers such as polyimide 
(PI), polyetherimide (PEI), polytetrafluoroethylene (PTFE), polycarbonate (PC) 
and Polyurethane (PU). The selected polymers were cryogenically treated at liquid 
nitrogen temperature for 24 hours. The comparison of treated and untreated material 
revealed that this technique has the potential to increase the wear resistance of the 
polymers, just like metals and other cutting tool materials. The enhancement in the 
wear performance was observed to be maximum for PEI (by about 30%) and PTFE 
(by approx. 60%), however for PI and PEI copolymer it was small (i.e. by 2%) and 

Figure 2. Schematic showing the increase in bonding energy at atomic levels with 
decrease in temperature
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PC and PU showed moderate improvement (10–15%) due to cryogenic treatment. 
Along with the polymers, the composites were also studied by Indumathi et al. 
(1999a) for the cryo-treatment. It was reported here that the improvement in hardness 
improves the wear performance of the material due to cryo-treatment. Thus, from 
this work on cryogenic treatment of various polymers and their composites, it has 
been proved to be an effective technique for enhancing the wear performance of 
the material. However, it is also observed here that the potential of the treatment 
depended upon the filler type, geometry, orientation, quantity and their interaction 
with the polymers selected.

Besides this, efforts were also made to correlate the wear performance of cryo-
treated polymers with other mechanical properties such as ultimate tensile strength 
and elongation at break. A clear correlation was observed between the mechanical 
properties and tribological performance by Indumathi et al. (1999b) after cryogenic 
treatment. In this study the influence of cryo-treatment on the mechanical and 
tribological properties of PTFE and composites was investigated. It was claimed 
here that the tribological performance improved only for those materials whose 
mechanical properties had either improved or did not show significant deterioration 
after cryogenic treatment. The composites whose mechanical properties deteriorated 
due to the treatment also demonstrated poor wear properties.

This additional experiment was performed in order to confirm whether some 
additional mechanisms were responsible for the observed changes in the mechanical 
behavior or not. It was observed that in case of the un-treated PTFE powder, the 
particles were quite separated from each other whereas, in case of cryogenically 
treated material, the particles were found to be closely packed. It was observed that 
the dense network of micro-fibrils originating from each particle was a remarkable 
and distinct feature of cryo-treated PTFE powder. Such micro-fibrils were rarely seen 
in case of un-treated powder. This typical behavior of agglomeration and excessive 
fibrillation of the PTFE powder is caused due to cryogenic treatment, which not only 
favours the formation of a dense structure but also enhances the material properties 
like tensile strength, hardness and wear performance.

Kumar, Sharma, & Ray (2008) reported the effect of cryogenic treatment on the 
interfacial interaction and debonding phenomenon of glass fibre reinforced epoxy 
composites. It was observed here that more amount of matrix residue adhered to 
the reinforced glass fibers for cryogenically treated specimens. This was credited 
to the increase in friction and adhesion between the fiber and the matrix due to the 
compression caused by contraction of the material, as the polymer contracts more 
than the glass fibre resulting in increased hardness. The SEM image clearly indicates 
that the shear value as well as the adhesion property of glass fibre reinforced epoxy 
composite increases after cryogenic treatment. The improvement in the shear value 
after cryogenic treatment was credited to the differential thermal contraction of the 
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matrix during sudden cooling. This leads to the development of greater cryogenic 
compressive stresses which increases the resistance to de-bonding as a result of 
better adhesion by mechanical keying at the interface between fiber and the matrix 
(Ray, 2005b).

Pande, Peshwe, & Kumar (2012) demonstrated that the cryogenic treatment is an 
effective technique for enhancing the abrasive wear performance of the polyamide 
polymer studied herein. It was reported here that the increase in % crystallinity is 
the most important parameter responsible for the wear performance enhancement. 
The positive response of PA to the cryogenic treatment was credited to the less bulky 
structure of the polymer, which permitted easy chain motion at low temperatures. 
It was observed here that the crystallinity increases for the samples that showed 
minimum wear loss. The maximum improvement in the % crystallinity and wear 
performance was found for cryo-treatment at -185°C for 12 hours of soaking. This 
was claimed to be the optimum condition for the cryogenic treatment of PA. This 
enhancement in the wear performance of PA was attributed to the increase in % 
crystallinity, modification in microstructure, conversion of less stable phases into 
more stable phases and formation of complex phases.

Additionally, Pande and Peshwe (2015) has patented the optimum cryogenic 
treatment parameters for PBT composites reinforced with glass fibre and wollastonite 
in varying weight proportions (5, 10, 20, 30 wt. %). Based on the structural, 
mechanical and thermal characterization it is claimed that the cryogenic treatment 
shows maximum effectiveness for PBT composites at the condition of -185°C and 
8 hours of soaking duration. It was reported here that the strength and the modulus 
of the composites increased appreciably when treated at -185°C. The theoretical 
modeling of the interphase also revealed a very good level of interfacial interaction, 
thereby indicating enhanced load transfer between the PBT matrix and filler. This 
patent also claims that, along with the treatment temperature, the soaking period 
is a decisive factor in order to determine the properties of the material. The XRD 
analysis indicated that structural modification of PBT crystals occur as a result of 
the conformational changes brought about by interfacial interaction as a result of 
cryogenic treatment. Similar to virgin polymers, it is reported here that the increase 
in crystallinity and the reduction in crystallite size after the treatments is the prime 
reason for increased strength and wear resistance of the cryo-treated composites. 
It was observed here that the ploughing and peeling-off of the composite surface 
suppress after the treatment. Thus, it is claimed here that on cryo-treatment, the 
increase in crystallinity, hardness, stiffness and especially the improved interfacial 
bonding, cumulatively enhances the wear performance of the composites.

Thus, it is clear that cryogenic treatment is an effective technique to improve the 
mechanical properties and the tribological performance of polymers and polymer 
composites. However, despite the advantages and commercial awareness of the 
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treatment, the area of cryogenic treatment of polymer/MWCNT nano-composites 
is yet unexplored. The increasing use of these nano-composites in aerospace and 
automobile applications, demands for more understanding about their structure 
and the mechanisms involved in their enhanced properties. Though these nano-
composites are used in areas where temperatures are not too high and are subjected 
to lesser loads than their metallic counterparts, these polymeric parts still are prone 
to continuous loading and wear. This gives rise to problems related to the strength 
of materials, performance of the components, safety and life of the part. Hence, 
the machine elements in such cases are expected to have better mechanical strength 
and abrasive resistance.

RESEARCH GAP AND EXPERIMENTAL DETAILS

It is expected that, similar to other polymer composite systems, cryogenically 
treating the polymer/MWCNT nano-composites will enhance their mechanical and 
tribological performance. The investigations of underlying mechanisms behind the 
property enhancement after cryogenic treatment of the polymer/MWCNT nano-
composites and its difference from the micro filler reinforced polymer composites 
will assist in understanding the material behaviour for targeted applications. 
Keeping this in view, the objective of the present work is to study the mechanical 
and tribological properties of MWCNT reinforced PA and PBT nano-composites. 
This will help to generate data for polymeric systems that are actually being used 
in heavy duty applications demanding high strength and wear resistance. Also, it 
will help to understand and establish the science behind the cryogenic treatment of 
polymer/MWCNT nano-composites. Cryogenically treated nano-composites will 
be an excellent substitute for applications where reduction in weight is desirable 
along with sufficient strength and stiffness.

The study was planned with an aim of finding out the effect of cryogenic treatment 
on the polymer/MWCNT nano-composites. In accordance with the established fact that 
cryogenic treatment greatly influences the structure of the polymers, thus, enhancing 
their mechanical properties; the polymers were selected based on the applications 
for which they are used commercially. Polyamide-6 (PA-6) is extensively used in 
textile fiber for its scratch recovery nature. It is also a popular gear and bearing 
material and is also used for bumpers, locks and wipers in automobiles (Chopra, 
Deshmukh, Deshmukh, Gogte, & Peshwe, 2016). Polybutylene Terephthalate (PBT) 
is used in the sliding roof top assembly and door units for automobiles as well as 
for machine elements such as crank and gear for light duty applications. These are 
the areas where good abrasion resistance is desired from the component. The nano-
composites were, thus, prepared by reinforcing fixed amount of MWCNT powder 
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[0.5 wt.% for PA and 0.3 wt.% for PBT as optimized from previous studies (Chopra 
et al., 2016; Chopra, Batthula, Deshmukh, & Peshwe, 2017c; Chopra, Deshmukh, 
Deshmukh, & Peshwe, 2018a; Chopra, Deshmukh, Deshmukh, Gogte, & Peshwe, 
2018b)] via melt-compounding technique. These nanocomposites were then treated 
cryogenically in a controlled atmosphere using liquid nitrogen at -80 °C, -140 °C 
and -185 °C for varying soaking periods of 4, 8, 12, 16, 20 and 24 hours. The cryo-
treated composites were then characterized for various structural and mechanical 
properties.

The tensile properties of the polymers and nano-composites were determined 
using a dog-bone shaped tensile specimen – Type I, having a gauge length of 65 
mm and cross-sectional area of 13 mm × 3 mm. The testing was done at ambient 
conditions (Temp.: 20°C, Rel. Humidity: 55%) according to ASTM Standard D-638 
using a universal testing machine (Make: INSTRON, Model: 4467) at a crosshead 
speed of 5 mm/min. Five test results were averaged and then reported. The wear 
performance of the polymers and nano-composites was evaluated at ambient 
temperature in a multi pass pin-on-disc configuration on a Wear and Friction monitor 
(Make: DUCOM, Model: TR-20LE-MI) under different load conditions of 20N, 
60N and 100N. The pins with dimension 10 mm × 10 mm × 3 mm were used for 
experimentation purpose. The samples were first abraded on superfine SiC paper 
(grade 1500) for uniform contact, cleaned with acetone, dried and weighed prior to 
experimentation. The pin was continuously abraded for 3 minutes (i.e. multiple pass) 
against the SiC paper (grade 220) as counter-face at a speed of 200 RPM and track 
diameter of 80 mm. Three test results were averaged for each type of sample and then 
reported. The hardness of the polymer and nano-composites were measured against 
Shore D hardness scale using a Shore hardness tester (Make: STECH Engineers) 
according to ASTM standard D-2240 at test load of 4.5 kgs. Five hardness values 
were averaged and then reported.

XRD is a widely used technique for the determination of crystal structure and 
phase identification of materials. The X-ray diffraction patterns for MWCNT 
powders and composite samples were generated by using XRD machine (Make: 
PAN-alytical, Model: X’Pert Pro). Nickel filtered Cu Kα radiation (λ=1.5406 A˚) 
generated at 45 kV and 40 mA is used for the angle (2θ) range from 10˚ to 100˚ 
using a scan step size and time per step of 0.01˚ and 20 sec respectively. Crystallite 
size measurement was done by using Scherrer’s equation and the average data 
is reported. FTIR spectroscopy is an effective and most common spectroscopic 
technique for structural elucidation and compound identification. The transmittance 
measurement of different IR frequencies by a sample positioned in the path of an 
IR beam provides the information about the functional group and type of chemical 
bonding in a material. The changes in the intensity of a beam of infrared radiation 
as a function of wavenumber (cm-1) on interaction with the sample are measured 
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using Perkin Elmer FTIR (Model: Spectrum One). The polymer and nano-composites 
were scanned against Zinc Selenide (ZnSe) plate as reference for wavenumber range 
of 500 cm-1 to 4000 cm-1 with 12 scan numbers.

The tensile fractured surfaces of the cryogenically treated and untreated polymers 
and nano-composites were investigated by Field Emission Scanning Electron 
Microscope (Make: JEOL, Model: JSM-7610F) at different magnifications. Prior 
to electron microscopy; the surfaces were sputter-coated with a thin platinum layer 
using auto fine coater (Make: JEOL, Model: JEC-3000FC) to make the surfaces 
conducting for obtaining images. The worn out surfaces of the cryogenically treated 
and untreated polymers and nano-composites were investigated by Scanning Electron 
Microscope (Make: JEOL, Model: 6380A) at different magnifications. Prior to this, 
the surfaces were sputter-coated with a thin palladium layer using auto fine coater 
(Make: JEOL, Model: JFC-1600) to make surface conducting.

RESULTS AND DISCUSSION

Crystal Structure of Cryo-Treated Polymers 
and Polymer/MWCNT Nano-Composites

It is an established fact that the low temperatures have the capacity to influence the 
structural properties of the polymers (Pande et al., 2012). Thus, the XRD analysis 
was done for cryogenically treated polymers and nano-composites. Figure 3 shows 
the XRD diffractograms for virgin PA cryo-treated at different temperatures for 

Figure 3. XRD patterns for Virgin PA cryo-treated at (a) -80°C; (b) -140°C and (c) 
-185°C for varying soaking periods
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varying soaking period. The % crystallinity and the average crystallite size of all 
the samples are given in Table 2.

The XRD pattern of untreated virgin PA shows prominent diffraction peaks at 
2θ positions of 20.13°, 23.44° and 28.52°, corresponding to α-phase and at 21.22° 
position corresponding to γ-phase, both monoclinic in structure. These peaks are 
the reflections from (200), (002,220), (210) and (100,010) planes, respectively 
(Mahmood, Islam, Hameed, & Saeed, 2013a; Chopra et al., 2016). The α-phase of 
PA is a more thermally stable phase consisting of sheets of hydrogen-bonded chains 
that are packed in an anti-parallel fashion, whereas the γ-phase is the less stable 
phase formed due to random hydrogen bonding between parallel chains (Chopra 
et al., 2016).

It can be seen from Figure 3 that the cryogenically treated virgin PA retains 
all the characteristics peaks mentioned above. For cryogenic treatment at -80°C 
and -140°C, there is no change in the crystal structure of PA, irrespective of the 
soaking period. However, the peak of γ-phase at 21.2° reduced when virgin PA was 
cryo-treated at -185°C beyond 4 hours of soaking period. The peak disappeared 
completely after 16 hours and the intensity of the α-phase peak at 20.1° increases 
significantly. This confirms that the virgin PA reacts to cryogenic treatment when 
the temperature is significantly lower and the material is exposed for longer duration. 
The increasing % crystallinity of PA after cryogenic treatment (as given in Table 
2) also confirms the same. It can be observed form Table 2 that the crystallinity of 
virgin PA increases with increasing soaking periods at all treatment temperatures. 
There is a prominent increase of 29% in the crystallinity of cryo-treated PA as the 
soaking period increases form 8 hours to 12 hours at -185°C. This can be attributed 

Table 2. Average crystallite size and % crystallinity of Virgin PA after cryogenic 
treatment

Soaking 
Period 
(hours)

-80°C -140°C -185°C

Avg. 
crystallite 

size (Å)

% 
crystallinity

Avg. 
crystallite 

size (Å)
% crystallinity

Avg. 
crystallite 

size (Å)

% 
crystallinity

UT 98 26.9 98 26.9 98 26.9

4 hrs. 122 30.7 112 32.4 99 32.8

8 hrs. 119 31.4 110 34.2 99 39.2

12 hrs. 117 33.0 110 37.3 93 50.7

16 hrs. 116 34.9 103 39.7 87 51.1

20 hrs. 116 35.5 100 40.2 81 54.1

24 hrs. 115 36.2 99 40.9 78 54.7
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to the fact that during cryogenic treatment, the extremely low temperatures retards 
the molecular movements at an atomic level which increases the internal molecular 
bonding energy and hence induces a structural balance within the material (Pande, 
2012, p. 81). The prolonged soaking periods at such low temperature stimulates 
the less stable γ-phase and gives sufficient time to rearrange into a more stable 
α-phase, thus changing the crystal structure of virgin PA from partial-α/partial-γ 
to complete α-structure.

The XRD diffractograms for PA/MWCNT nano-composites cryo-treated at 
different temperatures for varying soaking period is shown in Figure 4, while the 
% crystallinity and the average crystallite size of all the samples are given in Table 
3. The comparison between the XRD patterns of untreated virgin PA (Figure 3) and 
untreated PA/MWCNT nano-composite (Figure 4) shows that the characteristic peaks 
for α-phase of PA were observed in case of untreated PA/MWCNT nano-composites 
also, but the peak for γ-phase disappeared after MWCNT addition. This indicates 
that the nano-reinforcing tendency of the MWCNTs assists in improved nucleation 
and crystallization of PA matrix, thereby changing the crystal structure of PA matrix 
from partial-α/partial-γ into complete α-structure (Chopra et al., 2016). However, 
it is clear from Figure 4 that the crystal structure of PA/MWCNT nano-composites 
remained unaffected after cryogenic treatment at different temperatures and varying 
soaking periods.

It can be observed from Table 3 that, unlike cryo-treated virgin PA, the % 
crystallinity of PA/MWCNT nano-composites reduced initially for smaller soaking 
periods and later increased. The crystallinity of PA/MWCNT nano-composite cryo-

Figure 4. XRD patterns for PA/MWCNT nano-composites cryo-treated at (a) -80°C; 
(b) -140°C and (c) -185°C for varying soaking periods
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treated at -80°C for 24 hours remained lower than the untreated material, while that 
for cryo-treated at -140°C, the crystallinity increased beyond the untreated material 
after 16 hours of soaking period. Similarly, for PA/MWCNT nano-composites cryo-
treated at -185°C, the crystallinity increased after 12 hours of soaking period. The 
maximum increase in % crystallinity of PA/MWCNT nano-composites amounts to 
~11% at -185°C for 24 hours of soaking period.

The XRD diffractograms for virgin PBT cryo-treated at different temperatures 
for varying soaking period is shown in Figure 5, while the % crystallinity and the 
average crystallite size of all the samples are given in Table 4.

Table 3. Average crystallite size and % crystallinity of PA/MWCNT nano-composites 
after cryogenic treatment

Soaking 
Period 
(hours)

-80°C -140°C -185°C

Avg. 
crystallite 

size (Å)

% 
crystallinity

Avg. 
crystallite 

size (Å)
% crystallinity

Avg. 
crystallite 

size (Å)

% 
crystallinity

UT 36 54.6 36 54.6 36 54.6

4 hrs. 58 45.1 47 49.1 38 49.3

8 hrs. 57 45.5 40 51.0 38 51.4

12 hrs. 54 46.7 39 52.7 37 55.3

16 hrs. 54 47.5 37 55.3 35 57.4

20 hrs. 53 48.0 37 57.1 33 60.3

24 hrs. 52 49.1 36 58.0 33 60.4

Figure 5. XRD patterns for virgin PBT cryo-treated at (a) -80°C; (b) -140°C and 
(c) -185°C for varying soaking periods

 EBSCOhost - printed on 2/14/2023 2:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



120

Cryogenic Treatment of Polymer/MWCNT Nano-Composites

From the XRD pattern of virgin PBT, strong diffraction peaks are observed at 
2θ positions of 15.61°, 16.97°, corresponding to the β-crystallite form of PBT and 
at 20.30°, 23.15° and 24.94°, corresponding to the α-crystallite form of PBT, both 
with a triclinic configuration. These peaks are the reflections from (011), (010), 
(110), (100) and (111) planes respectively (Fakirov, 2005 and Kim, 2011). It can be 
inferred from Figure 5 that all the characteristic peaks of untreated virgin PBT were 
observed after cryogenic treatment also, irrespective of the treatment temperature 
and soaking period. This indicates that, unlike virgin PA, the cryogenic treatment 
of virgin PBT does not change its crystal structure in terms of polymeric phases 
present in the material. However, the improvement in the % crystallinity and average 
crystallite size given in Table 4 establish the fact that some type of crystallographic 
rearrangement is taking place after cryogenic treatment.

Akin to cryo-treated virgin PA, the % crystallinity of virgin PBT increases with 
increasing soaking periods at all treatment temperatures. However, this increase is 
not as noteworthy as that for PA, specifically at -80°C and -140°C. A maximum 
increase of 14% in the crystallinity of virgin PBT is observed for cryo-treatment at 
-185°C for the soaking period of 12-20 hours. This is because virgin PA is highly 
susceptible to structural transformations as compared to PBT. The reason for this 
is the higher irregularity present in PA beforehand. A considerable amount of 
γ-phase is inherently present in untreated virgin PA, as indicated by the highest 
peak at 21.2° in XRD pattern of untreated PA given in Figure 3. This imparts a 
lower crystallinity to the material i.e. 26.9% (Table 2) under present study. As the 
γ-phase is thermally more unstable it imparts more probability for crystallographic 
rearrangement even for a small external stimulus, such as prolonged exposure at 

Table 4. Average crystallite size and % crystallinity of virgin PBT after cryogenic 
treatment

Soaking 
Period 
(hours)

-80°C -140°C -185°C

Avg. 
crystallite 

size (Å)

% 
crystallinity

Avg. 
crystallite 

size (Å)
% crystallinity

Avg. 
crystallite 

size (Å)

% 
crystallinity

UT 239 47.9 239 47.9 239 47.9

4 hrs. 258 47.9 215 49.2 196 50.9

8 hrs. 248 50.2 213 50.1 196 53.5

12 hrs. 235 50.3 209 50.5 158 54.2

16 hrs. 223 50.7 207 51.0 156 54.5

20 hrs. 208 50.7 180 51.6 169 54.1

24 hrs. 206 49.6 167 53.0 168 50.8
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cryogenic temperatures. Thus, it was noted here that the response of virgin PA to 
cryogenic treatment is more profound than virgin PBT. However, it is imperative 
to note here that the improvements in the crystal structure and crystallinity of PA 
as well as PBT both occurs at a cryogenic treatment temperature of -185°C and for 
longer soaking periods. This is because of the energy required by the material to 
attain structural balance at such low temperatures

Figure 6 shows the XRD diffractograms for PBT/MWCNT nano-composites 
cryo-treated at different temperatures for varying soaking period. The % crystallinity 
and the average crystallite size of all the samples are given in Table 5. The XRD 
pattern of untreated PBT/MWCNT nano-composite indicates that all the characteristic 
peaks of untreated virgin PBT remains almost unchanged with the incorporation 
of MWCNTs. This indicates that the addition of MWCNTs in PBT matrix does not 
affect the crystal structure of the nano-composite. It can be observed from Figure 6 
that, akin to cryo-treated virgin PBT, all the characteristic peaks of untreated PBT/
MWCNT nano-composites were retained after cryogenic treatment. This indicates 
that the response of PBT/MWCNT nano-composites to the cryogenic treatment is 
same as that of virgin PBT. However, the presence of MWCNTs also plays a key 
role on the crystallographic arrangement in the material. Thus, the crystallinity of 
cryo-treated PBT/MWCNT nano-composites shows a similar trend to that of PA/
MWCNT nano-composites, as evident from Table 5.

The unsual behaviour of the nano-composites can be due to the difference in the 
thermal expansion coefficients of the polymer matrix and the MWCNT filler. The 
sudden drop in temperature subjects the material to differential contraction (Pande, 

Figure 6. XRD patterns for PBT/MWCNT nano-composites cryo-treated at (a) 
-80°C; (b) -140°C and (c) -185°C for varying soaking periods
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2012, pp. 163-164). Due to lower thermal coefficient of matrix, it will contract 
more as compared to the filler. This will distort the matrix structure and cause 
embrittlement of the sample. When held at low temperature for smaller durations, 
the molecular rearrangement encouraged by cryogenic treatment happens at a slower 
rate and does not get sufficient time to overcome the structural inhomogeneities 
caused by differential contraction. However, at prolonged soaking periods, there is 
sufficient time for the material to overcome this difference sustained by the sample 
as well as rearrange itself into a more stable crystal structure.

Therefore, it was observed from the XRD analysis that for both virgin polymers 
as well as the MWCNT nano-composites; the crystallite size increased at first and 
then reduced as the soaking period increases. In case of virgin PA and PA/MWCNT 
nano-composites, the crystallite size remained larger than the untreated material itself 
for all the samples cryo-treated at -80°C and -140°C, however, when cryo-treated 
at -185°C, the crystallite size reduced more significantly. On the other hand, the 
crystallite size of virgin PBT and PBT/MWCNT nano-composites was larger than 
untreated material when cryo-treated at -80°C. But at -140°C and -185°C there was 
a reduction in crystallite size, which became prominent at -185°C. This is credited 
to the systematic re-arrangement of polymeric segments after cryogenic treatment 
(Pande, 2012).

During the polymerization process and consecutive solidification of the material, 
not every polymeric chain will grow to the same length, resulting in an uneven 
distribution of chain lengths. This leads to extensive intertwining and entanglement 
of neighboring chain molecules. Any chain disorder or misalignment will result in 
an amorphous region, thereby affecting the crystallinity of the polymer (Gowariker, 

Table 5. Average crystallite size and % crystallinity of PBT/MWCNT nano-composites 
after cryogenic treatment

Soaking 
Period 
(hours)

-80°C -140°C -185°C

Avg. 
crystallite 

size (Å)

% 
crystallinity

Avg. 
crystallite 

size (Å)
% crystallinity

Avg. 
crystallite 

size (Å)

% 
crystallinity

UT 91 50.8 91 50.8 91 50.8

4 hrs. 98 44.4 88 48.3 69 51.5

8 hrs. 97 45.6 85 49.5 66 51.5

12 hrs. 97 47.0 84 49.7 65 52.2

16 hrs. 94 47.1 82 50.8 59 55.4

20 hrs. 87 47.2 81 51.1 71 53.9

24 hrs. 87 48.0 75 48.6 72 52.2
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Viswanathan, & Sreedhar, 1986). Secondly, the molecular chemistry also influences 
the ability of a polymer to crystallize. In case of linear polymers, crystallization is 
easily accomplished whereas, the presence of side branches or bulkier groups restricts 
the ordered chain alignment in polymers. Infact, excessive branching, cross linking 
and/or presence of much bulkier groups, are responsible for inducing amorphous 
nature, as it prevents the polymer chains from aligning into a crystalline structure 
(Pande, 2012, pp. 92-93).

On cryogenic treatment, as the material is brought to the low temperature gradually, 
the randomly oriented chains get aligned, resulting in increased volume fraction of 
crystalline regions. This is well demonstrated by the increasing crystallinity of the 
virgin polymers as well the MWCNT nano-composites. Given sufficient time at 
such low temperatures, i.e. higher soaking periods, the material not only achieves 
structural equilibrium but also forms smaller sized crystalline segments. Thus, 
on cryo-treating the material at longer soaking periods causes the crystallites to 
contract and get reduced in size, thereby reflecting reduced crystallite size for virgin 
polymers and MWCNT nano-composites cryo-treated at -185°C. Thus, in general 
it is observed that on cryogenic treatment there is increase in % crystallinity and 
reduction in the crystallite size of the virgin polymers as well the polymer/MWCNT 
nano-composites.

It is well known that the localized intermolecular rearrangement at low temperatures 
results in relaxation, which considerably depends on the morphology of the polymer 
(Ray, 2005a). The polymers which are able to change their main chain bond angles 
are reported to excel in cryogenic properties (Indumathi et al., 1999a; Pande, 2012). 
These polymers are flexible and may undergo deformation even when their segmental 
motions are frozen due to cryogenic treatment. In order to investigate this, the FTIR 
of cryogenically treated virgin polymers and their nano-composites was done.

Structural Analysis of Cryo-Treated Polymers and 
Polymer/MWCNT Nano-Composites by FTIR

The FTIR spectra of untreated and cryo-treated virgin PA are shown in Figure 7 (a)-
(c). According to previous literature (Xu, jia, Wu, Han, & Meek, 2006; Motozuka 
et al., 2013; Vidal, 2013); the characteristic peaks in untreated virgin PA can be 
assigned as: amide group aliphatic at 3837 and 3751 cm-1, N-H stretch at 3413 cm-1, 
amide I C=O stretching around 1649 cm-1 and amide II vibration at 1557 cm-1 i.e. 
combination of N-H bend and C-N stretch.

It was observed that after cryogenic treatment, the FTIR spectra of virgin PA 
showed emergence of a new peak while retaining all but one of the characteristic 
peaks of untreated PA. These changes were same for all the cryo-treated samples, 
irrespective of the treatment temperature and soaking period, thus, indicating cryo-
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structural modifications in the chemistry of virgin PA. The significant change observed 
in PA after cryogenic treatment is the disappearance of the amide II vibration at 
1557 cm-1, along with the broadening of amide I C=O stretch peak at 1649 cm-1. 
In addition, a new peak appears at approx. 1130 cm-1 corresponding to the C-CO 
stretch in the α-phase. The appearance of this peak confirms the claim that during 
cryogenic treatment, the volume fraction of α-phase crystallites increases by forming 
at the expense of γ-phase crystallites by intrasheet hydrogen bonding mechanism, 
also reported in previous studies (Ahmed, Gotoha, & Ohkoshia, 2005;Pande, 2012, 
p. 114). The low temperature during cryogenic treatment contracts the PA molecules 
and forms longer chains owing to weak hydrogen bonding between the consecutive 
sheets. As it was observed from Table 2, the cryo-treated structure of PA consists 
of smaller crystallites.

Figure 7. FTIR patterns of virgin PA cryo-treated at (a) -80°C; (b) -140°C and (c) 
-185°C for varying soaking periods and (d) Schematic representation of PA chain 
structure
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This indicates lesser distance between the parallel PA sheets when forming into 
smaller sized crystallites. The formation of longer chains arranged in a compact 
crystalline pattern with increased proximity imposes motion restriction on the 
amide group present at the chain open end in PA, the structure of which is shown 
in Figure 7 (d). This causes the disappearance of amide II peak, which is basically 
the combination vibration of N-H bend and C-N stretch. This also leads to a down-
shift in the position of C=O stretch peak from 1649 cm-1 to 1624 cm-1. Moreover, 
the cryo-treated virgin PA reflects an overtone of CH vibrations (i.e. CH2 stretch, 
CH2 rocking, C-H bend, etc.) within 2000 cm-1 to 3000 cm-1 wavenumber region, 
which results due to more regular alignment of long chains causing in-plane long 
chain vibrations (Pande, 2012, pp. 113-114). Thus, these FTIR outcomes support the 
results obtained by XRD for the disappearance of γ-phase after cryogenic treatment.

The FTIR patterns for untreated and cryo-treated PA/MWCNT nano-composites 
are shown in Figure 8 (a)-(c). With the addition of MWCNTs, new peaks can be seen 
for untreated PA/MWCNT nano-composite as compared to the peaks mentioned 
above for untreated virgin PA. It is observed from the figure that there is splitting of 
the tip of the broad N-H stretch peak at 3409 cm-1. This split peak appears around 
3330 cm-1 and is an effect of intermolecular bonding between PA and MWCNT. 
This is assigned as O···NH stretch vibration wherein it confirms the bonding of 
MWCNTs at amide group sites (Mahmood, Islam, Hameed, Saeed, & Khan, 2013b). 
The schematic representation of MWCNT bonding at the potential sites along the 
PA chain is shown in Figure 8 (d).

It is well known that the presence of N-H group at the chain end of PA forms a 
potential site for the filler to interact (Lin, Hill, Bentley, Allard, & Sun, 2003; Zhang, 
Shen, Phang, & Liu, 2004). The interaction of the MWCNTs with the open ends 
of PA chains causes physical motion restriction to amide N-H group, as reflected 
by the reduction in the intensity of N-H stretch peak after MWCNT addition. An 
additional peak at 1447 cm-1 corresponding to CH2 scissoring vibration and another 
at 2931 cm-1 corresponding to asymmetric CH2 stretch can be seen in case of the PA/
MWCNT nano-composite. The apperance of these peaks indicates the intercalation 
of MWCNTs within adjacent PA chains (Lin et al., 2003). Two peaks at 2303 cm-1 
for C-H stretch and 3661 cm-1 for hydrogen bonding between MWCNT and PA can 
also be seen. This points out towards the fact that the MWCNTs form hydrogen 
bond at the oxygen molecule in PA chain and also along the chain open ends, thus, 
causing the stretching of CH2 backbone (Zhang et al., 2004). This indicates good 
extent of adhesion and/or reactive coupling between PA chains and MWCNT 
(Kodgire et al., 2006).

After cryogenic treatment, the PA/MWCNT nano-composites reflected a new 
peak along with the disappearance of few existing peaks in the untreated material, as 
clearly evident from Figure 8. Akin to cryogenically treated virgin PA, the changes in 
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PA/MWCNT nano-composites were same for all the cryo-treatment temperature and 
soaking periods. Also, the major changes reflected by the cryo-treated PA/MWCNT 
nano-composites were very similar to that of cryo-treated virgin PA. The amide II 
vibration in untreated PA/MWCNT nano-composite at 1562 cm-1 disappeared after 
cryogenic treatment, along with the broadening and down shift of amide I C=O 
stretch peak from 1653 cm-1 to 1624 cm-1. The peak for C-CO stretch in α-phase 
also appears in the nano-composites at approx. 1114 cm-1. It was seen from XRD 
analysis that the crystallinity of the PA/MWCNT nano-composite increases after 
cryogenic treatment. This can be attributed to the structural balance attained by the 
material at low temperature, which in turn forms compact yet longer chains with 
small crystallites. This ultimately imposes motion restriction onto the amide group, 
analogous to that of cryo-treated virgin PA, thus, reflecting similar behavior in the 

Figure 8. FTIR patterns of PA/MWCNT nano-composites cryo-treated at (a) -80°C; (b) 
-140°C and (c) -185°C for varying soaking periods and (d) Schematic representation 
of MWCNT bonding at the potential sites along the PA chain
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vibrations of amide I and amide II groups in PA/MWCNT nano-composites. However, 
the down-shift of C-CO stretch from 1130 cm-1 for treated virgin PA to 1114 cm-1 in 
case of treated PA nano-composites indicates that the presence of MWCNTs plays 
a significant role in the formation of stable and compact crystal structure during 
cryogenic treatment as well. It was observed here that after cryogenic treatment the 
peak of hydrogen bonding between PA and MWCNT up-shifts from 3661 cm-1 to 
3679 cm-1. This is due to the compaction of longer PA chains during cryo-treatment. 
As the distance between parallel PA chains reduces during the formation of smaller 
crystallites, the MWCNTs attached along the PA chains, as seen in Figure 8 (d), 
are accommodated within the gap, thus, rotating the weaker covalent hydrogen 
bond between PA and MWCNT. This reflects in the form of up-shift in the peak at 
3661cm-1 and also the down-shift of C-CO stretch peak.

Furthermore, it was observed that the peak for O···NH bond between PA and 
MWCNT at 3330 cm-1 disappeared after cryogenic treatment, while the broad hump 
of N-H stretch at 3409 cm-1 up-shifted to 3447 cm-1. This is credited to motion 
restriction imposed on the amide group after cryogenic treatment. The compaction 
of material at molecular level and the systematic arrangement of PA chain in parallel 
configuration restrict the out-of-plane motions of the amide group, such as N-H bend 
in amide II vibrations. However, the physical presence of MWCNT in the vicinity 
of the amide group, as represented in Figure 8 (d), causes the in-plane N-H stretch 
vibration to overlap the weaker O···NH bond between PA and MWCNT, thereby 
reflecting as a cumulative vibration in the form of a broad hump at 3447 cm-1. 
Finally, the disappearance of asymmetric CH2 stretch at 2931 cm-1 and C-H stretch 
at 2303 cm-1 in PA/MWCNT nano-composites further confirms the claim that the 
cryogenic treatment helps in regular alignment of long chains, thereby, restricting 
out-of-plane vibrations.

The FTIR spectra of virgin PBT before and after cryogenic are shown in Figure 
9 (a)-(c). The characteristic peaks observed for virgin PBT are: free OH at 3823 
cm-1, molecular OH vibrations at 3426 cm-1 and 3245 cm-1, asymmetric CH2 stretch 
at 2939 cm-1, C-H stretch at 2336 cm-1, C=O stretch in ester groups at 1732 cm-1, 
C=C stretch/bending in benzene aromatic ring at 1361 cm-1 and O=C-O stretch 
in esters at 1213 cm-1 (Koenig, 1999; Pavia, Lampman, Kriz, & Vyvyan, 2009; 
Deshmukh, Peshwe, Pathak, & Ekhe, 2011). It was observed here that after cryogenic 
treatment a new peak appeared in virgin PBT whereas many of the existing peaks 
mentioned above disappeared. This confirmed some cryo-structural modifications 
in the chemistry of virgin PBT.

It was observed here that the peaks of free O-H and molecular O-H at 3823 
cm-1, 3426 cm-1 and 3245 cm-1 disappear after cryogenic treatment. In addition, the 
peaks for C=C stretch/bending in benzene aromatic ring at 1361 cm-1 and O=C-O 
stretch in esters at 1213 cm-1 also disappears as a new bond appears at 1130 cm-1 
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corresponding to the C-O-C stretch along the ester group on either side of benzene 
ring in PBT structure, as sown in Figure 9 (d). The formation of longer chains at 
cryogenic temperatures and consecutive contraction entails motion restriction to 
the benzene ring (Pande, 2012, pp. 118-119). This not only restricts the aromatic 
vibrations of benzene ring but also obstructs the O=C-O stretch in ester group. 
However, the long chain configuration and densification of PBT chain arrangement 
induces stress onto the ester group from the side of carbon backbone, which in 
turn, generates the C-O-C stretch bond along the ester group and carbon backbone. 
This further causes down-shift in the position of C=O stretch in ester from 1732 
cm-1 to 1717 cm-1 as it is sensitive to benzene ring saturation. Furthermore, it was 
observed that the prominent peak of C-H stretch at 2336 cm-1 disappears completely 

Figure 9. FTIR patterns of virgin PBT cryo-treated at (a) -80°C; (b) -140°C and 
(c) -185°C for varying soaking periods and (d) Schematic representation of PBT 
chain structure
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for cryo-treated virgin PBT, which is credited to the decreasing distance between 
parallel PBT chains as the material contracts at a molecular level. Also, similar to 
virgin PA, cryo-treated PBT reflects CH2 scissoring at 1469 cm-1 and CH2 twisting 
at 1253 cm-1 due to the regular alignment of long chains causing the in-plane long 
chain vibrations after cryogenic treatment (Pande, 2012, pp. 118-119).

Figure 10 (a)-(c) shows the FTIR patterns for PBT/MWCNT nano-composites 
before and after cryogenic treatment. When comparing the FTIR pattern of untreated 
PBT/MWCNT nano-composite with that of untreated virgin PBT, it was noted that 
the characteristic peaks of virgin PBT reflected in PBT/MWCNT nano-composites 
also. Additionally, a new peak appears at 3748 cm-1 which signifies the hydrogen 
bonding between PBT and MWCNT at ester group, as depicted in Figure 10 (d). 

Figure 10. FTIR patterns of PBT/MWCNT nano-composites cryo-treated at (a) 
-80°C; (b) -140°C and (c) -185°C for varying soaking periods and (d) Schematic 
representation of MWCNT bonding at the potential sites along the PBT chain
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It is known that the graphitic struture of carbon atoms in MWCNTs tend to bind 
towards oxygen atoms during processing (Motozuka et al., 2013). Thus, the C=O 
ester groups present in PBT molecules create a potential site for the MWCNTs to 
bond via H···O=C with the PBT matrix. There is intermolecular bonding also taking 
between PBT and MWCNT which is reflected as a new peak at 1130 cm-1 and can 
be assigned as O···CH2 bonding along PBT backbone. This points out towards the 
fact that with hydrogen bonding at ester group and MWCNT intercalation with PBT 
backbone, the bonding between MWCNTs and PBT improves.

Further, it was observed from Figure 10 that the changes in the FTIR spectra 
of cryogenically treated PBT/MWCNT nano-composites are very similar to that of 
virgin PBT. For PBT/MWCNT nano-composites also, the molecular O-H at 3426 
cm-1 and 3223 cm-1 disappeared after the treatment. Moreover, akin to the cryo-treated 
virgin PBT, the peaks for C=C stretch/bending in benzene aromatic ring at 1364 
cm-1 and O=C-O stretch in esters at 1208 cm-1 disappears along with the appearance 
of C-O-C stretch at 1124 cm-1 and further down-shift of C=O stretch in ester from 
1732 cm-1 to 1715 cm-1. Similarly, the C-H stretch at 2316 cm-1 disappears after 
cryogenic treatment of PBT/MWCNT nano-composites, while the CH2 twisting 
appears at 1260 cm-1.

Similar to cryo-treated PA/MWCNT nano-composites, the major changes in the 
chemistry of PBT/MWCNT nano-composites after cryogenic treatment is governed 
by the polymer matrix only. However, the cryogenic treatment does affect the 
bonding between PBT matrix and MWCNT. It was observed here that for all the 
PBT/MWCNT nano-composite samples, the intensity of the hydrogen bonding peak 
between PBT and MWCNT at 3748 cm-1 reduces after cryogenic treatment. This is 
credited to motion restriction imposed onto the aromatic benzene ring present along 
the PBT chain. The systematic arrangement of PBT chains and densification of the 
crystallites entails restriction to the bulkier benzene ring and the ester group in its 
vicinity. The C-O-C stretch arising due to this overlaps the vibrations from the weak 
hydrogen bonding between PBT and MWCNT, thereby reducing its transmittance.

It is a well known fact that cryogenic treatment motivates structural stability 
in the polymer by forming long chains and promoting intermolecular as well as 
intramolecular rearrangements (Ahmed et al., 2005). This was indeed observed from 
the FTIR analysis of the cryogenically treated virgin PA and PBT polymer. However, 
in present study the reason for cryo-structural modifications in both PA and PBT 
are different. In present study, virgin PA polymer is more susceptible to structural 
transformations as compared to PBT. The reason for this is the more irregularity 
present in PA beforehand. A considerable amount of γ-phase is inherently present 
in virgin PA, as indicated by the highest peak at 21.2° in XRD pattern of untreated 
PA given in Figure 3. This imparts a lower crystallinity to the material i.e. 26.9% 
(Table 2). As the γ-phase is thermally more unstable it imparts more probability for 
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crystallographic rearrangement even for a small stimulus, such as low temperatures 
attained during cryogenic treatment. This is well reflected by the XRD analysis of 
the polymers and its nano-composites after the treatment.

The crystal structure of PA changes drastically, while for PBT it remains almost 
same. Nonetheless, the improvements in crystallinity and crystallite size of the 
polymers hinted towards beneficial cryo-structural modifications. The tendency of 
the polymer to form longer chains increases at low temperatures. This, along with 
the contraction of material at molecular level, results in the formation of a denser, 
stable and uniform structure. However, the formation of this structure differs for 
PA and PBT. In case of PA, the volume fraction of α-phase crystallites increases at 
the expense of γ-phase crystallites. This transformation occurs due to the intrasheet 
hydrogen bonding between adjacent PA chains. The simultaneous contraction due 
to low temperature and sufficient time for the formation of longer chains gives rise 
to a superior crystal structure in PA after cryogenic treatment. On the other hand, 
the PBT exhibits less randomness as compared to PA under present study. Thus, 
there is no significant molecular rearrangement in PBT as evident from XRD also. 
However, the cryo-treated PBT demonstrates enhanced crystallinity due to the 
physical rearrangement of the long chains in a denser configuration, unlike the 
structural modifications undergone by cryo-treated PA. The polymer/MWCNT 
nano-composites also exhibit this behavior upon cryogenic treatment.

Tensile Properties of Cryo-Treated Polymers 
and Polymer/MWCNT Nano-Composites

The mechanical properties of the material play a crucial role, as these properties 
decide the behavior of the material during actual applications. It is established 
above that the cryogenic treatment results in a refined, dense and uniform structure 
in virgin polymers and their MWCNT nano-composites under present study. In 
order to verify the effectiveness of cryogenic treatment parameters on the tensile 
properties of the material; the enhancement in the tensile strength and % elongation 
of the cryo-treated samples is studied and discussed in detail. Figure 11 illustrates 
the tensile strength and % elongation of virgin polymers PA and PBT cryo-treated 
at different temperatures with varying soaking period.

It can be noted from the figure that the tensile strength of both the polymers 
remains almost same or increases marginally when cryogenically treated at -80°C 
and -140°C. However, for the samples cryo-treated at -185°C, the tensile strength 
increases appreciably. The strength of virgin PA increases by approx. 14% for 24 
hours of soaking period, while the increase in the strength of virgin PBT is 20% for 
12 hours of soaking period, when both are cryo-treated at -185°C. On the other hand, 
it can be seen that the % elongation of PA increased significantly after cryogenic 
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treatment, irrespective of the treatment temperature or soaking period. However, the 
response of % elongation of PBT was similar to that of its tensile strength, where 
the properties increased at -185°C of cryogenic treatment. The maximum increase 
in % elongation of virgin PA is by 267% for 24 hours of soaking period, while for 
virgin PBT it was by approx. 59% for 12 hours of soaking period, both again at 
-185°C. The improvement exhibited by the tensile properties of the cryo-treated 
polymers is analogous to the crystal structure modifications explained above. The 
polymer samples that demonstrate enhanced crystallinity and smaller crystallite 
size responds significantly to the tensile load, thereby, improving its strength and 
elongation. Thus, it can be inferred here that the structural refinement brought about 
by cryogenic treatment helps the material to sustain more loads. The relationship 
between the crystallite size and strength of the polymer can be correlated by the 
Hall-Petch phenomenon.

The Hall-Petch phenomenon demonstrates that with the reduction in the crystallite 
size, both the strength and the toughness of the material increases (McCombs, 
Golland, & Mayer, 1974). This can be explained by the resistance offered by the 

Figure 11. (a) Tensile strength and (b) % elongation of cryo-treated virgin PA and 
(c) Tensile strength and (d) % elongation of cryo-treated virgin PBT
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domain boundaries of a crystallite to plastic deformation and/or the arresting of 
cracks during fracture. The schematic of this phenomenon and its effect on tensile 
and wear properties of polymers is illustrated in Figure 12. The smaller size of 
crystallites means more number of crystalline segments per unit area. This means 
that the density of domain boundaries also increases, as shown in Figure 12. As a 
crack initiates within the material, numerous boundaries around and about the crack 
propagating path arrests the progression of crack and thus, gives sufficient time 
for the material to undergo more loading. This increases strength of the material 
until the crack finally overcomes the domain boundaries and fractures. Thus, the 
improvement in tensile strength of the virgin polymers after cryogenic treatment is 
found to be in good accordance with the crystallite size data.

Also, the remarkable increase in the % elongation of virgin polymers can be 
understood from the relationship between % crystallinity and yielding behavior of 
polymers. In polymers, the yield point increases linearly with % crystallinity (Askeland, 
1996). This linear increase is due to the fact that more amount of tensile load is 
needed to disturb the orderly arrangement of crystallites in order to get fractured. 
Basically, elongation depends on the volume of the crystalline regions and not on the 
morphology of the crystals (Askeland, 1996). As seen from the structural analysis 

Figure 12. Schematic representation of Hall-Petch phenomenon demonstrating the 
effect of crystallite size on tensile and wear properties of polymers
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of treated polymers; the cryogenic treatment rearranges the polymeric crystalline 
segments into a more systematic and dense configuration. Also, the structural stability 
of the polymer increases as the crystallite density increases due to the presence of 
more number of smaller sized crystallites per unit area, as illustrated in Figure 12.

It is well known that the stretching and distortion of polymeric chains upto the 
yield point is elastic in nature. The chains recover almost instantaneously when the 
load is removed. Once the yield point of the polymer is surpassed, plastic deformation 
sets in. The plastic deformation of polymeric crystalline segments is the result of 
chain sliding, stretching, rotating and finally disentangling under load (Askeland, 
1996; Callister, 2000). The initial loading causes the tangled and intertwined polymer 
chains in amorphous segments to untangle themselves and straighten out in the 
direction of applied load. A further loading separates the crystalline segments and 
initiates necking; where further sliding, stretching and deformation of the chains 
continues. The continuous necking causes the chains to move extremely closer in an 
almost parallel pattern (Askeland, 1996; Callister, 2000). This physical arrangement 
requires higher stress and more time to completely deform and finally fracture.

Thus, when the cryo-treated polymer is subject to tensile pull, more amount of 
load is needed in order to disturb the highly dense, compact and orderly arrangement 
of smaller sized crystallites to initiate necking and generate deformation, thereby, 
contributing towards improved elongation of the polymer after cryogenic treatment.. 
As the structural stability increases with improved crystallinity in cryo-treated 
polymers, the deformation of the material at a molecular level improves as it elongates 
under tensile loading. Thus, in this case, both the motions; viz. the mobility of the 
molecule as a whole and the segmental motion are improved, leading to an increase 
in chain flexibility.

The tensile strength and the % elongation of cryo-treated polymer/MWCNT 
nano-composites are shown in Figure 13.

The tensile strength of the PA/MWCNT nano-composites was found to be lower 
than the untreated material when cryo-treated at -80°C and -140°C. Even when cryo-
treated at -185°C, the tensile strength of the PA nano-composites did not increase 
significantly. The maximum increase noted was of only 7% when the material was 
cryo-treated at -185°C for 24 hours of soaking. On the contrary, irrespective of the 
treatment temperature and soaking period, the % elongation of PA/MWCNT nano-
composites showed exceptional improvements after cryogenic treatment. When 
cryo-treated at -185°C for 24 hours, the elongation of PA/MWCNT nano-composite 
increased by 184%. It is well known that due to the nucleating tendency of MWCNTs, 
smaller crystallites are formed in polymer matrix. Furthermore, cryogenically 
treating the PA/MWCNT nano-composites has again led to a marginal reduction in 
crystallite size, as noted earlier from the XRD analysis. In case of cryo-treated PA/
MWCNT nano-composites; the nano-reinforcing tendency and load transfer capability 
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of the MWCNTs plays a fundamental role in enhancing the tensile properties, in 
addition to the Hall-Petch strengthening effect seen in virgin PA. Thus, during 
tensile loading of the cryogenically treated PA/MWCNT nano-composites, the load 
transfer between the filler and matrix as well as the increased number of dense and 
refined crystalline regions within the matrix, contributes towards increased tensile 
properties of the material.

It can be observed form the figure that the tensile strength of PBT/MWCNT nano-
composites increased considerably only after cryogenic treatment at -185°C, similar 
to that of virgin PBT. This increase was by 21% when the material was subjected to 
16 hours of soaking period, beyond which the strength drops marginally. However, 
when looking at the % elongation of PBT nano-composites, it was surprising to see 
that the cryogenic treatment deteriorated the elongating tendency of the material.

Thus, it can be inferred here that, akin to virgin PA, the improvement in the 
tensile properties of cryo-treated PA/MWCNT nano-composites is analogous to the 
crystal structure modifications as explained earlier. However, the same cannot be 

Figure 13. (a) Tensile strength and (b) % elongation of cryo-treated PA/MWCNT 
nano-composites and (c) Tensile strength and (d) % elongation of cryo-treated PBT/
MWCNT nano-composites
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said in case of PBT/MWCNT nano-composites. Despite the enhanced crystallinity 
and reduced crystallite size, the low temperature during cryogenic treatment imposes 
rigidity to PBT chains by arresting the aromatic benzene ring and the ester group 
(as seen from FTIR analysis), thereby reducing the chain flexibility at a molecular 
level. This forms a rigid, unyielding yet a strong long chain structure that may cause 
embrittlement of the matrix. However, due to uniform chain rearrangement and 
fine structure after cryogenic treatment, the PBT nano-composite is able to sustain 
higher loads, thereby giving an increased tensile strength. But the densification of 
the structure and overall embrittlement of the bulk material do not assist in yielding 
and hence the elongating tendency of the sample is affected.

Theoretical Prediction of the Interphase Properties in 
Cryo-Treated Polymer/MWCNT Nano-Composites

In order to investigate the effect of cryogenic treatment parameters on the interfacial 
properties of the polymer/MWCNT nano-composites, the interphase strength (σi) and 
the thickness of interphase layer (ti) were predicted by using mathematic modeling. 
The combination model of Leidnar-Woodhams and Pukanszky model was modified 
in earlier work for predicting the interfacial properties of polymer nano-composites 
reinforced with cylindrical nanofillers (Chopra, Deshmukh, & Peshwe, 2017b). 
It was established in this work that the said modified model gives a better fit as 
compared to other models for calculating the interphase strength (σi) and the thickness 
of interphase layer (ti). Thus, the interfacial properties of the cryogenically treated 
PA and PBT nano-composites under present study are predicted using the modified 
combination model. The detailed derivation and modification of the said model is 
explained by Chopra et al. (2017b). Thus, the equations used for calculating the 
interphase strength (σi) and the thickness of interphase layer (ti) are given below:
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where, σc is the yield strength of the nano-composite, σm is the yield strength of the 
matrix, φ is the volume fraction of reinforced nano-filler and R is the average outer 
diameter of the MWCNT. The parameter B in both the above equations presents 
the extent of polymer-filler adhesion and is related to the load carried by the filler, 
given as:
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where, Ac and ρf are specific surface area and density of the nano-filler, respectively. 
The shape parameter Ac in Eq. 3 has been modified previously (Chopra et al., 2017b) 
to suit for cylindrical nanofiller reinforcement such as MWCNTs.

Using these equations, the values of the interphase strength (σi) and the thickness 
of interphase layer (ti) were calculated for cryogenically treated polymer/MWCNT 
nano-composites under present study and are summarized in Table 6. It can be 
seen here that the σi and ti values for the cryo-treated MWCNT nano-composites 
increases with increasing soaking period, irrespective of the temperature, analogous 
with the tensile strength values exhibited by the nano-composites in Figure 13. 
Due to the differences in the thermal coefficient of expansion between the polymer 
matrix and the MWCNTs, the low temperature contraction of the material during 
cryogenic treatment loosens the interfacial contact between the matrix and filler. 
When the soaking period is less, there is no sufficient time for the polymer chains 
to overcome the large contraction difference and form a dense interfacial region 
around the thermally stable MWCNTs. Further, as the polymer chains relaxes 
and settles in a denser configuration during ramp up stage of the treatment, the 
interphase remains weak and incoherent. This results in lower interphase strength of 
the nano-composites at relatively shorter soaking periods, as evident from Table 6. 
However, when the soaking period increases, the polymer chains get enough time to 
overcome the contraction of the matrix around the MWCNTs and form a significant 
interfacial region during the ramp-up stage. This region is inherently dense due 
to the nucleating and nano-reinforcing effect of the MWCNTs. Nonetheless, the 
cryo-structural modifications induced during cryogenic treatment further makes 
the interfacial region more dense, uniform and refined, just like the bulk matrix 
material. This can be established from the increasing values of σi and ti values with 
increasing soaking period, as seen from Table 6.

The formation of a strong interphase in cryogenically treated polymer/MWCNT 
nano-composites is reflected in the form of improved tensile strength of the material 
also. A strong and dense interfacial region helps in efficient load transfer between 
the polymer matrix and MWCNTs. This holds true in case of cryo-treated PA and 

 EBSCOhost - printed on 2/14/2023 2:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



138

Cryogenic Treatment of Polymer/MWCNT Nano-Composites

PBT nano-composites under study. However, the elongation in cryogenically treated 
MWCNT nano-composites is governed by the structural modifications in the material 
rather than the interphase. This can be very well correlated from the findings of XRD 
and FTIR of the cryo-treated nano-composites and the tensile properties exhibited 
by them. Thus, the cryo-structural modifications in the material have a chief impact 
on the mechanical properties of the polymers and their MWCNT nano-composites.

Fractographic Investigations of Cryo-Treated Polymers 
and Polymer/MWCNT Nano-Composites

In order to explore the tensile fracture mechanisms in the polymer/MWCNT nano-
composites after cryogenic treatment, the fractured surfaces of the samples were 
investigated, wherein the load transfer effect between MWCNTs and the polymer 

Table 6. Interphase strength (σi) and Thickness of interphase layer (ti) for cryogenically 
treated MWCNT nano-composites

Cryogenic treatment parameters
PA PBT

σi (MPa) ti (nm) σi (MPa) ti (nm)

UT 2069.22 154.06 5470.34 215.65

-80°C

4 hrs. 696.94 74.02 2883.01 138.09

8 hrs. 796.68 80.81 3015.67 142.53

12 hrs. 860.17 85.02 3480.01 157.60

16 hrs. 928.20 89.45 3625.96 162.20

20 hrs. 955.42 91.19 3692.30 164.27

24 hrs. 1032.54 96.07 3944.39 172.03

-140°C

4 hrs. 950.88 90.90 4939.56 201.07

8 hrs. 1041.61 96.64 5403.99 213.86

12 hrs. 1268.49 110.39 5603.04 219.20

16 hrs. 1359.25 115.67 6485.50 242.01

20 hrs. 1518.10 124.65 6664.65 246.46

24 hrs. 1767.76 138.13 6863.70 251.36

-185°C

4 hrs. 1676.97 133.31 7328.17 262.53

8 hrs. 1881.25 144.02 7859.01 274.91

12 hrs. 2307.99 165.05 8270.39 284.23

16 hrs. 3193.36 203.94 8701.70 293.67

20 hrs. 3629.27 221.17 7925.35 276.43

24 hrs. 3733.71 225.14 7859.01 247.91
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matrix, role of interphase and the progression of fracture is explained in detail. Figure 
14 shows the fractured samples of virgin PA and PA/MWCNT nano-composites 
cryo-treated at -185°C. It was observed that for both PA and its nano-composites, 
the necking tendency of the material increases with increasing soaking period. A 
similar trend was exhibited by the samples at all cryo-treatment temperatures and 
hence, only the samples treated at -185°C are shown here as an indicative of the 
fracture trend followed by the material with varying soaking period.

It is evident from Figure 14 that the cryogenically treated virgin PA and its 
MWCNT nano-composites undergo significant elongation before failure, which 
is well reflected in the % elongation values of the cryo-treated samples, as seen in 
Figure 11 (b) and Figure 13 (b) also. This was credited to the enhanced yielding 
of the polymeric crystalline segments owing to the cryo-structural modifications 
such as formation of smaller sized crystals and uniform rearrangement of crystalline 
segments, as explained previously. It was observed during the tensile loading that as 
the sample elongated in real time, the color of the sample surface lightened, as seen 
in fractured samples in Figure 14. This area is identified as the region experiencing 
excessive plastic deformation with continuous loading. Such behavior of the sample 
can be attributed to the increase in crystallinity of material (Pitchard, 1964). It is a 
well known fact that during tensile loading of semi-crystalline polymers, the real 

Figure 14. Tensile fractured samples of (a) Virgin PA and (b) PA/MWCNT nano-
composites cryo-treated at -185°C
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time crystallinity of the sample increases (Pitchard, 1964). As mentioned previously, 
the plastic deformation of polymeric crystalline segments during uniaxial tensile 
loading is the result of chain sliding, stretching, rotating and finally disentangling 
under load. Once the necking is initiated in the sample, further continuous loading 
causes the polymer chains to move extremely closer in an almost parallel pattern 
and align in an orderly manner in the direction of applied load. Because of this 
alignment, the crystallinity of the sample increases in the necking area. This causes 
further densification of the material in deformed area, which now has less number 
of reflection sites (i.e. defective polymeric segments) for the natural light. Because 
of this the color of the deformed area in the sample appears lighter and may even 
reach transparency if the samples were able to further elongate without fracture.

Along with the cryo-structural modifications, the improvement in the tensile 
properties of cryo-treated PA/MWCNT nano-composite is governed by the interfacial 
interactions between PA matrix and MWCNT also. In a previous study by Chopra et 
al. (2018b), it was reported that for PA/MWCNT nano-composites (when untreated), 
the Polymer Sheathing phenomenon was found to be the main fracture mechanism; 
wherein the formation of a strong interphase was credited to the wrapping of PA 
layer around the reinforced MWCNTs. Polymer sheathing takes place when polymer 
nucleates on and around the MWCNT surface and forms a thick coating around the 
nanotubes (Chopra et al., 2018b). As a result, the diameter of such polymer sheathed 
MWCNTs increases to approx. between 100 nm and 200 nm. This polymer sheathing 
plays a significant role in load transfer and hence advocates for the increase in tensile 
strength and elongation of PA/MWCNT nano-composite.

As evident from Figure 14 (b), the cryo-treated PA/MWCNT nano-composites 
suffered extreme necking during the tensile loading because of which the cross-
sectional thickness of the fractured sample reduced to a significant extent. This 
made the fractographic investigations very difficult. However, in order to evaluate 
the effect of cryogenic treatment on the Polymer Sheathing in the PA/MWCNT 
nano-composites, the sample cryo-treated at -185°C for 24 hours of soaking period 
was studied. Figure 15 (a) shows the fractograph of cryo-treated PA/MWCNT 
nano-composite. It is evident from the figure that the cryogenic treatment does not 
affect the Polymer Sheathing mechanism in PA/MWCNT nano-composite. Multiple 
MWCNTs can be seen stretched across the broken PA matrix, thereby, confirming 
that the strength of the interphase increases after cryo-treatment. It was seen in the 
fractograph of untreated PA/MWCNT nano-composite (Chopra et al., 2018b) that 
the formation of bead-like morphology was prominent due to the thinning of the 
adhered polymer layer on the MWCNTs surface. This tendency was exhibited by 
the cryo-treated PA/MWCNT nano-composite also, as evident from Figure 15 (b). 
This confirms the claim that the nature of interaction between the PA matrix and 
MWCNT improves when the nano-composite is cryo-treated at -185°C for 24 hours 
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of soaking period, also indicated by the 80.4% increase in the value of interphase 
strength (σi) as observed from Table 6.

The fractured samples of untreated virgin PBT along with the samples cryo-
treated at -185°C for 12 and 24 hours of soaking period are shown in Figure 16.

It can be seen from the figure that virgin PBT displays sufficient necking tendency 
after cryogenic treatment. During the tensile loading of cryo-treated PBT, the 

Figure 15. (a) Fractograph of PA/MWCNT nano-composite cryo-treated at -185°C 
for 24 hours showing multiple MWCNTs bridging across the broken PA matrix and 
(b) Magnified view of Polymer Sheathing on a single MWCNT showing the bead-
like morphology

Figure 16. Tensile fractured samples of Virgin PBT cryo-treated at -185°C
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deformation of the sample was first initiated by necking and later on this deformed 
region elongated further due to continuous loading. It can be noted here that the 
elongation of cryo-treated PBT was not as high as cryo-treated PA. However, due to 
the structural modifications brought about by the cryogenic treatment; virgin PBT 
becomes strong enough to sustain higher loads than untreated material, as evident 
from the tensile strength shown in Figure 11 (c). A previous study by Chopra et al. 
(2018a) on the fractographic analysis of PBT/MWCNT nano-composites (when 
untreated) showed that the Inflorescence type morphology is a characteristic feature 
occurring in the nano-composite after tensile fracture; wherein the MWCNT clusters 
anchoring the surrounding PBT matrix is clearly visible and matrix appears to be 
torn out after the fracture. It was established here that during deformation, the 
nano-reinforcing tendency of the MWCNT clusters assists in holding down the 
PBT matrix from cracking apart as the applied load exceeds the matrix strength, 
thereby reflecting increased tensile strength as compared to virgin PBT (Chopra et 
al., 2018a). On closer inspection, it was observed that every MWCNT cluster and 
the PBT matrix surrounding it formed crater-like structures.

The distinctive fracture pattern visible in a single crater was identified as the 
mirror–mist–hackle pattern (Chopra et al., 2018a). The MWCNT cluster forms 
the mirror region, the interfacial region between the MWCNT cluster and the 
PBT matrix forms the mist zone and the rough-looking torn out polymer matrix 
surrounding the MWCNT cluster forms the hackle zone. It was concluded here 
that the appearance of a significant mist zone indicates better interfacial adhesion 
between the matrix and filler, while a rapid transition from mirror zone to hackle 
zone indicates insufficient time for the load transfer to take place from MWCNT 
cluster to relatively weaker PBT matrix. The region beyond hackle zone is where 
the initiation of matrix tearing causes severe surface roughening in the form of 
outward ridges. These ridges are characterized by stretched flaps and are known as 
the fibrillar edges (Chopra et al., 2018a).

For investigating the effect of cryogenic treatment on the Inflorescence type 
morphology and the mirror–mist–hackle pattern in PBT/MWCNT nano-composites, 
the fractured surfaces of the samples cryo-treated at 185°C for 16 and 24 hours of 
soaking period were studied. Figure 17 shows the fractographs of these cryo-treated 
samples. A significant difference in the Inflorescence type morphology of the PBT/
MWCNT nano-composites can be observed after cryogenic treatment. It can be 
seen from Figure 17 (a) that considerable tearing of the PBT matrix when cryo-
treated at -185°C for 16 hours, as signified by the sharp and torn out appearance 
of the fibrillar edges, contrary to the smooth edges in untreated sample observed 
in previous study. This indicates that the polymer matrix in the nano-composites 
becomes rigid after cryogenic treatment and its tendency to elastically recover is 
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lost. As the soaking period increases to 24 hours, the fractured surface appears more 
brittle, as seen in Figure 17 (b).

On further inspection, the difference in the mirror-mist-hackle morphology in the 
cryo-treated PBT nano-composites was also identified. It can be seen from Figure 
17 (c) that there is no significant mist zone around the MWCNT cluster in case of 
cryo-treated PBT nano-composites. Also, it can be observed from the figure that the 

Figure 17. Fractographs of PBT/MWCNT nano-composites showing Inflorescence 
type morphology when cryo-treated at -185°C for (a) 16 hours and (b) 24 hours; 
Magnified view of a single crater in PBT/MWCNT nano-composites when cryo-
treated at -185°C for (c) 16 hours and (d) 24 hours and (e) Magnified view showing 
matrix cracking around the MWCNT cluster
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hackle zone originated immediately from the vicinity of the MWCNT cluster in case 
of the sample cryo-treated for 16 hours. It was established by Chopra et al. (2018a) 
that the presence of a significant mist zone indicates improved interfacial adhesion 
between the PBT matrix and the MWCNT and its disappearance hints towards the 
failure of material to recover itself in real time. Nonetheless, the disappearance of 
mist zone in case of PBT/MWCNT nano-composites cryo-treated for 16 hours is not 
accompanied with any form of matrix surface cracking. Infact, this sample shows 
maximum increase in the tensile strength after cryogenic treatment, as seen earlier 
from Figure 13 (c). It can be seen from Figure 17 (c) that with the disappearance 
of the mist zone, the polymer matrix showed multiple markings that looked more 
or less like the fibrillar edges that were stretched due to loading and later torn out 
as the matrix failed. This hinted towards the efficient anchoring provided by the 
MWCNT clusters to the PBT matrix and also the increased load bearing capacity of 
the cryo-treated matrix. However, as the soaking period increased to 24 hours, the 
mirror-mist-hackle morphology again changes, as seen from Figure 17 (d). Here, 
it can be seen that along with the disappearance of a prominent mist zone, there is 
no hackle zone present and the matrix is getting torn out from the vicinity of the 
MWCNT cluster itself.

Figure 17 (e) shows the magnified view of the MWCNT cluster shown in Figure 
17 (d), wherein the matrix cracking is clearly visible around the MWCNT cluster. 
This indicates that prolonged soaking period during cryogenic treatment is causing 
the embrittlement of the PBT matrix. This reduces the load bearing capacity of the 
nano-composite and changes the craze propagation when the flaw is initiated, as 
explained below. The formation of a strong interphase between MWCNT and PBT 
matrix (as in case of sample cryo-treated at -185°C for 16 hours of soaking period), 
indicates good load transfer capacity of the polymer matrix which helps to hold down 
the matrix from cracking as the applied load exceeds the matrix strength. Due to the 
presence of a strong interphase, the craze tends to propagate very slowly through 
the polymer matrix. However, due to the embrittlement of matrix in case of PBT/
MWCNT nano-composite cryo-treated at -185°C for 24 hours of soaking period, 
the progression of craze promotes plastic deformation by continuous rearrangement 
of the polymeric network structure, with no sufficient time to offer resistance to the 
advancing flaw. This initiate matrix cracking as the PBT fails to take up the load 
transferred by the MWCNT cluster during continuous tensile loading, as seen in 
Figure 17 (e).

But in case of PBT/MWCNT nano-composite cryo-treated for 16 hours, due to 
continuous deformation and re-arrangement of the polymer chain segments, the 
localized recovery of the matrix is possible which reflects in the form of concentric 
and torn out fibrillar edges around the well anchored MWCNT cluster. However, 
it is imperative to note here that this tendency of the PBT matrix to recover in a 
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localized area is not dominant, as indicated by the deterioration of the elongating 
tendency of cryo-treated PBT/MWCNT nano-composites seen from Figure 13 (d). 
This can be attributed to matrix embrittlement caused by the motion restriction of 
the benzene ring and ester groups (as inferred from FTIR analysis) when the PBT/
MWCNT nano-composites are subjected to cryogenic temperatures. This reduces 
the chain flexibility thereby forming a rigid, unyielding yet a strong polymeric 
structure. The fractographs shown in Figure 17 reflects this tendency of the PBT 
matrix. The formation of strong interphase region when subjected to 16 hours of 
soaking at -185°C anchors the matrix well and produces serrated fibrillar edges. 
However, the rigidity sustained by the matrix at a molecular level and it consequent 
embrittlement, does not allow the material to elastically recover in a localized region, 
thereby, tearing off the matrix. Thus, it can be confirmed from the fractographic 
investigations that the cryo-structural modifications in the virgin polymers and 
polymer/MWCNT nano-composites affects the load bearing capacity of the material 
and accordingly its fracture mechanism.

Tribological Performance of Cryo-Treated Polymers 
and Polymer/MWCNT Nano-Composites

It is a well established fact that the cryogenic treatment enhances the wear performance 
of the polymers and polymer composites significantly. This has been attributed to 
the structural changes induced into the material by cryogenic treatment. Thus, in 
order to study the effect of cryogenic treatment on the wear loss of virgin polymers 
and polymer/MWCNT nano-composites under study, the tribological performance 
of the cryo-treated material is evaluated. The modes of wear and the reason for 
enhanced wear resistance of the polymers and nano-composites after cryogenic 
treatment are also studied herein with the help of microscopic investigations of the 
worn out surfaces.

Figure 18 shows the Shore D hardness and the wear loss values of virgin PA and 
PA/MWCNT nano-composite after cryogenic treatment at different temperatures 
and varying soaking period. It can be clearly seen from the figure that irrespective 
of the cryogenic treatment temperature, the hardness of both virgin PA and PA/
MWCNT nano-composites increases while the wear loss reduces with increasing 
soaking period. The Shore D hardness of virgin PA and PA/MWCNT nano-composite 
increases by 21% and 15%, respectively, when both are cryo-treated at -185°C for 
24 hours soaking. This can be attributed to the low temperatures during cryogenic 
treatment which hardens the material on exposure. The effect of this increment in 
the hardness values of PA and PA nano-composites after cryogenic treatment is 
indeed reflected in the wear performance of the material also.
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It is evident from Figure 18 (b) and Figure 18 (d) that the wear loss of virgin PA and 
PA/MWCNT nano-composites reduces post cryogenic treatment. This improvement 
is not much noteworthy in case of samples treated at -80°C for all soaking periods and 
-140°C for smaller durations of soaking. However, as the soaking period increases 
at -140°C, the wear performance of both the materials improves. Furthermore, for 
the samples cryo-treated at -185°C, the wear properties increase significantly. This 
linear reduction of the wear loss of both PA and its nano-composite with the soaking 
period is credited to the enough time available for the material to rearrange irregular 
structural segments into an aligned configuration. As more volume fraction of the 
bulk material undergoes cryo-structural modifications, a highly stable and uniform 
structure forms during the ramp-up stage. This not only enhances the polymer chain 
structure but also contributes towards improved properties.

It was observed here that the wear loss of virgin PA and PA/MWCNT nano-
composites reduces by 54% and 65%, respectively, both at -185°C and 24 hours of 

Figure 18. (a) Hardness and (b) Wear loss of cryo-treated virgin PA and (c) Hardness 
and (d) Wear loss of cryo-treated PA/MWCNT nano-composites
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soaking period. This can be attributed to the improved stiffness and crystallinity of 
the material after cryogenic treatment. The strong interface between the PA matrix 
and the MWCNT also improves the capacity of the nano-composite to sustain severe 
tribological conditions. Irrespective of the filler morphology and filler content, 
the polymers that have self-lubricating character while sliding excels in wear 
performance and this tendency of the polymer increases after cryogenic treatment. 
Similar phenomenon of wear performance enhancement of polymeric material 
after cryogenic treatment is reported by Indumathi et al. (1999a); Indumathi et al. 
(1999b) and Pande (2012) also.

The hardness and wear loss values of cryo-treated virgin PBT and PBT/MWCNT 
nano-composites are shown in Figure 19. The hardness of cryo-treated virgin PBT and 
PBT/MWCNT nano-composites increases linearly with soaking period, irrespective 
of the treatment temperature, similar to that of PA and its nano-composites. This 
increase was noted to be 19% for PBT and 14% PBT/MWCNT nano-composites, both 
when cryo-treated at -185°C for 24 hours. It was observed here that, similar to PA 

Figure 19. (a) Hardness and (b) Wear loss of cryo-treated PBT and (c) Hardness 
and (d) Wear loss of cryo-treated PBT/MWCNT nano-composites
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and its nano-composite, the wear loss of PBT and PBT/MWCNT nano-composites 
reduces as compared to untreated material for all the treatment conditions studied. 
However, the trend of the wear loss of PBT and its nano-composites differs at 
different treatment temperatures. When cryo-treated at -80°C and -140°C, the wear 
loss of virgin PBT and PBT/MWCNT nano-composite reduces linearly, whereas 
at -185°C, the wear loss first reduces and then increases. This deterioration in the 
wear loss values is more significant for virgin PBT than the PBT/MWCNT nano-
composite, which can be attributed to the presence of MWCNTs.

As it was seen from the XRD and FTIR analysis earlier, the structure of virgin 
PBT becomes rigid beyond the 12 hours of soaking. The larger crystal size seen 
for PBT samples beyond 12 hours of soaking period at -185°C along with the 
rigid structure increases the wear loss in the material. However, with addition of 
the MWCNTs and the formation of relatively strong interfacial region, the PBT 
matrix is well anchored together. This, coupled with the lubricating tendency of 
the nanotubes, reduces the deterioration of the nano-composite surface even when 
the cryo-structural modification makes the material rigid. A maximum reduction 
of 52% in the wear loss of PBT was noted when the samples were cryo-treated at 
-185°C for 12 hours and it exhibited same amount of wear loss when the soaking 
period increased to 16 hours. On the contrary, the wear loss of PBT/MWCNT 
nano-composites remains more or less same for the samples treated at -185°C for 
4, 8, 12 and 16 hours, beyond which the wear loss increase was marginal. Thus, 
the maximum reduction exhibited by PBT/MWCNT nano-composite was by 42% 
at both 12 and 16 hours of soaking. Thus, it can be stated here that an extremely 
refine, uniform and dense microstructure obtained after cryogenic treatment is 
responsible for an enhancement in the tribological performance of polymers and 
their nano-composites as well.

In order to assess the changes induced by cryogenic treatment on the wear 
mechanism of the polymer and nano-composites, the worn out surfaces of the samples 
were investigated. The SEM micrographs of untreated and cryo-treated virgin PA 
and PA/MWCNT nano-composites are shown in Figure 20.

It is evident that the abrasive mode of wear is dominant in case of both virgin PA 
and PA/MWCNT nano-composites under study. The abrasive wear mode basically 
occurs when a softer material (polymer) is rubbing against a relatively harder material 
(SiC counter-face). The arrows in Figure 20 (a) indicate that in case of untreated 
virgin PA, ploughing action of the SiC counter-face is the dominant abrasive wear 
mechanism. The ploughing occurs when the surface material is shifted to the sides 
of the wear groove created by the hard particles abrading against it (Bhushan and 
Gupta, 1991).

From Figure 20 (c), it is clear that, in untreated condition, the MWCNT addition 
reduces the extent of ploughing action suffered by the sample surface. This is credited 
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to the nano-reinforcing effect of the MWCNTs that aids in holding down the matrix 
material during continuous abrasion (Chopra et al., 2017b). Furthermore, as the 
polymer layer wears off initially, the MWCNTs exposed due to continuous sliding 
serve as solid lubricants and further prevent direct contact between the sliding 
surfaces, thereby improving the wear resistance of the nano-composites (Meng, Sui, 
Xie, & Yang, 2009). This confirms the claim that the well-dispersed MWCNTs help 
to improve the properties of PA matrix by intercalating with the polymer chains 
(Zhang et al., 2004) and thereby enhancing the load carrying capacity of PA against 
severe tribological conditions.

The worn out surface of both cryo-treated PA and PA/MWCNT nano-composite 
appears less damaged than the untreated sample (Figure 20). This agrees well with 
the enhancement of the wear performance of PA and its MWCNT nano-composites 
after cryogenic treatment, as evident form Figure 18 also. The ploughing phenomenon 
that was observed in case of untreated PA and PA/MWCNT nano-composite was 
greatly inhibited after cryogenic treatment, as seen clearly from Figure 20 (b) for 
virgin PA and Figure 20 (d) for PA/MWCNT nano-composite, both cryo-treated at 

Figure 20. Worn out surfaces of Virgin PA (a) Untreated and (b) Cryo-treated at 
-185°C for 24 hours; PA/MWCNT nano-composite (c) Untreated and (d) Cryo-
treated at -185°C for 24 hours
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-185°C for 24 hours. This can be credited to the enhanced crystallinity of the material 
upon cryogenic treatment. Firstly, the dense and uniform structure after cryogenic 
treatment is difficult to wear and secondly, the small crystallite size further reinforces 
the material to a greater extent, thereby removing smaller chunks of wear debris 
as compared to untreated material (as depicted in Figure 20). The literature also 
reports same principle for the improvement in wear properties of the cryo-treated 
polymers and polymer composites (Indumathi et al., 1999a; Pande et al., 2012). 
Thus, the combination of enhanced crystal structure and increased hardness after 
cryogenic treatment leads to reduced wear loss (Figure 18) and relatively smooth 
sample surfaces (Figure 20) in case of PA and PA/MWNT nano-composites.

Figure 21 shows the SEM micrographs of untreated and cryo-treated virgin PBT 
and PBT/MWCNT nano-composites. The arrows in Figure 21 (a) indicate untreated 
virgin PBT experiences both ploughing (arrow 1) action of the SiC counter-face and 
the peeling (arrow 2) of surface during severe wear conditions. A polymeric surface 
experiences peeling when the material is removed in the form of fibrillar pullout 
and is removed from the surface (Bhushan and Gupta, 1991). From Figure 21 (c) 
it is clear that, in untreated condition, the ploughing and peeling of the polymeric 
surface was suppressed after MWCNT addition and the surface appeared relatively 
smoother. Thus, akin to the wear behaviour exhibited by untreated PA/MWCNT 
nano-composite, the improvement in the wear condition of untreated PBT/MWCNT 

Figure 21. Worn out surfaces of Virgin PBT (a) Untreated, (b) Cryo-treated at 
-185°C for 12 hours and (c) Cryo-treated at -185°C for 24 hours; PBT/MWCNT 
nano-composite (d) Untreated, (e) Cryo-treated at -185°C for 16 hours and (d) 
Cryo-treated at -185°C for 24 hours
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nano-composite is attributed to the self-lubricating tendency of the MWCNTs 
that are exposed against the SiC counter-face when the polymer matrix wears off 
progressively (Chopra et al., 2017c).

It is evident from the figure that the worn out surface morphology of PBT and 
PBT/MWCNT nano-composites after cryogenic treatment agrees well with the wear 
behavior of the material observed in Figure 19. It was stated earlier that the wear 
performance of virgin PBT and PBT/MWCNT nano-composite deteriorates after 
16 hours of soaking period. This was indeed observed from the SEM micrographs 
shown in the figure. The cryogenic treatment of virgin PBT and PBT/MWCNT 
nano-composites suppresses the ploughing and peeling of the sample owing to the 
cryo-structural modifications brought about by the treatment.

It was noted form XRD analysis that the crystallinity of virgin PBT increases 
till 12 hours of soaking period (Table 4), while it increases till 16 hours of soaking 
period for PBT/MWCNT nano-composite (Table 5), both at -185°C. On the other 
hand, the hardness of both the materials increases with increasing soaking period at 
-185°C, as shown in Figure 19. However, Figure 19 (b) indicate that the wear loss 
of virgin PBT increased significantly for 20 and 24 hours of soaking at -185°C, but 
remained less than that of untreated material. This was indeed reflected in the SEM 
micrographs of cryo-treated virgin PBT. The worn out surface of PBT sample cryo-
treated for 24 hours, as shown in Figure 21 (c), appeared smoother than the untreated 
PBT samples. However, occasional peeling, ploughing and plastic deformation was 
visible on the surface. Though the wear loss of cryo-treated polymer is inversely 
proportional to its hardness as proven by Indumathi et al. (1999a); in case of virgin 
PBT under present study, the increase in the hardness and the formation of larger 
crystallites in these samples causes embrittlement of the PBT matrix. This in turn 
increases the wear loss in the material and deteriorates the surface as evident from 
Figure 21 (c).

On the contrary, in case of PBT/MWCNT nano-composites it was observed 
that the wear loss decreased significantly after cryogenic treatment at -185°C with 
soaking period of 4 to 16 hours, beyond which the wear loss increased marginally. 
This was credited to the formation of strong interface between the PBT matrix and 
MWCNTs and the lubricating tendency of the nanotubes. Thus, the worn out surface 
of PBT/MWCNT nano-composites cryo-treated at -185°C looks almost similar yet 
smoother as compared to untreated material.

OVERALL DISCUSSION AND CONCLUSION

The results presented above clearly indicate that the cryogenic treatment motivates 
structural stability in the polymer matrix by forming long chains and promoting 
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intermolecular as well as intramolecular rearrangements, which was confirmed from 
FTIR analysis. However, it was observed here that the structural changes brought 
about by the cryogenic treatment in polymer/MWCNT nano-composites are largely 
governed by the polymer matrix itself. The crystal structure and bonding changes 
observed in cryo-treated virgin polymers and their MWCNT nano-composites, 
from XRD and FTIR results, were essentially the same. Thus, it can be inferred 
here that the response of polymer/MWCNT nano-composites to the cryo-structural 
modifications depends on the polymer matrix, followed by the MWCNT interaction 
to some extent. This behavior was exhibited by macro filler reinforced polymer 
composites also (Indumathi et al., 1999a; Pande, 2012). Thus, the present study on 
the cryogenic treatment of polymer/MWCNT nano-composite agrees well with the 
claim by Pande and Peshwe (2015) that each polymer has a specific functional group 
and/or structural characteristic that readily responds to the cryogenic treatments 
conditions, thereby, modifying the structure and giving superior properties.

The reason for cryo-structural modifications in both PA and PBT differs a lot. It 
was established earlier that under present study PA is more susceptible to structural 
transformations as compared to PBT. It was indeed observed from the XRD analysis 
that the crystal structure of PA changes drastically after cryogenic treatment, while for 
PBT it remains almost same. However, the improvement in crystallinity and average 
crystallite size of the material hinted towards beneficial cryo-structural modifications. 
The formation of longer chains at low temperatures, along with the contraction of the 
material at molecular level results in the formation of a denser, stable and uniform 
structure. In case of PA, the volume fraction of α-phase crystallites increases at 
the expense of γ-phase crystallites due to the intrasheet hydrogen bonding between 
adjacent PA chains. Simultaneously, the contraction due to low temperature and 
the formation of longer chains gives rise to a superior crystal structure in PA after 
cryogenic treatment. On the other hand, no significant molecular rearrangement was 
seen form the XRD results of PBT. However, the cryo-treated PBT demonstrates 
enhanced crystallinity due to the physical rearrangement of the long chains in a denser 
configuration, unlike the structural modifications undergone by cryo-treated PA.

The localized intermolecular rearrangement at low temperatures of cryogenic 
treatment results in relaxation of the material. This promotes systematic rearrangement 
of the crystalline polymeric segments; however, it is largely governed by the soaking 
period during cryogenic treatment. Irrespective of the treatment temperature, the 
differential contraction sustained by the material during cryo-treatment is inevitable. 
When the samples are held at cryogenic temperatures, the material takes time 
to attain thermal equilibrium. The state of thermal equilibrium slows down the 
molecular movements at atomic level. This in turn increases the internal molecular 
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bonding energy and thus motivates the material for structural balance. When the 
soaking period is less, this molecular rearrangement renders incomplete, whereas, 
with prolonged soaking periods there is enough time for the material to attain 
structural equilibrium. Further, during ramp up stage, the segmental motions of 
the polymeric chains are frozen in the rearranged configuration, thereby, retaining 
the cryo-structural modifications even when the material is brought back to the 
room temperature (Pande and Peshwe, 2015). However, depending on the type of 
polymer; the severity of thermal contraction during ramp down stage and the extent 
of stress relaxation during ramp up stage vary considerably. Therefore, it becomes 
necessary to optimize the cryogenic treatment parameters for every material class 
in order to get the best combination of properties. This makes cryogenic treatment 
a material specific process. 

The mechanical properties of PA and PBT and their nano-composites studied 
here indeed improved after cryogenic treatment, except for the elongation of PBT/
MWCNT nano-composites. Despite the XRD results of PBT nano-composites 
showing enhanced crystallinity and reduced crystallite size, the FTIR analysis revealed 
that the low temperature during cryogenic treatment imposes rigidity to PBT chains 
by arresting the aromatic benzene ring and the ester group, thereby reducing the 
chain flexibility at a molecular level. This forms a rigid, unyielding yet a strong long 
chain structure that causes embrittlement of the matrix. However, due to uniform 
chain rearrangement and fine structure after cryogenic treatment, the PBT/MWCNT 
nano-composites sustain higher loads, thereby giving an increased tensile strength. 
But the densification of the structure and overall embrittlement of the bulk material 
do not assist in yielding and hence the elongating tendency of the sample is affected. 
Thus, it can be inferred here that the cryo-structural modifications of the polymer 
matrix has a dominant effect over the interfacial interaction between the matrix and 
MWCNT, thereby governing the mechanical properties of the nano-composites.

In accordance with the literature, it was observed here that the cryogenic 
treatment enhances the tribological performance of the polymer/MWCNT nano-
composites to a huge extent. Irrespective of the treatment temperature and time, the 
wear performance of PA and PBT nano-composites is significantly lower than that 
of untreated material. This signifies that cryogenic treatment is superior to other 
post-processing techniques for achieving excellent tribological performance from 
polymers and its composites. Thus, it can be said here that, akin to virgin polymers 
and polymer composites reinforced with micro fillers, the cryogenic treatment is an 
effective technique for enhancing the mechanical properties of polymer/MWCNT 
nano-composites.
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RESEARCH OUTCOME

Based on the extensive analysis of cryogenically treated polymer/MWCNT nano-
composites, it is evident that there is an overall improvement in the structure 
and properties of the material. This introduces new possibilities for the potential 
applications of cryo-treated polymer/MWCNT nano-composites in near future. Thus, 
the data related to the Tensile strength, Young’s modulus, Wear rate constant and 
Hardness of the studied polymer/MWCNT nano-composites are superimposed on 
the existing material selection Ashby diagrams (Ashby, 1992; Ashby, Ferreira, & 
Schodek, 2009) as shown in Figure 22 to Figure 24.
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Figure 22. Position of cryo-treated polymer/MWCNT nano-composites selected 
in present work on the materials selection chart based on the Tensile strength and 
Density (Ashby et al., 2009)
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Figure 23. Position of cryo-treated polymer/MWCNT nano-composites selected in 
present work on the materials selection chart based on the Young’s modulus and 
Density (Ashby et al.; 2009)

Figure 24. Position of cryo-treated polymer/MWCNT nano-composites selected in 
present work on the materials selection chart based on the Wear rate constant and 
Hardness (Ashby, 1992)
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ABSTRACT

Polymeric nanocomposites are significant engineering materials predominantly 
due to their enormous potential to meet a spectrum of applications, particularly in 
improving the strength-stiffness properties, thermal properties, optical and electrical 
properties. The exploitation of polymer nanocomposites in the aerospace industry 
is found to be attractive in recent times, since they can provide significant strength 
to the components with lightweight characteristics. In addition, a wide variety of 
polymers can be tuned with carbon and non-carbon-based nanomaterials and 
deployed as archetypes in the structural components of aerospace applications. 
Accordingly, this chapter consider the key properties of different nanomaterials in 
polymers as a function of nano-scale approach. Furthermore, this chapter is also 
dealing with the challenges that need to surmount the technological enduring of the 
polymer nanocomposites for advancements in the aerospace structural applications 
in the coming future.
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INTRODUCTION

Aerospace manufactures are searching for the multifunctional materials which 
could be appropriate for its component development. In general aviation, cost of 
the fuel account for the 50% of the operational expenditure. Accordingly, aerospace 
manufacturers are looking for the suitable materials that could replace the metals in 
order to reduce the weight. Further, changes in the design and uses of the composite 
materials have been resulted in decreasing the weight by 30% of the aviation vehicles. 
Similarly, most of the aircrafts and spacecrafts are working in harsh atmospheric 
conditions, subsequently aerospace manufacturers and researchers are aiming to 
develop novel new materials which are durable with higher thermo-mechanical 
properties (Baur and Silverman; Joshi and Chatterjee, 2016; Wang et al., 2002).

The aerospace structures made up of the polymers are vulnerable to the 
disintegration of the polymeric chains. Therefore, researchers are attempting various 
techniques for toughening the polymeric matrix by introducing micro or nanomaterials 
into it as a filler. In a polymer matrix, reinforcing fillers is bound together by 
weak intermolecular forces rather than chemical interactions. In such conditions 
the nanomaterials are capable to serve hundred times better task than microfillers 
even with lower volumes like 1-5% (Joshi and Chatterjee, 2016). Moreover, due 
to the high aspect ratio of the nanomaterials, they can provide more surface area 
to the polymer matrix for the specific interactions. Similarly, if the reinforcement 
elements were dispersed at the nanoscale, it can attribute strong bonding with the 
matrix which can eventually result in the discovery of novel composite materials.

Among the different composites, polymer nanocomposites (PNCs) seek enormous 
attraction owing to its light weight characteristics along with multiple functionalities. 
Different carbon and inorganic nanomaterials are currently exploiting in the 
construction of different structural and non-structural components used in the aviation 
industries. By the proper selection of the nanomaterial as filler, the properties such 
as mechanical strength, thermal stability, flame retardancy, electrical and optical 
properties of polymer matrix can be tuned. In the current situation inorganic materials 
like nanoclay, SiO2, ZnO are commonly employed for improving thermal stability, 
conductivity and flammability properties of various polymers (Hajibeygi et al., 2017; 
Liu et al., 2005; Rathod et al., 2017). Similarly, carbon based nanomaterials like 
carbon nanotubes (CNTs), carbon nanofibers (CNFs), graphenes and their various 
modified forms are also used for the generation of different PNCs (Gohardani et 
al., 2014; Monetta et al., 2015). Recently, such composite materials are applied in 
various structural parts such as fairing, interior component, primary wings, fuselage 
and turbine engine fan blade of the aircrafts and space craft’s components (Mallick, 
2007).
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MATERIALS EMPLOYED IN THE AEROSPACE INDUSTRIES

Polymer Materials

Polymers and its modified forms are applied in both structural and non-structural 
components of aircraft and space craft’s products. The excellent physico-mechanical 
properties, corrosion resistance, durability and cost effectiveness are the major 
attractive points of the polymers to be applied in the aerospace industries. Figure 
1 illustrates different categories of polymers, their properties and application in 
aerospace components. Some of the thermoplastics are its self employed in the 
aircrafts structural and non structural parts. For instance, toughened and transparent 
polymers like acrylic plastics and polycarbonates are extensively employed in the 
aircrafts window shield and canopies (Vodicka, 1996). The windshield made up of 
polycarbonate can also resist the damage due to the hailstones and collision with 
birds. Additionally, high performance such as polyether ether ketones (PEEK), 
polyphenyl sulphide (PPS), polysufones, are employed in the aerospace applications 
(Vodicka, 1996; Costa et al., 2012). Furthermore, thermoplastics found as a prime 
candidate for landing gear strut door and access panels for F-5F aircrafts, and nose 
wheel door for Fokker aircrafts (Vodicka, 1996).

Similarly, low permeable polymers are commonly used as coating and laminating 
materials in the aerospace components. Further, epoxies, polyurethane and modified 
phenolics based polymers are commonly used as adhesive materials for fusing aircraft 
parts. Adhesives are also found applications in joining of composite structures which is 
employed in cabin decks, engine and transmission decks and tunnel covers. Moreover, 
nano-toughened adhesives are currently used in structural metal and composite 
bonding due to its superior mechanical and thermal properties. Recently, an epoxy 
based adhesive is employed in Airbus 380 fuselage for the generation of fibre-metal 
laminate known as glare (Jerome, 2012). Similarly, polymer based adhesives are also 
employed in the space craft’s for joining of temperature protection tiles, solar panel 
and to affix ceramic tiles (Bhuvaneswari et al., 2017). Other than that, elastomers 
are another category of polymers generally employed in the structures which needs 
superior impact performance, high elongation, low stiffness and strength. Usually, 
elastomers are engaged in four main structural systems like airframes, landing 
gear systems, propulsion systems and instrument indicator and guidance systems 
(Bhuvaneswari et al., 2017).

Nanomaterials and Polymer Nanocomposites

Currently, both inorganic and carbon nanomaterials has been incorporated into 
various polymeric matrices for improving the inherent properties of the polymer. 
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Nanomaterials like carbon nanotubes (CNT), graphenes, carbon nanofiber (CNF), 
nanoclays, SiO2, TiO2, ZrO2, CuO, SnO2, BaSO4, Al2O3 and CaSiO3 are commonly 
employed for the property enhancement of polymeric matrix. Common nanomaterials 
and its application in the aerospace industries are listed in table 1 (Joshi et al., 2016). 
Additional informations regarding the nanomaterials are detailed in the forthcoming 
sections.

The nanocomposites used in the aerospace applications can be majorly classified 
into two types based on the matrix employed. In the first case, various polymer phases 
are used as the base matrix and the generated composites are known as polymer 
nancomposites (PNC). Secondly, ceramic matrix such as alumina or a mixture of 
ceramics is used as a parent matrix along with various nanomaterials such as CNT, 
graphenes etc., such formed composites are known as a ceramic nanocomposite 
(Ravichandran et al., 2018). The superiority of the developed PNCs is dependent 
on the polymer matrix, nanomaterial and the synthesis techniques adopted. The 
preparation methods play a vital role in the properties of the developed PNCs. Type 
of PNCs employed in the aerospace industries and its primary functions are depicted 

Figure 1. Type of polymers and its application in the aviation industries
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in table 2 (Rathod et al., 2017). Generally, methods such as solution blending, melt 
compounding and in-situ polymerizations (figure 2) are employing for the production 
of PNCs (Ravichandran et al., 2018).

Application of PNCs in Aerospace Components

The design of unmanned aerial vehicles in the National Aeronautics and Space 
Administration (NASA) demands a long span, high elevation flights. This calls for 
strong, sturdy and insubstantial material for the structural parts of these aircraft 

Table 1. Type of nanomaterials and its primary functions in PNCs employed in 
aerospace components (Joshi et al., 2016)

Type of Nanomaterial Nanomaterial Properties improved

Carbon based

CNT Toughness, impact properties, electrical 
conductivity, heat stability, thermal stability.

CNF Toughness, impact properties, thermal 
properties.

Graphene and graphene oxide Gas barrier, electrical conductivity, ultraviolet 
stability, thermal stability.

Inorganic based

Nanoclay
Gas barrier, corrosion resistance, fire 
retardancy, toughness, impact properties, 
thermal stability.

SiO2 and Al2O3
Impact properties, toughness, scratch 
resistance.

TiO2 and ZnO Ultraviolet stability, antimicrobial, toughness 
and impact resistance.

CuO Antimicrobial

BaSO4, CeO2 Ultraviolet stability

Table 2. Various PNCs in aerospace applications

Applications PNCs

Structural applications Epoxy/CNT, epoxy/clay, polyimide/Clay, nylon/clay, epoxy/SiC, PU/CNT, 
polyamide/CNT.

Coatings PU/CNT, epoxy/CNT, Polycarbonate/CNT, epoxy/clay, PVDF/CNT, epoxy/
alumina.

EMI shielding Epoxy/CNT, epoxy/fiber/CNT.

SHM PMMA/CNT, epoxy/carbon black, PVDF/lead zirconate tirate (PZT), epoxy/PZT,

Tribology PPEK/TiO2
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vehicles. The commercialization of polymer nanocomposites in the structural 
components of aerospace design makes it a safer, smoother, quicker and ultimately 
an economical transportation. The low density features of polymer nanocomposites 
accompanied with high strength and modulus values, predominantly adds to the 
reduced weight of the aerospace frames (Baur and Silverman; Joshi and Chatterjee, 
2016; Wang et al., 2002). Other than the nanommaterials, the chosen polymer 
matrix is another crucial constraint for the mechanical and physical strategical 
performance of the aerospace components. Various polymers have been employed 
as the co-continuous matrix during the generation of PNCs for different components 
of aerospace vehicles.

Epoxy Based PNCs

The vulnerability of metals to corrosion seeks alternative materials that can replace 
the drastic needs attributed by the steels or the employment of superficial coatings 
that prevents the corrosion in stainless steel is on steady progress. Epoxy (mostly 
diglycidyl ether of bisphenol-A), is a thermoset polymer with low molecular weight, 
hardened by curing with various curing agents have been widely explored owing to 

Figure 2. Different methods for the production of PNCs (a) Solution blending 
technique (b) melt processing technique and (c) in-situ polymerization
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the large scale utilities offered by them. The well bounded adhesive property in a 
variety of substrates with superior mechanical strength along with chemical as well 
as heat resistance appeals the application of epoxy in aerospace and most engineering 
materials (Jeon et al., 2013). However, nanomaterials are incorporating into the epoxy 
matrix in order to improve its inherent properties. For instance, Zhao et al., (2006) 
developed CNT/epoxy composite that further toughened with continuous carbon 
fibre. Epoxy with fiber reinforced systems and its PNCs have been employed in flaps, 
stabilizers, rudders, landing gear doors, fairings, ducts, liners, spoilers, aiierons, 
rudders, elevators, wing box skins, storage compartments, panels, rotor blades, tail 
fins, payload bay doors, filament wound case in the structural intergradient’s of 
aircraft parts (Wright, 1991).

Polyamides Based PNCs

Earlier in the 1990s, Toyota research team has first established PNCs based on 
polyamides commercially (Deguchi et al., 1992). Even though, the inborn adequacy 
of polyamides is simulated with the incorporation of fibers such as glass fibers 
into the matrix (Yano et al., 1997). However, there still persists the inadequacies of 
uniform distribution of fiber in the matrix which can affect the potential usage of 
the system. Moreover, the integration of nanofillers into the matrix further escalates 
the applications of polyamides in the aerospace industry and engineering component 
parts. Polyamides and their PNCs have been hired for the cockpit and cabin parts, 
flare sequencer boxes, ventilation ducts, ventilator casing, brackets, engine access 
panels and air distribution ducting (Han et al., 2004).

Polyurethane Based PNCs

Polyurethanes are another class of polymers which serves as an effective matrix 
in various contributions to the aerospace industry. Properties of the polyurethanes 
are the resultant consequences of the molecular interactions in the polymer chains. 
The rigidity of the polyurethane chains can be further enhanced by nanomaterial 
incorporation. The nanomaterials like nanoclays can improve tensile strength and 
elongation-at-break of the polyurethane. Han et al. (2004) have been shown a higher 
endorsement in the tensile properties of the PU/montmorillonite nanocomposites 
prepared via solution intercalation method. Generally, PU based sandwich 
nanocomposites are deployed in the aircraft engine nacelle, on the protection wings 
of fuel tank, tailplane panels for defending the stones and pebbles while take-off 
timings etc. The occupancy of impermeable silicate layers in the PU matrix can 
reduce the water swelling that eventually adds on the increased resistance to water 
(Chen et al., 2003; Fletcher et al., 2010).
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Elastomers Based PNCs

Elastomers are known to be good matrixes in PNCs for the development of 
structural components in aerospace applications. Since, viscoelastic polymers are 
well known to meet the damping problem offering the minimal vibration of the 
aircraft component parts in operation. However, the adsorption of vibrational energy 
by means of mechanical damping is the main concern in aerospace engineering 
design (Wright, 1991). There is a wide choice of fillers for rubbers to reinforce the 
elastomeric matrix to impart different properties to the matrix, yet the counterpart 
by nanofiller is quite demanding with the advancements of special instigation. For 
instance, Fletcher et al., (2010) indicated the possibilities of elastomeric and CNT 
based nanocomposites for the applications such as electromagnaetic dissipation 
and shielding. Similarly, Araby et al., (2014) prepared elastomer nanocomposites 
using solution mixing technique with enhanced thermal and electrical properties.

Other Polymer Based PNCs

Poly(p-phenylene benzbisoxazole) (PBO), polyaniline, polyarylacetylene (PAA), 
polyimides, polyethylene terephthalate (PET) and PEEK are the other widely utilized 
matrix systems for aerospace structural components. PEEK is considered as a high 
performing semi crystalline polymer shows outstanding mechanical, thermal and 
chemical resistant properties, allowing a hostile environment for different structural 
components. However, the advantages offered by the matrix the low temperature 
sustainability deprives the need for the incorporation of nanofillers into it. The 
mechanical properties of the PEEK can be improved with the help of nanosystems 
like nano-silica (Jen et al., 2005). The rigid rod polymer, PBO distinguished by its 
unique tensile strength and thermal stability are another class of highly deployed 
matrixes for aerospace. Kumar et al., (2002) developed PBO based PNCs with 10 
wt% CNT which has shown enhanced tensile strength and minimal shrinkage as 
compared with the parent blend. Polyaniline is a conductive polymer which serves 
as a corrosion resistant matrix from the past decades itself (DeBerry, 1985). Liu et 
al., (1991) has been reported that among all the prevailing systems, double stranded 
polyaniline exhibits a possible substitute for the chromate systems. They have been 
utilized in the deicing, threat detection, surveillance sensors and in electrostatic 
discharges in the aerospace industry. PAAs are the steady developing polymeric 
matrices due to its superior heat resistance and the ablation resistance. The PAA 
resin matrixes with low moisture outgassing characteristics are suitable for spacecraft 
structures, insulative liner for rocket motor casings etc. The application of polyimide 
foams in aerospace industry includes thermal insulating liners for the cryogenic 
tanks, radomes, chairs, insulator covers, circuit substrates, wire insulation etc. 
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Fabrication of polyamides with nanomaterials imparts higher thermal properties 
to the polymers. In a study, Ogasawara et al., (2004) scrutinized the enhancement 
of the heat resistance attributed by the polyimide matrix with the addition of CNTs 
to the system. Similarly, PET based PNCs are well appropriate for the flexible 
laminates, balloon systems, decelerator systems, inflatable structures and pressure 
vessels. These flexible laminates can achieve comparatively a higher weight savings 
(Zeng et al., 2005).

Archetypes of Polymer Nanocomposites Modeling

Polymer nanocomposites fabrication is indeed possible with the statistical probability 
that encompasses the relationship between different structural as well as bulk 
mechanical properties in the PNC in relative to the polymer structure, nanomaterial 
and the polymer/nanomaterial interface. The structural properties of polymer 
nanocomposites and its processing are primarily ruled by the proper utilization of 
interatomic and intermolecular potential energy functions used in the simulation 
and the time span of growth imposed on the simulation. The interatomic potential 
function shall comprise of the vander waals systems, covalent and ionic interactions. 
The computer simulated modeling of PNC can be classified into molecular dynamics 
approach and Monte Carlo approach. Molecular modeling drafts a flow prognosis 
and the analogous chain conformation with regards to either the minimum energy 
or the abrupt drop in energy (Jin and Boyd, 1998). However, Monte Carlo method 
employs numbers for the discovering the particle displacement at the time of 
molecular simulation (Vao‐soongnern et al., 2000).

For investigating the matrix fiber transfer numerous models such as Cox, 
Kelly and Tyson model and Lewis and Nielsen Model have been anticipated and 
scrutinized. The strength and stiffness properties of the PNC can be correlated with 
the toughness and vice versa, implies that there must be proper attention in the early 
stages of composite development (Njuguna and Pielichowski, 2003). In Cox model, 
a comprehensive study was done concerning the orientation effect of fibres on the 
strength and stiffness properties of the loaded matrix and other fibrous materials and 
had arrived a conclusion that load transport from the fiber to fiber can minimize the 
effective modulus, it is only possible when the fibre length is less than 100 times 
the fibre diameter. In addition to it, when the fibre length is approximately 10 times 
the diameter, the efficient modulus probably can reduce to one-half (Cox, 1952). 
Kelly and Tyson [36] predicted the behaviour of fibre reinforced metals from their 
experimental studies and their conclusions can be summarized as follows. Whenever 
the matrix is embedded with strong continuous fibres possessing a yield stress for 
plastic flow lesser than the breaking stress of fibres, the tensile stress in fibre and 
matrix are taken to be equal (Kelly and Tyson, 1965). Substantial consideration 
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has been devoted to the modelling and assessing the CNTs young’s modulus value. 
Lourie et al., (1998) conducted a study for evaluating the compressive distortion 
of CNTs in an epoxy matrix and the elastic modulus was founded as a result of 
concentric cylinder model for thermal stresses. Micro-Raman spectroscopy was 
utilized for monitoring these compressive deformation raised by the thermal 
quenching of epoxy matrix embedded CNTs. Bharadwaj (2001) invokes a tortuous 
based model for investigating the impacts of concentration, direction, length and 
degree of delamination of the layered silicates on the permeability, systematically. 
Distributing longer sheets in the polymeric matrix can constructively effect on the 
enhancement in the tortuosity and moderation in barrier property degradation. Luo 
et al., (2003) figures out a three phase model for explaining the partial intercalation 
and exfoliation present in the epoxy matrix, exfoliated clay layers and the nanolayer 
clusters. Employment of Mori-Tanaka method helps in the computation of the 
modulus of the nanocomposite with respect to parameters such as exfoliation ratio, 
clay layer aspect ratio, etc. (Tan et al., 2005). Luo and his group found out that with 
the proper experimental results, the model forecast seems to be in good agreement. 
Also, they have validated this model in cases, where the established mechanical 
models failed to outline a comprehensive measurement for the increased stiffness 
offered by the clay platelets in a matrix. However, the implementation of this model 
necessitates computational exertion; the model errand for the scrutiny of intercalation, 
exfoliation and unintentional dispersion of clay nanolayers and clusters in the model 
(Luo and Daniel, 2003).

Even though this section confers general understanding of the different types 
of modeling exists in the PNC fabrication, the data provided here is an outlined 
capsule for the basic understanding of the terminologies. The modeling of PNC 
reveals a path for the apparition and the examination of the processing efficiency 
with respect to the rate of production taking into consideration of the cost or energy 
consumed for the fabrication.

BREAKTHROUGH IN COMPOSITE 
STRUCTURE WITH NANOPARTICLES

Carbon Based Nanoparticles as Constructive Materials

The carbon based nanomaterials have been drawn attention in the field of science 
and technology due to its widespread properties. The carbon nanomaterials can 
exist in different major forms such as carbon nanotubes (CNTs), carbon nanofibers 
(CNFs) and graphene. Along with it, researchers also identified varied forms of 
carbon nanomaterials like nano-particles, cones, carbon nanoonion, scrolls, whiskers, 
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nanoflowers, nanoporous carbon and graphite polyhedral crystals (Llobet, 2013; Yi 
and Shen, 2015). Even if, among the carbon nanomaterials CNT, CNF, graphene and 
their varied modifications are extensively considered in the aerospace industry due 
to its inherent nanoscale features and interesting physico-mechanical characteristics. 
The basic properties of carbon nanomaterials are indicated in table 3 (Al-Saleh and 
Sundararaj, 2011; Breuer and Sundararaj, 2004; Coleman et al., 2006; Finegan and 
Tibbetts, 2001; Tibbetts et al., 2007; Xie et al., 2005).

CNT Based Polymer Nanocomposites

CNTs are structurally belonged to the family of fullerenes, having cylindrical shape 
and the ends are either opened or closed with fullerene cap. Structurally, CNT is 
consisting of rolled graphene sheet with the size of nanometres. The graphene 
sheet can be rolled up in different orientations to produce different types of CNTs 
during its generation. Besides, CNTs are almost hold one-dimensional structure 
according to its high length to diameter ratio. CNTs have two structural adaptations 
like single walled carbon nanotubes (SWCNTs) and multi walled carbon nanotubes 
(MWCNTs). In which, SWCNTs are formed by rolling up of a single graphene layer 
and MWCNTs are fashioned by wrapping multiple layers of graphene (Popov, 2004; 
O’connell, 2006; Swain et al., 2017).

Polymer nanocomposites based on the CNTs have prime important positions in the 
aerospace structural and non structural applications. As compared with macro filler 
systems, CNTs requires only lesser quantity in order to fulfil the specific structural, 
physical and chemical properties. Generally, SWCNTs are found to be more attractive 
as compared with MWCNTs in reinforcing polymer matrixes which are usually 
employed for the structural applications. During the mechanical loading, the stress 
transferred into the surface of the incorporated SWCNTs in the polymer matrix and 
due to the hexagonal network of carbon atoms and high cohesive energy of C-C 

Table 3. Basic properties of carbon nanomaterials

Property CNF SWCNT MWCNT

Diameter 5×10 – 2×102 0.6–0.8 5–5×10

Aspect ratio 25×10 –2×102 1×102 – 1×104 1×102–1×104

Density (g/m3) ~2 ~1.3 ~1.75

Thermal conductivity (W/m K) 1950 3×103– 6×103 3×103– 6×103

Electrical resistivity (Ω cm) 1 × 10−4 1×10−3–1×10−4 2×10−3–1×10−4

Tensile strength (MPa) 292×10 5×104– 5×105 1×104–6×104

Tensile modulus (MPa) 24×104 153×105 1×106
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bonds they can provide good mechanical strength. While in the case of MWCNTs the 
inner concentric layers undergoes internal slippage during mechanical loading which 
arises due to comparatively weak vander walls forces present in it. Consequently, 
MWCNTs shows lower load bearing ability during nanocomposite formation as 
compared with the SWCNTs (O’connell, 2006; Moniruzzaman andWiney, 2006; 
Jakubinek et al., 2015; Kausar et al. 2016).

SWCNTs and chemically functionalised MWCNTs integrated polymeric 
composite systems improves the impact performance as well as fracture toughness. 
The improvement in the toughness of the nanocomposite polymeric systems is 
associated with the nanotube pullout mechanism and the bridging of cracks in the 
polymer matrix (Joshi and Chatterjee, 2016). Molecular orientation and geometry 
of CNTs present inside the polymer matrix is also plays important role in energy 
dissipation and fracture mechanism of the composite. Research over the composites 
is also indicated that the CNTs with 90° longitudinal orientation shows maximum 
toughness in the polymer nanocomposite (Joshi and Chatterjee, 2016). Due to the 
lower denser characteristics as compared with metals, the carbon fiber based CNT 
composites could be useful for the development of airframe components. Such 
nanocomposite systems potentially offer significant strength and corrosion resistance 
to the developed products. Consequently, such systems are commonly found in 
airframe application. The CNT reinforced epoxy materials have been used in the 
wingtip fairings of Lockheed Martin’s F-35 fighter aircrafts (Kausar et al., 2016). 
Similarly, those materials are also employed in tilt-rotor aircraft like V-22 Osprey 
and Tomahawk missile components.

Figure 3. Types of carbon nanotubes (a) SWCNT (b) MWCNT
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The main motive of CNTs based nanocomposite materials in aircrafts is associated 
to the weight reduction as compared to composite developed with CNFs and other 
inorganic nanomaterials. The airbus like A380 uses 61 wt% of copper and 10 wt% 
of steel and titanium in it structural parts, therefore, in order to reduce the weight, 
CNT based composites are deemed to be a suitable candidate (Ye et al., 2005). In 
a stimulation study, O’Donnell et al. (2004) used CNTs reinforced polymers as an 
airframe instead of conventional aluminium material for the theoretical aircraft 
structures such as Boeing 747-400, Boeing 757-200, Airbus A320 and E145. This 
study indicated that by the use of CNTs reinforced polymers the consumption of 
the fuel by the aircraft can be reduced due to loss in weight.

In addition to it, CNTs based polymer nanocomposites are also considered as prime 
candidates for improving the electrical conductivity. On the microscopic consideration, 
incorporation of CNTs in to the polymer matrix results in the generation of percolating 
network, which can further trigger the flow of electrons via tunnelling or hopping 
mechanism (Jouni et al., 2014; Min et al., 2010). In a recent study Jakubinek et 
al., (2015) indicated that loading of SWCNTs in lower concentrations up to 1 wt% 
in to epoxy system can improve the electrical conductivity while maintaining the 
structural bonding capacity. Such kind of fabricated systems paves a new route for 
developing polymer nanocomposite based conductive adhesives. Furthermore, in an 
interesting study Jarosz et al., (2011) indicated the possibilities of macroscopic CNT 
based wires and ribbons for the application of power transition due to its superior 
conductivity as well as lower resistivity. In the present situation, most of the cables 
and wires carries metallic conductors like copper for the power and information 
transmission (Suresh et al., 2017a; Suresh et al., 2017b). Aircrafts like Boeing 747 
contains around 135 miles of copper wiring which represent a weight of 4000 lbs 
(Gohardani et al., 2014). By fabricating the properties such as alignment, doping, 
type enrichment and densification of CNTs, it could be useful in replacing metallic 
conductors ranging from power transmission to the energy storage and conversion 
devices (Lee and Ramakrishna, 2017).

Furthermore, CNT based polymer nanocomposite systems are established 
as a solution for managing the vibration damping and noise control in air and 
space crafts. Khan et al., (2011) indicated the possibilities of MWCNTs in order 
to improve the vibration damping properties of carbon fiber reinforced polymer. 
Even lower quantity (<1%) of MWCNTs could be useful for the generation of a 
polymer nanocomposite with good damping properties. Verdejo et al., (2008) have 
designed silicon nanocomposite by incorporating CNT into the polymer matrix. 
With the increase of nanomaterial in the polymer matrix the composite has shown 
improvement in the reduction of acoustic absorption. By invoking the properties of 
such CNT based nanocomposite it may feasible to control the vibration damping 
as well as noise control in the aerospace vehicles. Moreover, carbon buckypaper 
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(aggregate of CNTs) are employed for the production of lightning protection materials 
(LPMs) either by incorporating into the polymer matrix or coated on the surface 
of the material. Han et al., (2015) synthesised carbon buckypaper and applied as a 
LPM material along with the epoxy adhesives for the protection of the carbon fiber 
reinforced plastics. Alternatively, CNT based coatings are applied onto the surface 
of the aircraft as coating for enhancing the electrical conductivity consequently, 
such coating can elevate the lightning strike efficiency. However, unlike CNT the 
carbon buckypaper does not need proper dispersion in the polymer matrix since 
they can form sheet like material so they can directly applied over the reinforced 
composite materials. As a result, carbon buckypaper is established as an exciting 
material for the lightning protection of the aerospace vehicles in the current scenario 
(Prabhakaran, 2011).

Other than the aforementioned properties, the materials employed in the aircrafts 
or space crafts required higher thermal stability as well as flame retardant properties. 
CNTs offer improvement in the thermal stability and flammability properties 
of polymeric materials. In a study, Kasshiwagi et al., (2005) demonstrated the 
enhancement in flame retardancy of the polymer matrix after incorporating SWCNTs 
into the polymer matrix. Homogeneously dispersed CNTs in the polymer matrix 
forms a network work structured layer over the polymeric surface such formations 
act as a boundary between the solid phase and the gaseous phase during combustion. 
Therefore, layer formed does not allows the formation of cracks and openings during 
the burning consequently it reduces the flammability characteristics. Schartel et al., 
(2005) have been evaluated the thermal and flame retardancy effect of 6 wt% MWCNT 
on the polyamide. This study illustrates that the percolated structure developed 
inside the polyamide matrix during the mixing improves thermal degradation, melt 
viscosity and flammability behaviour. Furthermore, several studies are indicating 
that functionalised CNTs can also improve the thermal and flammability of different 
polymers. Yu et al., (2011) investigated the effect of molybdenum-phenolic resin 
grafted MWCNTs for improving the characteristics such as flame retardancy 
and mechanical properties of epoxy resin. Interestingly, results indicate that the 
modified epoxy resin shows higher flame retardancy via increased char yielding as 
compared with unmodified counterpart. Similarly, mixtures of nanoclays, silicon 
and graphenes along with CNTs can impart improvement in the flammability and 
thermal properties of the various composites (Beyer, 2002; Kuan et al., 2010; 
Huang et al., 2014). These studies are pointing towards the possibilities of CNTs 
or modified CNTs in the production of composites for the aerospace applications 
since epoxy based components are frequently employed as a structural material in 
aerospace vehicles (Ye et al., 2005).

 EBSCOhost - printed on 2/14/2023 2:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



177

Architect of Polymer Nanocomposites for Aerospace Applications

In addition to it, CNT nanocomposites also established its applications as advanced 
materials in aerospace industry such as advanced structural health monitoring 
systems (SHMs) and coating applications. In the present scenario, SHM sensors are 
either incorporated within the composites or outside surface of the structure, such 
sensors responding to the lower impact or strain developed due to the lower impacts 
(Sebastian et al., 2014). The CNTs exhibits sensitivity analogous to conventional 
type of materials; moreover they can easily integrate into the composites. In 2004, 
Fiedler et al., (2004) investigated the possibilities of CNTs in FRPs for the first 
time. Thereafter a number of studies have been initiated by different researchers 
which explore the use of CNTs for sensing the damage properties of FRPs. After 
the incorporation of CNTs into the polymer matrix in the FRPs they can act like 
a neuron sensory networks, which facilitate the detection of microcrack and its 
initiation. Similarly, Boger et al., (2008) demonstrated that little amount (0.3 wt%) of 
MWCNTs are capable of producing self sensing material with GFR epoxy laminates. 
In another study by Sebastian et al. (2014) indicated that CNT coated glass gibers 
are alternative to conventional metal foil strain gages. Even if, numbers of research 
articles are indicating the possibilities of CNTs as SHMs, the real industrial application 
is still lacking in the structural applications. Alternatively, CNTs can act as good 
ablative material and therefore, those could be utilized in heat shielding materials 
for the application in solid rocket motors (Boger et al., 2008; George et al., 2018).

In addition, studies have been indicated that CNT based nanocomposites can 
also be used for advanced coating technologies in the aerospace structures. Such 
systems could prevent UV-radiation, corrosion, thermal exposure and oxidation due 
to various components in the atmosphere. In the current scenario, most of the air 
forces and domestic aircrafts are using alloys based on aluminium (Al 2024-T3 or Al 
7075-T6 for structural construction, however those are susceptible to the corrosion 
(Bierwagen and Tallman, 2001; Gkikas et al., 2012). Consequently, such parts are 
coated with polymeric components like epoxies and flexible polyurethane due to its 
versatile chemical and physical properties. Presently, researchers are exploring the 
possibilities of CNTs in coating materials since they can act as a protective barrier 
to Al by suppressing the corrosion rate. Gkikas et al., (2012) successfully developed 
epoxy/CNT nanocomposite for the coating applications. Moreover, researches over 
CNTs are signifying that surface modified CNTs are more effective as compared 
to the unmodified CNTs since former one can enhance the compatibility through 
interfacial bonding. Similarly, since from the early days of aviation, researchers have 
shown their interest over the fabrication of polymers with de-icing and anti-icing 
characteristics. Due to this fact that ice developed on the surface of the aircrafts 
appreciably blocks the air flow over the wing and alters the weight ratio. The CNT 
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based nanocomposites are established as excellent candidates for suppressing 
the formation of aircraft icing during flying, since they can engender the super 
hydrophobic and ice-phobic capacity to the polymeric coating materials (Larson 
et al., 2013; Prabhakaran, 2011). The common applications of CNTs in aerospace 
and its major functions are listed in the table 4.

CNF Based Polymer Nanocomposites

As compared to the other carbon nanomaterials, CNFs are using as a reinforcement 
agent in the polymer matrix owing to its higher tensile strength and modulus. 
Moreover, high aspect ratio and relatively lower production cost also contributes in 
the remarkable consideration of CNFs in the field of polymer technology. Analogous 
to other nanomaterials the excellent dispersion of the CNFs in the polymer matrix 
is the key parameter for the overall performances of the final developed PNCs. 
Besides, CNFs have considerable electrochemical properties which could be used 
for the production of the conductive materials. Furthermore, the surface of the CNFs 
is possible to modify with various chemical agents. Therefore, these tailor-made 

Table 4. Applications of CNTs and its functions in aerospace industry

Application of CNTs in 
aerospace Function of CNTs

Structural components
CNTs can provide higher toughness and strength along with the light 
weight characteristics to the polymer matrix which is used for the 
structural components.

De-icing components Aligned and oriented CNTs suppress the formation of the icing during 
flying.

Lubrication agent CNTs act as better lubricating systems than conventional systems.

Adhesives for joints and bonding Adhesive made up of CNTs can inhibit sparking across the joints.

LPM systems In PNCs CNTs acts as a conductive nanoparticle thereby enhances light 
strike efficiency.

EMI shielding CNTs act as EMI shielding of computer screens onboard air crafts

Flame retardant agent Homogeneously mixed CNTs in PNCs can enhance the flame 
retardancy via formation of char layer during burning.

SHM systems CNT incorporated in the PNCs can act as a neuron sensory network and 
which could be useful in detection of mico-cracks and voids.

Coating application CNTs based PNC can be useful for the prevention of oxidation and 
corrosion in the harsh atmospheric condition.

Portable nanomesh Applied in the space craft’s for the purification of waster.

Gas and chemical detector For the sensing and detection of the gas and chemical in the aerospace 
and space crafts.
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properties of CNFs are utilizable in the generation of the materials that could be 
used in aerospace applications (Al-Saleh and Sundararaj, 2011; Swain et al., 2017; 
Feng et al., 2014).

The mechanical properties of the polymers can be enhanced with the incorporation 
of the CNFs into its matrix. The CNF present in the polymer matrix can transfer or 
hold a significant amount of energy applied into it. Rodriguez et al., (2011) formulated 
different PNCs employing aerospace grade epoxy-sized plain woven carbon layer 
in the presence of amine modified CNFs and non modified CNFs. Among them, 
amine modified CNFs have shown higher mechanical properties as compared with 
virgin polymer and non-modified CNF containing PNC. This is attributed to the 
fact that amine functionalization results in the transfer of more load to the CNFs. 
Similarly, Zhu et al., (2010) compared the mechanical properties of CNF and the 
surface treated CNF (via silanization method) in epoxy materials. Interestingly, their 
result demonstrated that as compared with the pristine component CNF fabricated 
systems have shown higher tensile properties and elongation-at-break. Among 
them, surface modified CNF incorporated systems have shown higher mechanical 
properties due to enhanced miscibility achieved with the polymer matrix. CNFs are 
also used to fabricate properties of other polymers such as PEEK which commonly 
used in aerospace components. In a study by Sandler et al., (2002) pointed out 
that modulus, yield stress and fracture strength of the PEEK can be improved with 
varying CNF concentrations in the polymer matrix.

The CNFs are also found to be applicable in electromagnetic interference shielding 
(EMIS) components employed in aerospace materials. The nanomaterials like CNFs 
can provide better shielding effect because of its higher surface area (Fu and Chung, 
1996). Yang et al. (2005) formulated PNCs based on CNF and liquid crystal polymer 
via melt mixing technique. Further, generated PNCs have shown significant EMI 
shielding effects over a range of frequencies along with the enhancement in the 
thermal properties. The shielding mechanism mainly depends up on the reflection 
and multiple reflections. Yang et al., (2005) evaluated the EMIS effectiveness in 
the range of 8.2–12.4 GHz (X-band region) for the CNF and CNT in polystyrene 
matrix. Interestingly, their result indicates that with enhancing the CNF content, 
EMIS capacity of the polymer has been enhanced. However CNTs are more effective 
in offering EMIS compared to CNF in the same concentration. Alternatively, CNFs 
are also found to be attractive candidates for lighting protection components.

Graphene Based Polymer Nanocomposites

Graphene is consists of atomically thick single layer, planar sheet (2-dimensional) of 
carbon closely packed into the form of honeycomb crystal lattice (Figure 4 (a)). Each 
carbon atom present in the graphene are in SP2 hybridised state and are connected to 
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each other with σ bond having a bond length of 0.142 nm approximately. Moreover, 
carbon atom present in the lattice has π orbital which contributes to the delocalised 
network of electrons. Graphene has a large theoretical surface area of 2630 m2g-1 
for single layer of graphene as compared with other materials (Allen et al., 2009; 
Rafiee et al., 2009; Kim et al., 2010; Hussein and Kim, 2018).

The interest over the application of graphene in the aerospace industries has 
been come from its exceptional mechanical, electrical and thermal properties. 
Moreover, through the chemical modification the surface of the graphene can be 
activated by the incorporation of the polar functionalities, such forms are known as 
graphene oxides (GO) (Figure 4 (b)). As compared with the graphene, GOs have 
wide attractions in the nanocomposite technology, since those are readily available 
in great amount, easy to exfoliate and disperse in the polymeric matrix. The polar 
oxygen functionalities developed during the surface modification of graphene results 
in the use of GOs as reinforcing material in composites (Young et al., 2012). Such 
polar functionalities improves the interfacial interactions within the polymer matrix 
as a result, mechanical and thermal properties can be enriched.

Generally, graphene and GO are employed as filler in the polymeric systems 
inorder to improve the mechanical properties. Among them, nanocomposite composed 
of polymer and GO are utilized in the numerous aerospace applications due to 
their superior tensile strength and modulus. The GOs enhances the mechanical 
characteristics of epoxy materials that are commonly employed in the structural 
application of aircrafts due to its lightweight behaviour. NASA pointed out 
that epoxy nanocomposites can be employed for cryogenic storage applications 
(Mirabedinim and Kiamanesh, 2013). Atlan and Uysal (2016) investigated the effect 
of various ratios of graphene in epoxy resin and the formed composites have shown 
improvement in the mechanical properties such as tensile strength and stress-at-

Figure 4. (a) Graphene layer with a honey comb structure (b) Graphene oxide
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break. The improvement in the mechanical properties of nanocomposite with epoxy 
composite is associated with the high surface area of the GOs and accurate adhesion 
of GOs with the polymer matrix. The type of epoxy resins, chemical and physical 
nature of epoxy resin, hardener and preparation method also play crucial role in 
the generation of adequate mechanical properties. In a study, Gobi et al., (2017) 
point out that graphene quantum dots (GQDs) could be useful for the production 
of tougher and stronger polymer composite. Even with 2.5 wt% incorporation of 
GQDs into the epoxy matrix, the tensile strength, young modulus and nominal 
strain-at-break enhanced by 125, 153.4 and 18.1% respectively in contrast to the neat 
epoxy. Similarly, graphene nanoplatelets (GNPs) (short stacks of individual layer 
of graphite’s) are also established as a reinforcing material for polymeric matrix. 
In a research King et al., (2015) fabricated the aerospace grade epoxy resin (EPON 
862) with GNPs having various concentrations for the enhancement of mechanical 
properties. Furthermore, mechanical measurement indicates that GNPs have the 
ability to improve the mechanical properties like tensile strength and modulus in 
to a significant level.

In general, mechanical properties of the graphene based nanocomposites depend 
upon the homogenization of graphene as well as compatibility of graphene between 
the polymer matrixes. Graphene and GOs are able to enhance the glass transition 
temperature (Tg) of the polymeric matrix. The incorporation of such nanofillers affects 
the interchain bonding eventually the polymeric chains in the matrix become arrested. 
Moreover, during the mechanical stress, the stress homogeneously distributed over 
the graphene or GOs present in the matrix. Similarly, when the surface area of the 
reinforcement increases, the matrix-reinforcement is also enhanced. Subsequently, 
the load developed in the matrix can successfully transport in to the reinforcement 
in a number of routes. Consequently, graphene and GO reinforced polymeric matrix 
become tougher than the corresponding non-fabricated polymers (Ming et al., 2015). 
However, the improvement in the mechanical properties of polymer nanocomposite 
depends upon the ‘threshold amount’ of nanofillers present in it. Beyond this limit, 
nanofillers can adversely affect the mechanical properties of the polymer matrix 
due to the de-bonding and poor dispersion of nanomaterials.

Most of the polymeric substances employed in the aerospace industry are 
combustible due to its inherent organic nature. However, materials used in the 
aircrafts, skyscrapers and aerospace should not be liable to the fire. The current 
studies indicate that 20% of victims of airplane crashes are killed due to the exposure 
of fire (Ming et al., 2015). Various researches indicate that inclusion of graphene 
or GOs into the polymeric matrix can reduce flammability. In a study, Li et al., 
(2014) reported that modified GOs are able to alter the limiting oxygen index of 
epoxy components around 80% as compared with its virgin counterpart, which 
shows a transition of epoxy from flammable to non-flammable characteristics. The 
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distinctive two-dimensional layered structure of graphene and GOs plays a vital role 
in reducting in flammability characteristics of incorporated matrix, such layered 
structures promotes dense char formation during burning. Besides, higher thermal 
stability of the graphene and GOs also contributes to the improved flammability 
characteristics of the nanocomposites. The char developed due to the graphene 
and GOs during the initial burning of nanocomposite can act as a physical barrier 
between heat and polymer substrates. Moreover, overlapped char formation further 
delays the elimination of pyrolysis products from the polymer substrate (Sang et al., 
2016). Consequently, graphene or GO based materials become superior candidates 
for improving the flammability characteristics of the polymers.

Apart from it, recent researches explore the possibility of graphene nanocomposites 
in the development of high performance advanced materials like SHMs, LPMs, 
coating materials sensors, actuators, conducting application and thermal interface 
materials which could be useful in aircrafts and space craft applications. Nowadays, 
graphenes are found as a promising candidate for high performance thermal interface 
material due to the superior conductivity of graphene. As compared with the CNT 
based composites, graphene containing polymeric nanocomposites are indicating 
higher efficiency in the thermal conductivity (Atif et al., 2017). Besides, thermal 
conductivity of nanocomposites is strongly influenced by the orientation as well as 
the aspect ratio of graphene in the nanocomposites. Additionally, the nanocomposite 
preparation methods also contribute to the enhanced thermal conductivity (Atif et 
al., 2016).

In addition to it, graphene based polymer composite systems could be useful 
in the generation of SHMs particularly in aviation industries. The incorporation of 
functionalised graphene system into the composite system creates an electrically 
conductive network which is highly susceptible to the strain induced in the material 
(Atif et al., 2016). As compared to the graphene, modified graphenes contained in the 
various polymer matrixes shows enhanced SHMs properties. The polar functionalities 
developed in the modified graphenes are more ingrained into the polymer matrix 
rather than graphene. Therefore, these can offer a better conductive network than 
graphene in the polymer matrix. A recent study by Moriche et al. (2018) scrutinized 
the scope of functionalised graphene nanoplatelets for the creation of an electrically 
conductive network in epoxy glass fiber mutiscale composites.

To protect the structural components of aircrafts or space crafts from weathering 
and radiations various graphene and modified graphene are applying to it, since those 
can show better performance than its virgin counter parts. For instance, graphene 
fabricated nanocomposites have been shown superior de-icing, anti-icing capacity 
and anti-corrosion properties similar to the CNTs nanocomposites. Just like CNTs, 
graphene is also considered as an ideal candidate to restrain and improve the anti-
corrosion properties. Along with the higher surface area-to-volume ratio of the 
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graphene are also able to absorb light as well as it is showing hydrophobic behaviour. 
Due to these peculiar properties of graphene Monetta et al., (2015) have developed 
water born epoxy/ graphene nanocomposite for the coating of alloy Al 2024-T3, 
which is commonly employed in the aircraft structural components.

Inorganic Based Nanoparticle as Constructive Materials

Similar to the carbon based nanomaterials, inorganic (or non-carbon) nanomaterials are 
also engaged in the preparation of PNCs (Kumar et al., 2017a; Kumar et al., 2017b). 
Inorganic nanomaterials like nanoclays, nanosilicates, nanotitanium are commonly 
employed in polymer matrixes which are commonly applied in the aerospace 
industry. Among them nanoclays and nanosilicates are extensively studied due to 
its ability to tune for better flammability, mechanical and permeability properties 
inthe enhancement of mechanical properties. the polymer matrix.

Nanoclay as Constructive Material

Nanoclays are considered as naturally occurring nanoparticles segregated from the 
layered mineral silicates with platelets of approximately 100 nm in size. The weak 
vanderwals force of attraction holds the silicate layers together in nanoclays. The 
techniques such as melt intercalation and co-vulcanization can lead to the generation of 
polymer clay nanocomposites (Srinath and Gnanamoorthy, 2005; Usuki et al., 2005). 
Nanoclays, on lesser proportion has the capability to improve the mechanical, thermal, 
electrochemical and flammability properties of the polymeric matrix (Prabakaran et 
al., 2014a; Usuki et al., 2005; John et al, 2010). Moreover, they can be well dispersed 
in the matrix and can offer very high surface area at the interface of polymer matrix 
even without affecting the density of the developed PNCs. Nevertheless, increase 
in strength of polymer can follow with the improvement in stiffness and brittleness, 
ensuing in the damage of the PNCs derived structural components (John et al., 
2008). In addition, by tuning the surface chemistry of nanoclay through chemical 
reactions or by means of exchange of cations, it could be possible to further enhance 
compatibility between polymer matrixes. Montmorillonite is the most frequently used 
nanoclay of all the time which belongs to the 2:1 phyllosilicates family. In addition 
to the high surface area, geometrical anisotropy of layered silica platelets enhances 
the filler-matrix interface synergy that can be manipulated for the considerable 
improvement in the composite properties. Among the two types of PNCs structure 
developed, PNCs with intercalated structure possess a well packed multilayered 
order that encompasses polymer/silicate layer structure in a mean distance of few 
nanometer scale, whereas, exfoliated PNC possesses random distribution of silicate 
layers in the polymer (Sengupta et al., 2007; Sadhu and Bhowmick, 2005).
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Polymer foam based sandwich structured nanocomposites have been constituted 
in the structural applications in the aerospace materials. Highly damage tolerant 
hybrid syntactic foams with nanoclays can be utilized as sandwich core materials 
in the aerospace applications (Maharsia et al., 2006). Similarly, nanoclays could 
be employed for enhancing the properties of polymer matrix, especially aerospace 
epoxy grade materials. Jumahat et al. indicated improvement in compressive response 
and fracture toughness in aerospace epoxy with nanoclay content up to 5 wt%. 
The rigid nanoclay platelets present in the polymer matrix absorb energy imparted 
during mechanical stress. Consequently, nanoclay fabricated systems gives higher 
mechanical stress as well as plastic deformation (Yasmin et al., 2006).

Relatively, small amounts of nanoclay in the range of 3-5 wt% can effectively 
improves the mechanical, thermal and barrier properties of the polymer matrices. 
Besides, these properties are valuable for providing safety to the aircraft structures 
during the use or fire impact (Song et al., 2003). Studies are indicating that nanoclays 
can alter the heat deformation temperature of the polymeric matrix positively (Ray 
et al., 2003). Moreover, the thixotropic characteristics of nanoclay fillers can soothe 
the air absorbency of tyres and fuel tanks and hence can serve as a substitute for 
traditional materials like talc and titanium dioxide (Lin and Chung, 2008; Kawashima 
et al., 2013).

Surface modification of the nanoclays can further promote the compatibility 
between the polymer matrixes (Figure 5 (II)). A report by Balakrishnan and Raghvan 
(2003) indicated the possibility of surface modified nanoclay for fabricating the 
properties of the epoxy based polymer matrix. Modification of nanoclay leads to 
proper mixing with polymer matrix further. Author point outs the possibility of 
produced material in aerospace application. Similarly, in another study Raghavan 
prepared PNC with DGEBA epoxy system and C19:C18 nanoclay in the presence 
of MPDA for aerospace application. As compared with the unmodified, modified 
polymer matrix has been shown prodigious improvement in the tensile properties, 
in contrast to unmodified polymer (Yebassa et al., 2003).

Remarkable improvement in the tensile modulus of a polymeric material can be 
manifested with the incorporation of layered silicates into the matrix. On dealing 
with the nanocomposites, the amount of enhancement in the tensile modulus directly 
depends upon the aspect ratio of the distributed clay particles (Messersmith and 
Giannelis, 1995). For instance, Amir et al. applied two roll milling technique to 
infuse nanoclays into glass fiber reinforced polymers which have been utilized in 
aerospace structural applications. This research indicates that nanoclays can improve 
flexural strength and modulus of the polymeric systems with increasing the content 
of nanoclays (Amir et al., 2015). Zilg et al., (1999) and his co-workers unveiled the 
interdependence of the structure of the layered silicate and polymer, stiffness and 
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toughness of thermoset nanocomposites in terms of the type of the nanoclay and 
its components. They reported that the primary factor that affects the enhancement 
of matrix stiffness relies on the supramolecular construction which is developed as 
a consequence of the disseminated laminated nanoparticles.

The role of MMT based nanocomposite in the fire retardant applications has been 
well established since 1976. Later on 1997, Gilman et al., (2000) conducted a detailed 
study regarding the flammability of the nylon 6/layered silicate nanocomposite. 
Studies on the flammability of MMT-nanocomposites have shown that the well 
dispersed nanoclay in the matrix could offer good reinforcement effect that eventually 
will fall on the flame retardancy in the developed samples. The mechanism of fire 
retardancy in the clay system is due to the genesis of the carbonaceous-silicate char 
formed on the surface during the combustion, which can act as an insulating barrier, 
consequently reduces the mass loss rate during the degradation process (Gilman et al., 
2000; Bourbigot et al., 2000). The recommended mechanism involves the formation 

Figure 5. (I) Modification of polymer matrix with nanoclays (II) effect of surface 
modified nanoclays on polymer matrix and (III) flame retardency mechanism of 
nanoclay incorporated polymer matrix
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of char that can serve as a barrier for the mass and energy transfer. The amount 
of clay in the matrix is a prime factor that modulates the quantity of char formed 
and the heat release rate gets level off. In this context, one type of nanocomposite 
got intercalated and the other two systems got exfoliated. The intercalated fraction 
significantly minimises the heat release rate vis-à-vis other exfoliated fraction (Zhu 
et al., 2001). This inference adds on the fact that, an intercalated species is more 
efficient than the exfoliated fraction in the fire performance (Gilman et al., 2000). 
The possible fire retardency mechanism is indicated in figure 5 (I and III) (Cui et al., 
2015). Consequently, many of the researchers adopted nanoclay for improving fire 
retardant properties of their polymer matrixes which are commonly used in aerospace 
applications. A report by shan et al., (2013) demonstrated the effect of nanoclay 
on abaca fiber reinforced polypropylene composite for improving the flammability 
performance. This research indicates that the tensile and flexural properties can be 
tuned with nanoclays. Further, the materials developed can be applicable in aerospace 
components. Additionally, epoxy/clay based nanocomposites are suitable for the 
generation of lightweight composites with higher cryogenic gas storage capacity. 
Moreover, such products are highly flame retardant therefore those can be useful in 
the manufacturing of aerospace and aircraft structures (Rathod et al., 2017; Azeez 
et al., 2017). Similarly, many researchers have been focussed on the improved 
thermal stability of the PNC prepared with different types of nanoclay in different 
polymer matrices. Polyimide/clay nanocomposites are showing superior abrasion 
resistance, heat resistance and barrier properties as compared with its unmodified 
part. Therefore, polyimide/clay nanocomposite could be a suitable candidate for floor 
lining or cargo areas of commercial airlines (Rathod et al., 2017; Azeez et al., 2017).

Nanoclays are proven to influence the barrier properties by means of retarding 
the acceleration of gas molecules in the polymer matrix via the formed labyrinth. 
The systematic influence of such type of labyrinth formation in a PNC is obvious 
in the developed polyimide/MMT composite with improved the barrier properties, 
where an enhancement in the gas barrier properties with the synchronic minimization 
of thermal expansion coefficient can be seen (Yano et al., 1993). Various studies 
indicate the possibilities of the clay-polymer nanocomposites for reducing the 
permeability of oxygen, H2O, Helium, CO2 etc. Exfoliation of the nanomaterials 
in the polymer matrix affects the barrier properties of the final products. Highly 
exfoliated materials suppress the diffusive path of the gas molecules. As compared 
with the conventional nanocomposite nanoclay enabled polymer matrix shows 
enhanced gas barrier property due to the tortuous path followed by the gas molecule 
inside the polymer matrix (figure 6). Epoxy/clay nanocomposites are also showing 
significant gas barrier behaviour. So, they can be used as a replacement for TiO2 
and talc powder in fuel tanks (Stan et al., 2012).
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Nanosilica as Constructive Material

Nanosilica reinforcement is aimed to impart improved fracture toughness, impact 
strength, modulus, abrasion resistance, dielectric properties, heat distortion 
temperature, chemical resistance, glass transition temperature, toughness and 
weathering stability to the polymer matrix (Wu et al., 2002; Zhang et al., 2006). 
Epoxy resin, the most sustainable matrix in the structural applications when reinforced 
with silica-siloxane structure via in-situ sol gel process found that a dramatical 
increase in the modulus values of the corresponding systems resulting in a uniform 
dispersion of the inorganic phase in the organic system is still laborious to acquire 
by means of mechanical amalgamation. Hence, the sol-gel technique has been widely 
utilized for the effective distribution of silica nanoparticles in the successive polymer 
matrix systems. With this technique, inorganic or organic-inorganic systems can 
be productively prepared from the preliminary liquid materials. Making use of the 
chemical methods can synthesize nanoparticles with lower agglomeration. However, 
the transfer of these silica nanoparticles from the aqueous medium to the prepolymer 
of epoxy resin without disturbing the particle distribution is challenging (Matĕjka 
et al., 2000). The nanosilica system developed by a German company (Nanopox F, 
nanoresins AG) is well evaluated to acquire proper dispersion with 40-50 wt% in 
epoxies. Nanopox F is the spherical, surface modified colloidal silica particles with 
narrow particle size distribution in the resinous matrix prepared from the aqueous 
solution of sodium silicate via chemical synthesis. The hydroxyl groups present in 
the surface of silica particles can react with the bisphenol-A component in the epoxy 
and thereby a hydrophobic organic surface coating can be achieved (Mahrholz et 
al., 2003). A well known alloy of aluminum (AL 6061-T6) containing magnesium 

Figure 6. Gas molecule travelling mechanism (a) tortuous path present in polymer/
nanoclay composite and (b) conventional polymer nanocomposite
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and silicon elements is often utilized in the aircraft industries due to its superior 
hardness and weldability. However, the system is susceptible to the friction, the 
need for lubrication is critical. Sayuti et al., (2014) scrutinizes the advantages of 
introducing SiO2 nanolubricant in the cutting zone of the AL6061-T6 system for 
the stability in the severe conditions filing up of the minimal friction can surmount 
the thermal deformation. It accounts for the exceptional accomplishment of the 
friction reduction with nano SiO2, which itself can reduce the oil consumption too 
in contrast to conventional pure oil lubrication system that was previously used 
for the machining process. Mechanical as well as thermal stability are of critical 
significance for the development of light weight composites for aerospace structural 
components. A well damping system has to be endowed for the efficient damping 
of the unwanted vibrations while preserving the thermal stability beyond the entire 
operational environment. Jang et al., (2011) has been reported the incorporation of 3 
wt % of nanosilica with 3 wt % CNF, can augment the damping loss factor by 15.6% 
at room temperature with a consistency in thermal stability, approximately 15% 
decrease in the thermal expansion coefficient. The addition of silica nanoparticles 
can bring better thermal stability to the system with the remarkable advantages 
of low cost, low density, low thermal expansion coefficient and non-toxic nature. 
Therefore, it is worth mentioning that nanosilica with a wide continuum of utilities, 
rules the machining operation as well as development of structural component parts 
in the aerospace industry.

Other Inorganic Nanomaterials as Constructive Materials

Along with the nanoclays and nanosilicates, some other inorganic nanomaterials are 
also exploited for the production of PNCs which could be applicable in aerospace 
applications. In a study by Gilbert et al., (2003) employed nanoalumina for the 
modification of aerospace grade epoxy based film adhesives. Further, this study 
indicates that the peel shear strength and fracture toughness of the polymer matrix 
has been increased with the incorporation of the nanoalumina. Similarly, Qi et al. 
(2013) prepared fabric self lubricating liner for the tribological application inducing 
nano-TiO2 in the diluent of phenolic resin. TiO2 nanoparticles are also applicable in 
modification of the mechanical properties of FRP composites. Seshanandan et al., 
(2016) pointed that TiO2 could be useful for improving tensile, flexural and shear 
strength of the hybrid jute glass FRPs. The photovoltaic capacity and electrochemical 
properties of the high performance polymers can also be altered with the help of 
the nano-TiO2 or its modified forms (Prabakaran et al., 2015; Prabakaran et al., 
2014b). Besides, another inorganic nano-carbon black (NCB) has been studied by 
Leng et al., (2009) for the infrared light active shape memory polymer applications. 
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Similarly, NCB can be also useful for the modification of the interlaminar properties 
of the phenolic matrix at higher temperatures (Huiping, 2003). Other inorganic 
nanomaterials like nano-Si3N4 and nano-SiC can also be applicable in the aerospace 
industry since they can provide higher wear resistance to the polymer matrix like 
PEEK (Dasari et al., 2009).

CURRENT TREND AND CHALLENGES OF PNCS AS 
CONSTRUCTIVE COMPONENTS IN AEROSPACE INDUSTRY

The PNCs proffer exclusive opportunity for the enhancement and tailorability of 
physico-mechanical, thermal and structural properties which would be valuable in 
construction of various constructive materials applied in the aerospace industry. 
As compared with the earlier periods, recent development in nanotechnology field 
has been results the advancements in the production of various nanomaterials with 
higher yield, varied shape and size. Unlike macrofillers, nanofillers can ensure 
the enhancement of multiple functionalities to the polymer matrix. Among the 
different nanofillers organic nanomaterials like CNTs, CNFs and graphenes and 
their various surface modified forms are fructified in current scenario owing to 
their broad spectra of applications. Among them, surface modified nanomaterials 
are attractive in recent times since those can augment the compatibility between the 
polymer matrixes. Moreover, CNTs and its varied form based PNCs are far ahead 
in developments as compared to other nanomaterials. For instance, the potential of 
CNTs is exploited in the production of cryogenic fuel tanks sensing applications 
and advanced structures of aerospace since those can provide higher mechanical 
strength, chemical resistance, fire retardancy and lower permeability. Moreover, 
new production techniques chirally sorted CNTs and long CNTs accelerated the 
possibilities of employing them in aerospace components (Zhang et al., 2013; 
Ganzhorn et al., 2011).

Several lab studies, simulations and modelling indicated the practicability of 
the PNCs in aerospace products however their applications are limited. In order to 
resolve this situation the manufacturers should coincide and advocate the usage of 
PNCs in their products. Furthermore, difficulties in production of nanomateials and 
its cost, lower yield, time consumption during its production restricts them in varied 
application. Moreover, achievement of homogeneous distribution of nanomaterials 
in polymeric matrixes is also difficult for the undertaking. The heterogeneous 
distribution of nanomaterials in polymer matrixes adversely affects the properties 
generated product. Similarly, the release of nanomaterials into the environment 
during its production or manufacturing of PNCs are also highly hazardous. Such 
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liberated nanoparticles generate negative impact on the human and biota (Farré et 
al., 2009; Lin et al., 2010). Besides, the recycling techniques of end-of-life PNCs 
products are still in beginning stage therefore it will also conversely affects the usage 
of PNC technologies in aerospace applications.

FUTURE PROSPECTIVE AND CONCLUSION

The potential of nanomaterial in the PNCs fabrication and development of novel 
materials for aerospace applications has been reviewed in this chapter. The current 
technologies indicates that nanomaterials could be act as a promising candidate for 
improving the existing struggles in the production of structural and non structural 
components of aerospace materials. Inorganic and carbon based nanomaterials are 
suitable for the enhancement in the properties of different polymer composites. 
Among the different nanomaterials, CNT based components are widely employed 
due to its peculiar properties. Moreover, the utilization of the PNCs in the aerospace 
industry is expected to be enhanced in near future due to its specific material 
characteristics along with light weight nature. The impact of nanotechnology forced 
to generate different composites with multiple functionalities. The compatibility of 
the nanomaterials with polymer matrix can be enhanced with the help of techniques 
like ultrasonication and axial flow impeller. Moreover, surface modifications 
of the carbon based nanomaterials are also helpful to enhance the compatibility 

Table 5. Challenges and possible remedies of application of PNCs in aerospace 
industry 

Challenges Possible remedies

Limitation in availability of the 
precise nanomaterials

The adoption of the advanced technologies for the synthesis of 
the nanomaterials by the manufacturers can be employed for the 
increased production of nanomaterials.

Specificity of the nanomaterials for 
the products

The researchers and manufacture should toil together to found the 
suitable nanomaterials for the existing and formulated components.

Incompatibility of the nanomaterials 
with polymer matrix

Surface modification of the nanomaterials using various chemicals 
and advanced techniques such as probe sonication can improve the 
proper dispersion and thereby compatibility of the nanomaterials in 
the polymer matrix.

Recycling of developed PNCs
Hazardous behaviour and recycling possibilities of the developed 
materials should be considered by the manufactures and researchers 
on its origin stage.
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between the polymer matrixes and it can further improve the properties of PNCs. 
Furthermore, researches over hybrid nanomaterials indicate that they can improve 
the significant properties than their corresponding nano-counter parts. Therefore, 
hybrid nanomaterials could be also useful for the fabrication of PNCs.
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ABSTRACT

Electromagnetic waves can have serious effects on human health by long-term 
exposure. Developing lightweight materials with good electromagnetic radiation 
shielding (EMS) that could prevent interference is a high desire for protection. 
Nanocomposites polymers have a wide range of potential applications and offers 
suggested solutions in environmental and aerospace applications. This chapter will 
cover the current challenge in the reduction of electromagnetic wave by developing 
lightweight absorber material with a wide absorption frequency. A wide range 
of different nanocomposites polymers contain conductive fillers such as metal or 
magnetic nanoparticles and carbon-based materials will be discussed. In addition, 
EMS mechanisms of reflection, absorption, and multiple reflections will be discussed. 
The unique of the chemical and physical properties of nanocomposites polymers are 
promising for shielding with low-cost environmentally friendly material.

INTRODUCTION

Electromagnetic pollution appears to be inconvenient with advances in technology 
and use of electronics and telecommunication devices. Electronic equipment and 
systems emit waves in the range of microwaves and for this reason the need to shield 
such radiation arise. Shielding efficacy has paying attention in military applications 
and in civil communication.
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Electromagnetic interference (EMI) can disrupt electronic devices, equipment, 
and systems that are used in critical applications. Examples include medical, military, 
and aerospace electronics as shown in (Figure 1). Typical applications are civil and 
military manned and unmanned aircraft (fixed and rotary wing), spacecraft, missiles, 
rockets, blimps, and racing vehicles. Electromagnetic shielding is the practice of 
reducing the electromagnetic field in a space by blocking the field with barriers made 
of conductive or magnetic materials. Shielding is typically applied to enclosures 
to isolate electrical devices from the ‘outside world’, and to cables to isolate wires 
from the environment through which the cable runs. EMI shielding effectiveness is 
heavily dependent on conductivity- higher conductivity results in better shielding 
performance. The current challenge in the reduction of electromagnetic wave is to 
develop lightweight absorber material with a wide absorption frequency (Lagarkov, 
2009; Sakai, 2010).

The field of astronautics and aerospace presents higher demand for the weight 
and performance of shielding materials. Shielding materials should meet a series 
of requirements to suit current demands: and resistant to corrosion and chemicals, 
lightweight, flexibility and cheap. The fabrication of materials which are capable of 
shielding incident electromagnetic radiation and meet the criteria mentioned above 
is nowadays an active field of research.

Figure 1. Electromagnetic shielding in aerospace applications
Source: This picture was taken from https://www.conformalcoating.co.uk/index.php/market-sectors/
aerospace
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The presence of nanoparticles in a polymer matrix alters the characteristics of 
the polymer as the mechanical and thermal properties. Polymer composites offer 
several advantages over traditional absorber used for electromagnetic interference 
(EMI) shielding and very promising to be the next-generation shielding materials. 
Due to the extremely high electrical conductivity, efficient and light weight. (Kasagi, 
1999; Li, 1993).

Although polymers are electromagnetic transparent, different strategies are used 
to shift them into active electromagnetic shields. The incorporation of nanomaterials, 
such as nanocarbons and magnetic nanoparticles, into matrix of polymer is becoming 
one of the most effective processes to reach this end. Polymers provide many 
properties over ceramics and metals in the area of shielding.

To obstruct magnetic fields and to control levels of electromagnetic radiation, 
magnetically permeable particles such as spinel ferrites or ion–nickel alloys should 
be combined with polymers. In addition to weight reduction, the incorporation of 
nanoparticles of these magnetic materials might enable to exceed their essential cutoff 
frequency. Therefore, the tendency of using high aspect ratio particles has grown 
rapidly. Metallic particles of nickel (Ni), copper (Cu), silver (Ag) and aluminum 
(Al) flakes incorporated into polymers as polyimidesiloxane, polyurethane resins, 
or polyethersulfone have been extensively investigated (Li, 1991; Li, 1994; Morgan, 
1991).

Next, loading of epoxies and thermoplastics with higher aspect ratio conductive 
stainless steel fibers or metallized glass, polyester, and carbon fibers shift the attention 
away from particles (Tan, 1999; Nan, 1986; Shinagawa, 1999; Tzeng, 2001).

Nowadays, conductive polymer-magnetic nanocomposites have drawn significant 
interest of researchers by combining the magnetic and conducting properties. Because 
of their extraordinary properties such as their economical importance, superior 
stability, lighter weight, better workability, resistance to corrosion and satisfactory 
electrical conductivity (Al-Saleh, 2011; Gelves, 2011; Hu, 2012; Sarvi, 2014).

In particular, magnetic iron oxide nanoparticles can be well dispersed and 
protected in a polymer mass which, in turn, acquire the characteristic magnetic 
properties of the oxides. The particle has superparamagnetism, when the diameter 
of magnetic metal oxide particle is less than 20 nm. The magnetic nanoparticle 
show strong magnetism in the presence of magnetic field but its magnetism will 
disappear in the absence of magnetic field. Therefore, this kind of magnetic carrier 
cannot be magnetized permanently in the magnetic field. The content of the magnetic 
nanoparticles is one of the important parameters. It can reflect the magnetic response 
capability of the particles. In addition, flexible polymeric composites loaded with 
Cu or Ag nanowires have been studied. Structure, geometry, and electrical properties 
of conductive nanomaterials play an important role in the mechanical and electrical 
properties of polymer composite. Furthermore, the structure and morphology of 
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nanomaterials in a polymer matrix are found to be essential in product properties. 
The morphology control of nanomaterials became of attention for researchers in 
changing the final properties of polymers.

This review is focused on the fabrication methods of wide range of different 
lightweight nanocomposites polymers. Mechanisms of shielding by reflection, 
absorption and multiple reflections are also discussed. In addition, the effect of fillers 
type and filler loadings on the performance of shielding materials was presented.

ELECTROMAGNETIC WAVES

The electromagnetic spectrum contains all known frequencies of electromagnetic 
(EM) radiation (Figure 2), from radio waves, through the visible light spectrum, up 
to gamma rays (Kimmel, 1995; Markstein, 1995; O’Shea, 1998).

Radio frequency radiation is low on the EM spectrum. Below it, we find extremely 
low frequency (ELF) radiation, such as what is emitted by the power lines and 
electrical circuits we use to supply electricity to our homes, then very low frequency 
(VLF) radiation such as computers/screens.

Above radio frequency (RF) radiation, we find microwave radiation (MW 
radiation), which is what your microwave oven and mobile phone uses. Above MW 
is infrared (IR), such as that emitted by motion sensors or remote controls and then 
we have visible light. Collectively ELF, VLF, RF and IR are known as non-ionizing 
radiation. It is a long-held belief that the less energetic EM radiation in the lower 
end of the EM spectrum is less damaging than radio frequency radiation or MW, 
and x-rays are more damaging than ELF, VLF, RF and MW. This is why criteria 
for safety standards are different in each range of the EM spectrum.

Figure 2. Electromagnetic wave spectrum
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However we know that even low-energy electromagnetic frequency (EMF) can 
cause bodily damage. A high-powered ELF field can deliver enough current to kill 
a person (such as a lightning strike or electric chair), while a person does not even 
feel a low-powered radio signal (such as a transmission from a baby monitor) that 
is composed of waves that can be a million times more energetic.

PROCESSING METHODS OF LIGHTWEIGHT 
NANOCOMPOSITES POLYMERS

Typical lightweight nanocomposites polymers are a combination of polymer (matrix) 
and filler (reinforcement). Fabrication of lightweight nanocomposites polymers can 
be generally classified in four categories:

The common ones are 1) Direct mixing of polymer and fillers 2) In situ precipitation 
3) Polymerization in the presence of fillers and 4) Electrospinning process.

The first simple method is to incorporate the mixing of the filler e.g. metal 
nanoparticles and polymer materials, which are previously fabricated separately by 
direct mixing. The adsorption behavior, physical or chemical, is between the filler 
nanoparticles and the polymer spheres (Bizdoaca, 2002).

The second method is through in situ precipitation of fillers in the presence of 
polymer, where the fillers are surrounded by a polymer shell (Dumazet-Bonnamour, 
2000).

The third method for synthesizing lightweight nanocomposites polymers is 
monomer polymerization by dispersing the fillers directly in the liquid phase of a 
polymerizable formulation. Then, polymerizing of the monomer in the presence 
of the metal nanoparticles to form lightweight nanocomposites polymers. Several 
processes have been developed including emulsion polymerization, dispersion 
polymerization, suspension polymerization, microemulsion polymerization and 
miniemulsion polymerization (Lu, 2009; Hoffmann, 2001).

The fourth and common route for fabrication of lightweight nanocomposites 
polymers is electrospinning. Electrospinning has been used to fabricate wide types 
of hybrid composite nanofibers by incorporating nanoparticles into different polymer 
matrixes. By embedding functional materials into nanofiber, it is also possible to 
provide electrospun nanofiber with magnetic, optical, electrical, and antibacterial 
properties (Sadchikov, 1997; Jackson, 1998; Kumar, 1997). Commonly, electrospun 
composite nanofiber is fabricated by two methods. The first is done by direct 
incorporation of nanoparticles into the polymer solution before electrospinning 
process. As shown in Figure 3, represent of electrospun functionalized magnetic 
polyamide 6 composite nanofiber (Darwish, 2017). The second method is performed 
via a post-treatment the surface of the fiber with nanoparticles (Bhatgadde, 1997). 
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Electrospinning is a broadly applied technology used to fabricate nanofibers from a 
wide range of materials of synthetic and natural polymers (Bhardwaj, 2010). A high 
voltage electrostatic field is used to induce the ejection of a liquid jet, which stretches 
into continuous fibers in the submicron range (Kang, 2005). The electrospun material 
exhibits unique features such as uniform ultrafine fibers, high surface-to-volume 
ratio, tunable porous structures, and controllable composition. Making it capable 
to achieve the desired result from its properties and functionality. These qualities 
allow the materials to be successfully applied in various fields such as biosensor 
(Liu, 2009), tissue engineering scaffold (Agarwal, 2008), drug delivery (Huang, 
2006), wound dressing (Jia, 2007), and protective clothing (Ramakrishna, 2006).

TYPES OF MECHANISMS

Mechanisms of shielding can be generally classified in three categories: 1) Reflection 
2) Absorption 3) Multiple reflections.

Reflection is the primary mechanism of EMI shielding. For reflection of the 
radiation by the shield, the shield must have mobile charge carriers of holes or 
electrons, which interact with the electromagnetic fields in the radiation. As a result, 
the shield tends to be electrically conducting, although a high conductivity is not 
required. For example, a volume resistivity of the order of 1 ohm cm is typically 

Figure 3. Electrospun functionalized magnetic polyamide 6 composite nanofiber
Source: This picture was taken from Darwish (2017)
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sufficient. However, electrical conductivity is not the scientific criterion for shielding, 
as conduction requires connectivity in the conduction path (percolation in case of 
a composite material containing a conductive filler), whereas shielding does not. 
Although shielding does not need connectivity, it is enhanced by connectivity. The 
most common materials for EMI shielding are the metals. They function mainly by 
reflection due to the free electrons in them. Metal sheets are bulky, so metal coatings 
made by electroplating, electroless plating or vacuum deposition are commonly used 
for shielding (Chung, 2001; Sidhu, 1997; Hajdu, 1997; Klemmer, 1996; Gwinner, 
1996; Bhatia, 1995; Zhang, 1995; Mandich, 1994; Jackson, 1994; Nagasawa, 1999; 
Dixon, 1998; Mason, 1994). The coating may be on bulk materials, fibers or particles. 
Coatings tend to suffer from their poor wear or scratch resistance.

Absorption is usually the secondary mechanism of EMI shielding. For major 
absorption of the radiation by the shield, the shield must have electric and/or 
magnetic dipoles which interact with the electromagnetic fields in the radiation. 
The electric dipoles may be provided by BaTiO or other materials having a high 
value of the 3 dielectric constant. The magnetic dipoles may be provided by FeO 
or other materials having a high value of the magnetic permeability, which may be 
improved by reducing magnetic domain walls number by using of a multilayer of 
magnetic films (Grimes, 1994).

The third a mechanism of shielding is multiple reflections, which refer to the 
reflections at a variety of surfaces or interfaces in the shield. This mechanism requires 
the presence of a large surface area or interface area in the shield. An example of a 
shield with a large surface area is a porous or foam material. An example of a shield 
with a large interface area is a composite material containing filler, which has a large 
surface area. The loss due to multiple reflections can be neglected when the distance 
between the reflecting surfaces or interfaces is large compared to the skin depth.

The sum of all the losses, whether due to reflection, absorption or multiple 
reflections, is commonly expressed in shielding effectiveness (dB). The absorption 
loss is proportional to the thickness of the shield. When an electromagnetic wave 
with incident energy (EI) impacts on a material (Figure 4) two waves are created 
on the surface: A reflected energy (ER), due to the impedance mismatch between 
the two mediums, and a transmitted wave into the material (EI-R) (Gonza´lez, 2018).

Inside the material, a fraction of the wave (EI-R) may be dissipated as heat (EA) 
by Joule effect until it reaches the second surface of the material. At this point, two 
new waves appear: One that is transmitted through the surface (ET) and a new wave 
that is reflected into the material. This process is repeated successively until it meets 
the criteria stated by equation (1):

EI= ∑ ER + ∑ EA + ∑ ET	 (1)

 EBSCOhost - printed on 2/14/2023 2:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



213

Lightweight Nanocomposites Polymers for Shielding Application

Both in the reflection and transmission process, waves generated at each step, 
may cause constructive and destructive interferences depending on the sample 
thickness and frequency. The reflection process on each plane of the material is what 
is called multiple reflections. Therefore, the electromagnetic shielding efficiency of 
a material can be quantified as the sum of three contributions: reflection, absorption 
and multiple reflections equation (2):

SE= SER +SEA + SET	 (2)

MATERIALS FOR ELECTROMAGNETIC SHIELDING

The current challenges are to develop lightweight materials with wide absorption 
frequency, high thermal stability, and resistance to oxidation, for the next generation of 
EM absorbers. In Table 1, represent the shielding performance of various lightweight 
nanocomposites polymers

Magnetic materials are good potential candidates as microwave shielding due to 
their combination of dielectric and magnetic loss as well as controllable morphologies 
(Wang, 2013; Al-Ghamdi, 2012; Kim, 2012). Specially, among the available various 
magnetic materials, magnetite (Fe3O4) nanoparticles are one of the most promising 
conduction allotropes, on the basis of their superior electrical and thermal properties 
comparing to other magnetic materials (Wei, 2011; Ma, 2012). Fe3O4 nanoparticles 
have recently attracted great attention because of their valuable properties, including 
extraordinary magnetic properties, low toxicity, good electrical conductivity, and 

Figure 4. Attenuation mechanisms of the incident electromagnetic radiation
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nearly full spin polarization at room temperature; these properties have great 
potential for applications in EMI shielding/absorbing materials (Miyauchi, 2011). 
At present, Fe3O4 nanoparticles have been intensively examined for their superior 
properties, which make them an excellent choice to fabricate magnetic polymer 
composite for EMI shielding at very low loading. Various techniques have been 
developed to fabricate Fe3O4/polymer nanocomposites (Wang, 2010). But, among 
the various methods, electrospinning is recognized as an economical method for 
manufacturing magnetic composite with nanofibrous structure, when compared 
with other techniques. Some literatures (Zhang, 2009; Wang, 2008; Wang,2010) 
have reported the electrospinning process of Fe3O4/ polymer composite nanofibrous 
structure, there is almost no report studied on simultaneous morphology controlling 
and EMI shielding of a Fe3O4/polymer nanofibrous mat. Polyvinylpyrrolidone (PVP), 
an important synthetic polymer, is very biocompatible and nontoxic. The PVP has 
high tensile strength, excellent thermal stability, low chemical toxicity, and good 
spinnability. Therefore, PVP has been considered as a promising polymer for EMI 
shielding application (Nasouri, 2016; Yang, 2004; Nasouri, 2015).

Magnetite (Fe3O4) nanoparticles/polyvinylpyrrolidone (PVP) composite 
nanofibers (FCNFs) have been fabricated to evaluate the potential of FCNFs as 
electromagnetic interference (EMI) shielding material with frequency 8.2–12.4 GHz. 

Table 1. Shielding performance of various lightweight nanocomposites polymers

Ref. Shielding 
(dB)

Thickness d 
(mm) Filler Matrix

(Chiscan, 2012) 6 4.5 Fe3O4 Poly(vinyl alcohol)

(Gupta, 2013; Hoang, 
2011) 20-29 0.1-0.2 Multi-walled 

Carbon nanotubes Polyurethane

(Pande, 2009) 27 0.06 Multi-walled 
Carbon nanotubes

Poly (methyl 
methacrylate)

(Nayak, 2013) 45 1 Carbon nanofibers Polysulfone

(Al-Ghamdi, 2013) 80-90 2 Fe3O4
Nitrile butadiene 
rubber

(Saleh, 2013) 40 2.8 Carbon black Polypropylene

(Kashi, 2016) 15 1.5 Graphene Polylactide

(Li, 2008) 25 1.5 Multi-walled 
Carbon nanotubes Polyacrylate

(Das, 2009) 40 4.5 Single-walled 
carbon nanotubes

Poly (methyl 
methacrylate)

(Yu, 2012) 45.1 2.5 Graphene Polyaniline

(Ling, 2013) 44 2.3 Graphene Polyetherimide
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The scanning electron microscope and viscosity analyses confirmed the presence of 
good dispersion Fe3O4 nanoparticles encapsulated within the electrospun nanofibers 
and showed FCNF morphologies with diameters of 150–500 nm. The magnetic 
properties and electrical conductivity of FCNFs were found to be dependent on 
Fe3O4 nanoparticles concentration and showed an increase with increasing Fe3O4 
nanoparticles loading. The EMI shielding efficiency of FCNFs increased up to 
approximately 22 dB. The EMI shielding results for FCNFs showed that absorption 
was the major shielding mechanism and reflection was the secondary shielding 
mechanism. The present study has shown the possibility of utilizing magnetic FCNFs 
as EMI shielding/absorption materials (Nasouri, 2017).

Incorporation of metal oxides into electrospun fibers can further enhance their 
potential applications. Metal oxide/carbon nanocomposite fibers can be prepared 
either by electrospinning a polyacrylonitrile (PAN)/N, N-dimethyl formamide (DMF) 
solution containing a dissolved metal oxide precursor (such as acetylacetonate salt, 
Fe(acac)3) for magnetite (Fe3O4) followed by carbonization, or by the dispersion of 
previously synthesized metal oxide nanoparticles in PAN/DMF solution just prior 
to electrospinning and carbonization (Wang, 2008; Panels, 2008). Most of the 
electrospun magnetic fibrous mats reported in the literature have been produced 
based on the first method using DMF as the solvent, because the preparation of a 
colloidally-stable suspension of magnetite nanoparticles in a strong polar solvent is 
still problematic. Some Fe3O4/polymer nanocomposite fibers have been developed 
based on the second method, however, especially with polymers that are soluble in 
aqueous or weakly polar organic solvents (such as chloroform, CH3Cl). Zhang et al. 
(Zhang, 2009) prepared magnetic Fe3O4/PAN nanocomposites fibers from DMF/
CH3Cl solutions with suspended Fe3O4 nanoparticles, and examined the influence of 
the operating parameters and the rheological behavior of the solution on the fibers 
produced. Since DMF is perhaps the most widely used solvent in electrospinning, 
methods for the preparation of welldispersed magnetic nanoparticle suspensions in 
DMF would greatly expand and facilitate the production of other magnetic polymer 
membranes. Wang et al., for instance, produced electrospun fibers using colloidally-
stable suspensions of magnetite nanoparticles in polyethylene oxide (PEO) and 
polyvinyl alcohol (PVA) solutions (Yang, 2004).

Electromagnetic interference shielding composites based on acrylic resin matrix 
(AR) have been prepared by incorporation of up to 30 wt% activated charcoal 
(AC) loading. X-ray diffraction (XRD) patterns and Raman studies confirm the 
incorporation of AC particles inside AR matrix and suggest possible interactions 
between phases. The scanning electron microscope (SEM) images show that 
incorporation of AC particles leads to systematic change in the morphology of 
composites especially the formation of porous structure. The dielectric measurements 
show that 30 wt% AC loading composite display higher relative permittivity value 
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(∼79) compared to pure AR (∼5). Further, the porous structure, electrical conductivity, 
and permittivity value contribute towards EMI shielding effectiveness value of −36 
dB for these composites, thereby demonstrating their suitability for making efficient 
EMI shielding coatings (Khan, 2014).

Porous polymer nanocomposite with a density less than 0.26 g cm-3 has been 
prepared by ionic self-assembly of gold nanoparticles (NPs) on the charged polymer 
skeleton made of poly(pyridobisimidazole)-grafted-poly(dimethyl diallyl ammonium 
chloride) (PIPD-g-PDDA) composite nanofibers. Toward electromagnetic interference 
(EMI) shielding, a shielding effectiveness of over -64.9 dB in the frequency range 
of 250 MHz–1.5 GHz was demonstrated in the as-obtained nanocomposites with a 
thickness of only 20 mm. The equivalent gold thickness of these films was 10–50 
times thinner than the skin depth of 6–12 mm for the bulk gold in the same frequency 
range. The electrical conductivity of these composites was around 15890 S cm-1 
with the volume fraction of gold nanoparticles at 40.5%. The added nanoparticles 
enhanced the tensile strength by 12.4% as compared to the pure polymer films. No 
obvious degradation in electrical conductivity was observed even after repeatedly 
bending 1000 times with a bending radius of 1 cm. The shielding mechanism was 
disclosed by comparatively analyzing the reflection from the material surface (SER), 
the absorption of electromagnetic energy, and the multiple internal reflection of 
electromagnetic radiation (Li, 2017).

Polyaniline nanofiber graphite composites have been fabricated by a facile 
chemical polymerization process. Nanofiber show high electromagnetic interference 
(EMI) shielding of above 80 dB with frequency of 8.2–18 GHz. EMI shielding 
fabrics of 0.1 mm thickness based on Polyaniline nanofibers and their composite 
have been developed by an in situ polymerization route. These fabrics combine the 
properties of polyaniline nanofibers as well as their composite and fabrics (cotton 
and nylon). The developed functional fabrics with 0.1 mm thickness exhibit EMI 
shielding effectiveness in the range of 11–15 dB in the 8.2–18 GHz frequency range. 
Optical and scanning electron microscopy studies indicate the uniform coating of the 
polyaniline nanofibers over the individual fibers and interweave regions. Thin and 
flexible shielding materials suitable for a broad range of millimeter-wave shielding 
applications have been developed using this simple and potentially profitable method 
(Joseph, 2017).

The electrical properties and electromagnetic shielding effectiveness (EMSE) of 
nanocomposites consisting of heat-treated carbon nanofibers (CNF) in a linear low 
density polyethylene (LLDPE) matrix were assessed. Heat treatment (HT) of carbon 
nanofibers at 2500°C significantly improved their graphitic crystallinity and intrinsic 
transport properties, thereby increasing the electromagnetic shielding efficiency of 
the nanocomposites. Nanocomposites containing 11 vol% (20 wt%) HT displayed 
a DC electrical conductivity of about 1.0 6 0.1 3 101 S/m (n ¼ 4), about 10 orders 
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of magnitude better than that of as-received PR-19 CNF nanocomposites. Over a 
frequency range of 30 MHz to 1.5 GHz, nanocomposites (2.5 mm thick) containing 
HT displayed EMSE average values of about 14 6 2 dB (n ¼ 4). Absorption was 
determined to be the main EMSE mechanism for the heat-treated CNF nanocomposites. 
The nanocomposites possessed a modulus of 632 6 36 MPa (n ¼ 6) (nominally 
twice that of pure LLDPE) and a strain-to-failure of 180 6 98% (n ¼ 6), indicating 
that a significant ductility is retained in the nanocomposites. Such nanocomposites 
display potential as absorptive electromagnetic interference shielding materials for 
thin films and micromolding (Villacorta, 2013).

Carbon nanotube (CNT) possesses outstanding mechanical and physical 
properties. It has very low density, ultrahigh strength (tensile strength of 200 GPa, 
Elastic modulus of 1.3 TPa), and high thermal conductivity and electrical (2*107 
S/m). By inserting CNT film into fiber reinforced polymer composites, it has shown 
great potential in electromagnetic shielding application. A 2 mm thick single-walled 
carbon nanotube (SWCNT)/epoxy composites with 15% SWCNTs shows a 20–30 dB 
EMI shielding efficiency (Huang, 2007). Higher shielding obtaining by introducing 
highly conductive metal particles as 4 µm CNT film with approximately 35wt% iron 
showed shielding effectiveness as high as 61–67 dB (Wu, 2011). In another report, 
the five-layer CNT film shows extraordinary shielding performance in X-band with 
shielding effectiveness ranging from 67 dB to 78 dB (Wei, 2015).

The EMI shielding performance of a composite material depends on many 
factors, such as the filler’s aspect ratio and intrinsic conductivity. The small diameter, 
high aspect ratio, high conductivity, and mechanical strength of carbon nanofibers 
(CNFs) have made them appear to be an excellent option for high performance EMI 
shielding materials even with low filler loading (Lee, 2001; Lee, 2002; Liying, 
2013). A new carbon nanofiber (CNF)-reinforced syntactic foam (CNFRSF) was 
fabricated. The electrical conductivity and electromagnetic interference (EMI) 
shielding effectiveness (SE) of CNFRSF with various volume fraction of CNFs 
(0–2.0 vol%) were investigated. The measurement of EMI SE was performed with 
a frequency range from 30 MHz to 1.2 GHz. The experimental results showed that 
the SE of CNFRSF increases with increase of CNFs content. CNF shows more 
valuable in providing EMI shielding compared to chopped carbon fiber and long 
carbon fiber due to the larger aspect ratio. The CNFRSF having 2.0 vol% CNFs has 
a SE of 25 dB, which is good enough for most practical applications. The EMI SE 
of CNFRSF has been improved compared to CNFs composites due to the presence 
of hollow carbon microspheres.

Multi-axial fabrics containing steel yarns and carbon filaments, and their 
polyester (PES) resin-reinforced composites have been prepared for electromagnetic 
shielding applications. The electromagnetic shielding effectiveness (EMSE) of 
these structures was determined by using coaxial transmission line measurement 
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technique. There were eight different multi-axial fabrics constructed. It was observed 
that the amount and the orientation of carbon and stainless steel yarns influenced 
the EMSE performances of multi-axial fabrics and their reinforced PES composites. 
The structures containing both carbon filaments and stainless steel yarns exhibited 
enhanced EMSE than the ones including only one type of conductive yarns or 
filaments. In addition, the EMSE performance of multi-axial fabrics was found 
better than their reinforced composites. The best EMSE results were obtained for 
the fabric, including two layers of yarns (steel and carbon) on top of each other in 
the centre with the angle of 45 and −45◦ (Erdem, 2016).

The shielding effectiveness of composite matrix materials at filler loadings near 
or above the percolation threshold was investigated. Such a model has practical 
applications in electromagnetic interference and radio frequency interference, and 
is validated here for Fortafil 243 carbon fiber within nylon 6,6. At very high filler 
loadings, experimental results show a weak dependence on the frequency of the 
wave to be shielded, which may be attributed to enhanced reflection from multiple, 
coherent scatterers (carbon fiber network). This model performs very well over an 
electrical resistivity range from 1015 ohm-cm (at low filler loading levels below the 
percolation threshold) down to 10-1 ohm-cm (at high filler loading levels well above 
the percolation threshold), and can be used to determine filler loadings needed to 
provide a certain level of shielding of electromagnetic waves (Keith, 2005). Figure 
5 shows the mean transmitted and mean reflected power versus frequency for the 
composite containing 7 wt% (4.6 vol%) carbon fiber (Keith, 2005).

The electromagnetic (EM) shielding effectiveness (SE) was presented by reducing 
graphene oxide sheets which interleaved between polyetherimide films fabricated 
by electrophoretic deposition (Sanghoon, 2014). When the polymer fiber diameters 
are changed from micrometers to nanometers or submicrons, they have numerous 
wonderful features such as huge surface area-to-volume ratio (this ratio for a 
nanofiber can be as large as 103 times of that of a microfiber), flexibility in surface 
functionalities, and superior mechanical performance compared with any other 
recognized materials form. These exceptional things make the polymer nanofibers 
to be optimal applicants for several significant uses (Zheng, 2003).

Electromagnetic (EM) wave absorption materials have attracted much attention 
recently for expanded EM interference problems. In general, the performance of 
EM absorption materials depends on both their dielectric loss and magnetic loss 
properties (Yang, 2013; Petrov, 2001).

Promising structural carbon-based EM absorption materials that are both load 
bearing and can absorb EM radiation are receiving increasing attention owing to 
their superior chemical inertness and thermal stability relative to other materials 
(Micheli, 2010).
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Magnetic losses in existing dielectric absorbers can be mediated by incorporating 
magnetic nanoparticles (Chen, 2010).

Electromagnetic interference (EMI) is an offshoot of explosive growth of 
electronics and telecommunication in the modern society (Saini, 2012; Ott, 2009; 
Saini, 2013). The EMI among electronic instruments/appliances may lead to 
degradation of device performance and may even adversely affect human health 
(Olmedo, 1997; Saini, 2011). Due to possible hazards of EMI only, the use of EM 
wave receipting/emitting electronic gadgets is prohibited inside sensitive zones, for 
example, during flight or inside hospital’s ICUs (Yang, 2005). Therefore, systematic 
strategies and suitable counter measures are essential to prevent/suppress EMI so as 
to ensure uninterrupted performance of appliances (Colaneri, 1992; Saini, 2009).

The primary mechanism of shielding is based on reflection and the material used 
for shielding by reflection requires mobile charge carriers; that is, shield should 
have conducting property. Consequently, metals (in the form of filler, coatings, or 
laminates) are the most common shielding material which uses primarily reflection 
mechanism for shielding along with minor absorption component. However, metals 
suffer from problems like poor wear/scratch resistance, corrosion susceptibility, high 
density, difficult processing, and high cost. The secondary shielding mechanism is 

Figure 5. The mean transmitted and mean reflected power versus frequency for the 
composite containing 7 wt% carbon fiber
(This picture was taken from ref. Keith, 2005)
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absorption for which shield material should have electrical or magnetic dipoles (Abbas, 
2005) along-with finite electrical conductivity. For such purpose materials with high 
dielectric constant like ZnO, SiO2, TiO2, BaTiO3, or high magnetic permeability, for 
example, carbonyl iron, Ni, Co, or Fe metals, -Fe2O3, Fe3O4, and so forth are used 
(Chung, 2000; Saini, 2012). However, these materials or their composites possess 
problems like low permittivity or permeability at gigahertz frequencies, weight 
penalties, narrow-band action, and processing difficulties (Singh, 1999) Other than 
reflection and absorption, another mechanism of shielding is multiple reflections, 
which refer to the reflections at various surfaces or interfaces in the shield. This 
mechanism requires the presence of a large interfacial area and porous structure. 
An example of a shield with a large surface area is conducting composite material 
containing filler, foamed composites, and honeycomb structures. Interestingly, the 
properties of such composites are highly dependent on nature and concentration 
constituent phases. Carbon based materials (carbon black (CB), graphite, activated 
carbon (AC), fullerenes, carbon nanofibers (CNFs), cabon nanotubes (CNTs), and 
recently graphene) are attractive choice as a filler, due to good electrical/thermal 
conductivity, low density, excellent corrosion resistance, and reinforcing capability 
(Li, 2006 ;Saini, 2013; Tripathi, 2013; Saini, 2009; Wu, 2002; Varrla, 2011; Yang, 
2005). Particularly, AC with high electrical conductivity and large surface area is an 
economical alternative. Similarly, acrylics are extremely popular matrix materials 
due to low cost, solution/thermal processability, high filler reception capacity and 
ability of acrylic resins (AR) to form hard, abrasion resistant and mechanically 
strong/tough impermeable coatings (Vallittu, 1999; Park, 2001; Khan, 2014).

Cellulose is the most abundant material in nature and features cheap, high 
crystallinity, and excellent mechanical performance (Deepa, 2011; Moran, 2008; 
Fahma, 2011; Rosa,2010).

A radically new innovation was established for development of electromagnetic 
interference shielding. The innovation emphasis synthesis of carboxymethyl 
cellulose (CMC), carboxymethyl cellulose composite containing different metal 
nanoparticles (CMCMNPs), and carboxymethyl cellulose nanofiber mat (CMC-
NF) and carboxymethyl cellulose containing metal nanofiber mat (CMC-MNPs 
nanofiber mat) by electrospinning technique. Metal nanoparticles used include 
copper nanoparticles, iron nanoparticles, zinc nanoparticles, cadmium nanoparticles, 
and cobalt nanoparticles. Synthesized CMC–MNPs were characterized by using 
scanning electron microscopy coupled with high-energy dispersive X-ray and 
UV–visible spectroscopy that was used for confirmation of nanoparticles formation. 
The scanning electron microscopy images clearly showed regular flat shape with 
semiporous surface. All metal nanoparticles were well distributed inside the 
backbone of the cellulose without aggregation. The average particle diameter was 
29–39 nm for zinc nanoparticles, 29–33 nm for cadmium nanoparticles, 25–33 nm 
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for cobalt nanoparticles, 23–27 nm for copper nanoparticles, and 22–26 nm for iron 
nanoparticles. Electrospun carboxymethyl cellulose and CMC–MNPs nanofiber mats 
were synthesized by electrospinning technique and characterized using scanning 
electron microscopy, energy dispersive X-ray, and transmission electron microscopy. 
Scanning electron microscopy images of electrospun carboxymethyl cellulose and 
CMC–MNPs nanofibers reveal smooth and uniformly distributed nanofibers without 
bead formation with average fiber diameters in the range of 300–450 nm. Moreover, 
the diameters of electrospun carboxymethyl cellulose nanofiber mat were not affected 
by the presence of metal nanoparticles. Metal nanoparticles’ content inside the 
electrospun CMC–MNPs nanofibers was investigated by using atomic absorptions 
pectroscopy. Electromagnetic interference shielding of electrospun carboxymethyl 
cellulose and CMC–MNPs nanofiber mats was evaluated. Data showed that the 
EMI-SE was increased in presence of metal nanoparticles and depending on both 
the metal nanoparticle contents and the electrical conductivity of metal nanoparticles 
(Gouda, 2016). Figure 6 shows EMI shielding of electrospun cellulose nanofiber 
containing different nanoparticle contents (Gouda, 2016).

CONCLUSION

The unique of the chemical and physical properties of lightweight nanocomposites 
polymers are promising for shielding with low-cost environmentally-friendly 
material. Shielding materials should meet a series of requirements to suit current 

Figure 6. EMI shielding of electrospun cellulose nanofiber containing different 
nanoparticle contents
Source: This picture was taken from Gouda (2016)
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demands: resistant to corrosion and chemicals, lightweight, flexibility and cheap. 
These nanocomposites combine the advantageous properties of both polymers and 
fillers in one system. The presence of nanoparticles in a polymer matrix alters the 
characteristics of the polymer as the mechanical and thermal properties. It offer 
several advantages over traditional materials used for electromagnetic interference 
(EMI) shielding and very promising to be the next-generation shielding material. The 
type of filler and its ratio can determine the final performance of these lightweight 
nanocomposites polymers.
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ABSTRACT

This chapter deals with the modelling of nanomaterial and nanocomposite 
mechanical and thermal properties. Enrichment in the technology requires materials 
having higher thermal properties or higher structural properties. Nanomaterials 
and nanocomposites can serve this purpose accurately for aerospace or thermal 
applications and structural applications respectively. The thermal system requires 
materials having high thermal conductivity while structural system requires materials 
having high strength. Selection of the material for particular application is very 
critical and requires knowledge and experience. Al, Cu, TiO2, Al2O3, etc. are 
considered for thermal applications while epoxy-glass, FRP, etc. are considered 
for structural applications. Modelling of these nanomaterials and nanocomposites 
is done with the help of different mathematical models available in the literature. 
Results show that addition of the nanoparticle/composite in the base material can 
enhance the thermal and structural properties. Results also show that amount of 
weight percentage added also affects the properties.
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INTRODUCTION

Nanomaterials are defined as a combination of nanoparticles reinforced into the 
base material. Nanoparticles are nothing but the powder form of a solid metal in 
small size. Nanoparticles are of very small sizes (1 nm = 10-9m), they also have very 
high thermal properties, thermal conductivity heat capacity etc. They also possesses 
higher surface area to volume ratio, this property increases the heat transfer rate as 
amount of surface area available gets increased.

A lot of research is going in the field of nanoparticles behaviour analysis under 
different conditions or applications. They have been widely utilized in different 
applications, like in energy, construction, biomedical, chemical, electronics, 
agriculture, paints and cosmetics etc.

Energy

Nanomaterials are very helpful in energy field, as they possess enhanced thermal 
properties compared to the conventional materials. Nanomaterials are utilizing in 
solar and other energy conservation devices. Addition of nanoparticles enhances 
the thermal conductivity of the material which increases the rate of molecular 
momentum inside the material which results in increment in the heat transfer rate 
from the material. This increment in the heat transfer rate increases the efficiency 
of the system. As nanoparticle’s surface area to volume ratio is very high they 
provide higher surface area for transfer of heat compared to conventional material for 
available volume. This property further enhances the heat transfer rate and efficiency 
of the system. Literature study done in the field of solar cooling states that use of 
nanoparticles/nanomaterials increases the rate of solar cooling by considerable 
amount (Al-Shamani et al, 2014). Nanoparticles like Cu and Al are reinforced into 
the base material like water (H2O) or ethylene which enhances the effective thermal 
conductivity and heat transfer rate. This reinforcement can be done for different 
nanoparticle weight percentage, generally weight percentage vary from 0 to 20, as 
adding more nanoparticles can cause the problem of agglomeration or clustering 
and this reduces the performance. Use of nano technology in combustion engines, 
solar cells and capacitors has results in device improvements. A company named 
as ConsERV has developed a device, made of nano polymer layer which increases 
the cooling and heating efficiency of the system. Applied NanoWorks is company 
established in New York is working in the field of white LED, this can give this 
area a new dimension. There are other numerous applications of the nanomaterials 
which has results in the start of new ventures/companies.

Carbon nanotubes (CNTs) are the widely studied nanoparticles in the literature; 
they are very much suitable, for application in the aerospace as they have high thermal 
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conductivity, high tensile strength and high modulus of elasticity. CNTs have 500 times 
better strength to weight ratio, electrical conductivity compared to the conventional 
material like steel, Al and titanium (Zhang, 2003; CMP Cientifica, 2002). CNTs are 
very flexible as they have Carbon-Carbon covalent bond. Nanotechnology can be 
utilized in other aerospace industry applications like in sensors, composites tires, 
radar technology etc.

Construction

Strength of the construction materials can be improved by nanotechnology. 
Nanocomposites can enhance the strength, load bearing capability and can also 
reduce the overall weight. In the construction industries nano fibres, carbon nanotubes 
and nano particles have shown prominent improvement in the buildings strength, 
durability and toughness. Different nanoparticles like SiO2, TiO2 and CaCo3 have 
been utilized in paints/coatings and sealants in the form of additives or fillers (Zhang, 
2003; Bigley & Greenwood, 2003). (Masciangioli, & Zhang, 2003; Kuzumaki, 1998) 
studied the coating of TiO2 and Fe & Pd based nanoparticle coatings respectively 
to reduce the environmental contaminants by absorbing them.

LITERATURE REVIEW

Xiao & Liu, 2018, conducted review study of the 2D nanomaterials as lubricant 
additive. Nanomaterials because of their molecular structure and lubricating properties 
have been widely utilized in the tribological applications. Singh, Lara, & Tlali, 2017 
conducted enthalpy, specific heat and melting entropy of the nanomaterials for varying 
shape and size. They found that specific heat increases with decrement in the particle 
size while melting entropy and enthalpy decreases with particle size. Sharma et al, 
2018, conducted review study in advance applications of nanomaterials. Santosh 
et al, 2016, conducted review study on the nanomaterials applications in the water 
treatment. Moustafa, 2017, conducted review study on isothermal reduction process 
and kinetics of nanomaterials in reducing the atmospheric temperature. Kabir et 
al, 2018, conducted analysis on the impact of nanomaterials on the environment. 
Bernard, Ulm, & Lemarchand, 2003, conducted the multiscale micromechanics-
hydration model for the early-age elastic properties of cement-based materials. Kishi 
& Maekawa, 1997, conducted the modelling of the hydration heating of blended 
cement for concrete performance. Garboczi & Bentz, 1996, conducted the modelling 
of transport and microstructure properties of concrete.

Rubel & Landis, 1969; Khanafer, Vafai, & Lightstone, 2003; Turan, Poole, & 
Chakraborty, 2012; Lai & Yang, 2011; Bilgen & Muftuoglu, 2008; Tiwari & Das, 
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2007; Talebi, Mahmoudi, Shahi, 2010; Kahafer, Al-Amiri & Pop, 2007, Kosti, 
Das & Saha, 2013; Kosti, 2014; Santra, Sen, & Chakraborty, 2008; Abu-Nada & 
Oztop, 2009; conducted numerical analysis of convection flow problems inside 
rectangular and square cavity for types of nanoparticles. They analysed the effect of 
nanoparticles on the flow structure generating inside the cavity, they also discusses 
about the temperature and streamline contours inside the cavity. They all concluded 
that addition of nanoparticle inside the cavity changes the flow structure and affect 
the final performance of the problem.

Enrichment in the technology is resulting in miniaturisation of the equipment 
used in the aerospace or thermal systems and, but these small equipment releases 
high heat and requires efficient cooling. Due to the small sizes only passive cooling 
methods are appropriate which can either

MATHEMATICAL MODELS

To conduct the modelling of the nanomaterials different mathematical models 
are considered in the present study. Wide varieties of mathematical models are 
available in the literature (Lee et al, 2010) to calculate the effective properties of the 
nanomaterials like thermal conductivity, dynamic viscosity, heat transfer coefficient, 
thermal expansion coefficient and density, but most of the studied are devoted 
towards the finding of the effective thermal conductivity as thermal conductivity is 
the parameter which largely affect the heat transfer rate. In the present study thermal 
conductivity model, viscosity model and density model are considered and analysed 
for different nanoparticles.

Mixture Rule

Physical mixture rule (Rohatagi, 1993) is a weighted mean method to calculate the 
effective thermal conductivity of the nanofluid materials. Above rule can also be 
used to calculate the other properties like density, viscosity, heat capacity, thermal 
diffusivity and thermal expansion coefficient. Mathematically mixture rule can be 
expressed as,

k k k
nf np bf
= + −( )� � � �φ φ1 	

where: ϕ is nanoparticle weight percentage and it can be expressed as the ratio of 
the volume of nanoparticle added to the total volume. Mathematically it can be 
represented as,

 EBSCOhost - printed on 2/14/2023 2:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



238

Nanomaterials and Nanocomposites Thermal and Mechanical Properties Modelling

φ =
+

V

V V
np

np bf

	

Above method utilized to calculate the effective properties of the nanofluid is 
also called as the upper bound limit.

Thermal Conductivity Models

Four thermal conductivity models are considered in the present study based on 
amount of weight percentage or volume fraction addition of nanoparticle (Maxwell, 
1873), thickness of the nanoparticle layers (Yu & Choi, 2003), nanoparticle shape 
factor (Hamilton & Crosser, 1962) and physical mixture rule (Rohatagi, 1993).

Maxwell Model

Maxwell model is the first classical thermal conductivity model based on the effective 
medium theory (EMT). This classical model comes with some assumptions like, 
particles are motionless and heat transfer by diffusion takes place in dispersed phase 
and continuous matrix phase and calculates the effective thermal conductivity of 
liquid-solid mixture. The formula to calculate the effective thermal conductivity 
developed by the author can be expressed as,

k
k k k k

k k k knf

np bf np bf

np bf np bf

=
+( )+ −( )
+( )− −( )










�
� � �

�

2 2

2

φ

φ





�k
bf

	

Where:

k: Thermal conductivity
ϕ: Amount of nanoparticle weight percentage added
nf, np, bf: Nanofluid, nanoparticle and base fluid

Above model illustrates that effective thermal conductivity of the nanofluid 
depends on the thermal conductivity of the base fluid, thermal conductivity of the 
nanoparticle added and nanoparticle weight percentage/volume fraction. Maxwell 
model is only valid for small amount of addition of nanoparticle weight percentage into 
the base material. Above model is also only valid for spherical shape nanoparticles.
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Yu and Choi Model

Yu and Choi model is the first thermal conductivity model including the effect 
of nanolayer thickness to calculate the effective thermal conductivity. During 
establishing the model they assume that solid-like layer or nanolayer are formed of 
thickness h, these layer have larger thermal conductivity compared to bulk liquid, 
these nanolayers can be united with nanoparticle and develop equivalent particle 
and low weight percentage of nanoparticle results in no overlapping of equivalent 
particle. The above equation is valid for nanoparticle having radius below 5mm. 
They also concluded that if the nanoparticle radius is above 5mm effect of change in 
the thermal conductivity becomes very small and can be neglected. The equivalent 
nanoparticle effective radius is ‘r+h’ and effective weight percentage is ϕe. This 
effective weight percentage can be calculated as,

φ π π π β
e

r h r
h
r

r= +( ) = +









= +( )4

3
4
3

1
4
3

1
3 3

3

3 3
� � � 	

Considering all these assumptions, model established by them can be expressed as,
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k k k k
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where kep is the thermal conductivity of equivalent nanoparticle and can be calculated 
as (Schwartz, Garboczi, & Bentz, 1995)

k
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Where:

γ: Ratio of thermal conductivity of nanolayer to nanoparticle thermal conductivity
β: Ratio of nanolayer thickness to nanoparticle radius
ep: Equivalent particle combined with nanolayer
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Rest of the notations have usual meanings as explained in the Maxwell model. For 
extreme cases when thickness of nanolayer is same as that of nanoparticle (i.e. γ=1) 
will give kep=knp. The above model is reduced to Maxwell model for (γ=1 and β=0)

Hamilton and Crosser Model

They extended the Maxwell model by considering the effect of irregular shape of 
the nanoparticle to calculate the effective thermal conductivity. They developed the 
model for heterogeneous two-component mixtures for continuous and discontinuous 
phase. Model established by them can be expressed as,

k
k n k n k k

k n k k knf

np bf np bf

np bf np bf

=
+ −( ) + −( ) −( )
+ −( ) − −(
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where: n: Shape factor
Nanoparticle shape factor is defined as 3/ψ, where ψ is the sphericity of the 

nanoparticle, which is defined as the surface area of the nanoparticle to its volume. 
For sphericity equal to one Hamilton & Crosser model is reduced to Maxwell model 
for spherical nanoparticle. The above model is valid for the nanoparticles which 
have 100 times higher thermal conductivity as compared to the base fluid.

Viscosity Models

To analyse the viscosity of the nanoparticle (Einstein, 1906; Einstein, 1956) and 
(Brinkman, 1952) models are considered. The above considered models have been 
widely utilized in the literature.

Einstein Model

It is the first model developed to calculate the effective viscosity of the nanomaterials. 
This model is valid for spherical solid nanoparticles. This model has been developed 
considering the small particles movement analysis in a stationary liquid according to 
the molecular kinetic theory of heat. Mathematically the model can be expressed as,

µ φ µ
nf bf
= +( )1 2 5. 	

where: μ: Dynamic viscosity or viscosity
Other notations have usual meaning as explained in the above paragraphs.
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Brinkman Model

They developed the dynamic viscosity of the concentrated solutions and suspensions. 
Their model is also valid for spherical shape nanoparticle. The model developed by 
them can be expressed mathematically as,

µ
φ
µ

nf bf
=

−( )
1

1
2 5.

	

THERMAL ANALYSIS

Thermal analysis of the nanomaterials is conducted on the basis of weight percentage 
of nanoparticles and models for calculating effective thermal conductivity. Five 
different nanoparticles considered here for the analyses are copper (Cu), boron carbide 
(B4C), aluminium oxide (Al2O3), titanium oxide (TiO2) and silicon carbide (SiC).

Nanoparticles Properties

Wide verities of nanomaterials are available in the literature, as present deals with 
applications of nanomaterials in the thermal/aerospace industry and in the structural/
construction industry. Nanoparticles like Cu, Carbon-nanotubes, B4C, Al2O3 and 
TiO2 are considered for thermal analysis. Weight percentage of these nanoparticles 
is varied from 0 to 30%. While composites like SiC, Fibre reinforced polymer and 
epoxy-glass are considered for structural analysis. Table 1 represents the properties 
of these nanoparticles.

Table 1. Properties of nanoparticles

Nanoparticle/ Material Thermal conductivity 
(W/m-K)

Specific heat 
(J/kg-K)

Density 
(kg/m3)

Cu 400 383 8954

B4C 42 1288 2550

Al2O3 36 773 3880

TiO2 8.9538 686.2 4250

H2O 0.6 4179 997.1

SiC 100 1300 3200
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Weight Percentage/Volume Fraction (ϕ)

Copper (Cu)

First the analysis of thermal conductivity is done, for this analysis H2O is considered 
as a base material. Table 2 shows the thermal conductivity values of Copper 
nanoparticles suspended into the water. Weight percentage of the Copper nanoparticles 
is varied up to 30. The values of shape factor are taken from (Timofeeva, Routbort 
& Singh, 2009).

From Table 2 it can be seen that Mixture rule predicts largest thermal conductivity 
compared to other thermal conductivity models. But this high prediction is vague as 
mixture rule does not involve any physical phenomena. Results from the above table 
are also plotted in a figure to have a clear understanding of the variation between 
the different models considered.

Figure 1 above shows the comparison of the effective thermal conductivity of 
Cu-H2O nanofluids calculated for different model considered. On the horizontal axis 
weight percentage or volume fraction of the Cu nanoparticle is plotted while on the 
vertical axis thermal conductivity is plotted. Effective thermal conductivity results 
of the Mixture rule are not included in the figure, as addition of them was making 
the other results unreadable. It can be seen from the figure that Yu & Choi model 
predicts the largest thermal conductivity for all weight percentage addition. While 
Maxwell model predicts the lowest thermal conductivity of Ch-H2O nanofluid for 
all weight percentage addition. While thermal conductivity predicts by Hamilton 
& Crosser model lies between the Yu & Choi model and Maxwell model. Thermal 
conductivity predicted by Yu & Choi model is largest because the model considers 
the nanolayer thickness while calculating the effective thermal conductivity, this 

Table 2. Thermal conductivity values of Cu nanoparticles for different thermal 
conductivity models

Material
Maxwell

Yu & Choi Hamilton & Crosser
Mixture rule

H2O Cu β = 0 β = 0.2 β = 0.4 n = 3 n = 4.9 n = 5.7

1.0 0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

0.95 0.5 0.6943 0.6943 0.7694 0.8847 0.6943 0.7535 0.7784 20.57

0.9 0.1 0.7990 0.7990 0.974 1.2765 0.799 0.9240 0.9764 40.54

0.85 0.15 0.9160 0.9160 1.226 1.8496 0.916 1.1144 1.1975 60.51

0.8 0.2 1.0475 1.0475 1.544 2.7677 1.0475 1.3283 1.4459 80.48

0.75 0.25 1.1964 1.1964 1.9582 4.4768 1.1964 1.5705 1.7271 100.45

0.7 0.3 1.3665 1.3665 2.5196 8.7727 1.3665 1.8469 2.0480 120.42
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inclusion of nanolayer thickness increases the effective weight percentage of the 
nanoparticle added in the base material, this increment in the weight percentage 
increases the overall effective thermal conductivity.

Boron Carbide (B4C)

Table 3 shows the thermal conductivity values of boron carbide (B4C) nanoparticles 
suspended into the water (H2O). Weight percentage of the B4C nanoparticles is 
varied up to 30. Values of shape factor and nanolayer thickness are considered from 
the literature.

Figure 2 shows the comparison of the effective thermal conductivity of the B4C-
H2O nanofluid. As it can be perceived from the figure that same trend of effective 
thermal conductivity of B4C-H2O nanofluid is observed as observed for Cu-H2O 
nanofluid.

Aluminum Oxide (Al2O3)

Table 4 shows the thermal conductivity values of Al2O3 nanoparticles for different 
thermal conductivity models.

Figure 1. Thermal conductivity vs. volume fraction for Cu-H2O nanoparticle
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Titanium Oxide (TiO2)

Table 5 shows the thermal conductivity values of TiO2 nanoparticles for different 
thermal conductivity models.

Figure 3 and 4 show the effective thermal conductivity comparison of Al2O3-H2O 
and TiO2-H2O nanofluids for different thermal conductivity models.

Table 3. Thermal conductivity values of B4C nanoparticles for different thermal 
conductivity models

Material
Maxwell

Yu & Choi Hamilton & Crosser
Mixture rule

H2O B4C β = 0 β = 0.2 β = 0.4 n = 3 n = 4.9 n = 5.7

1.0 0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

0.95 0.5 0.6906 0.6906 0.7625 0.8725 0.6906 0.744 0.7656 2.67

0.9 0.1 0.7908 0.7908 0.9572 1.2422 0.7908 0.9028 0.9480 4.74

0.85 0.15 0.9022 0.9022 1.1949 1.7725 0.9022 1.0788 1.1500 6.81

0.8 0.2 1.0268 1.0268 1.4914 2.5969 1.0268 1.2751 1.375 8.88

0.75 0.25 1.1671 1.1671 1.8717 4.0542 1.1671 1.4952 1.6269 10.95

0.7 0.3 1.3263 1.3263 2.3771 7.3268 1.3263 1.7439 1.911 13.02

Figure 2. Thermal conductivity vs. volume fraction for B4C-H2O nanoparticle
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Silicon Carbide (SiC)

Table 6 shows the thermal conductivity values of SiC nanoparticles for different 
thermal conductivity models

Thermal Conductivity Models

Here analysis of the thermal conductivity models is conducted for different kind of 
nanomaterials considered in the present study. To analyse this, amount of weight 
of nanoparticles added in the water is varied up to 30%. To analyse the Hamilton 
& Crosser model and Yu & Choi model maximum values of shape factor and 
nanolayer thickness factor are considered as maximum values of these factors will 

Table 4. Thermal conductivity values of Al2O3 nanoparticles for different thermal 
conductivity models

Material
Maxwell

Yu & Choi Hamilton & Crosser Mixture 
ruleH2O Al2O3 β = 0 β = 0.2 β = 0.4 n = 3 n = 4.9 n = 5.7

1.0 0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

0.95 0.5 0.6899 0.6899 0.7612 0.8703 0.6899 0.7423 0.7634 2.37

0.9 0.1 0.7893 0.7893 0.9542 1.2361 0.7893 0.8991 0.9432 4.14

0.85 0.15 0.8997 0.8997 1.1893 1.7589 0.8997 1.0726 1.1419 5.91

0.8 0.2 1.0231 1.0231 1.4821 2.5676 1.0231 1.2659 1.3629 7.68

0.75 0.25 1.1619 1.1619 1.8565 3.9844 1.1619 1.4823 1.6099 9.45

0.7 0.3 1.3192 1.3192 2.3525 7.109 1.3192 1.7264 1.888 11.22

Table 5. Thermal conductivity values of TiO2 nanoparticles for different thermal 
conductivity models

Material
Maxwell

Yu & Choi Hamilton & Crosser
Mixture rule

H2O TiO2 β = 0 β = 0.2 β = 0.4 n = 3 n = 4.9 n = 5.7

1.0 0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

0.95 0.5 0.6772 0.6772 0.7377 0.8290 0.6772 0.7129 0.7258 1.0177

0.9 0.1 0.7614 0.7614 0.8983 1.1248 0.7614 0.8348 0.8612 1.4354

0.85 0.15 0.8534 0.8534 1.0879 1.5216 0.8534 0.9669 1.0073 1.8531

0.8 0.2 0.9545 0.9545 1.3151 2.0817 0.9545 1.1104 1.1656 2.2708

0.75 0.25 1.0661 1.0661 1.5925 2.9321 1.0661 1.267 1.3374 2.6884

0.7 0.3 1.1899 1.1899 1.9386 4.3774 1.1899 1.4384 1.5248 3.1061
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Figure 3. Thermal conductivity vs. volume fraction for Al2O3-H2O nanoparticle

Figure 4. Thermal conductivity vs. volume fraction for TiO2-H2O nanoparticle
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give the clear understanding of the results. Figure 6-9 represents the results of 
Maxwell model, Hamilton & Crosser model, Yu & Choi model and Mixture rule 
respectively. It can be seen from the figures that thermal conductivity of all the 
nanomaterials increases with increment in the weight percentage of nanoparticles. 
Maximum thermal conductivity is predicted by Mixture rule which is found to be 
inaccurate with the literature results [Maxwell, Hamilton & Crosser, Yu & Choi].

Table 6. Thermal conductivity values of SiC nanoparticles for different thermal 
conductivity models

Material
Maxwell

Yu & Choi Hamilton & Crosser
Mixture rule

H2O SiC β = 0 β = 0.2 β = 0.4 n = 3 n = 4.9 n = 5.7

1.0 0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

0.95 0.5 0.693 0.693 0.7669 0.8803 0.693 0.7501 0.7737 5.57

0.9 0.1 0.7961 0.7961 0.968 1.2641 0.7961 0.9163 0.9660 10.54

0.85 0.15 0.9110 0.9110 1.2148 1.8215 0.9110 1.1014 1.1800 15.51

0.8 0.2 1.040 1.040 1.5250 2.7049 1.040 1.3088 1.4197 20.48

0.75 0.25 1.1858 1.1858 1.9267 4.3181 1.1858 1.5428 1.6899 25.45

0.7 0.3 1.352 1.352 2.4673 8.2023 1.352 1.8089 1.9970 30.42

Figure 5. Thermal conductivity vs. volume fraction for SiC-H2O nanoparticle
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Maxwell Model

Figure 6 shows thermal conductivity vs. volume fraction for Maxwell model.

Hamilton and Crosser Model

Figure 7 shows thermal conductivity vs. volume fraction for Hamilton and Crosser 
model.

Yu and Choi Model

Figure 8 shows thermal conductivity vs. volume fraction for Yu and Choi model.

Mixture Rule

Figure 9 shows thermal conductivity vs. volume fraction for Mixture rule.

Figure 6. Thermal conductivity vs. volume fraction for Maxwell model
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Figure 7. Thermal conductivity vs. volume fraction for Hamilton and Crosser model

Figure 8. Thermal conductivity vs. volume fraction for Yu and Choi model
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STRUCTURAL ANALYSIS

In the present work structural analysis of nanocomposites is conducted using two 
methods. In one method density of the nanocomposites is calculated and analysed 
using the mixture rule. While in the second method, a simple geometry is drawn 
and effect of load applied on the geometry is studied by analysing the deformation 
generated on the geometry.

For structural analysis, those materials have been considered which have 
applications in the field of constructions or automobiles. Materials considered are 
epoxy E-glass, silicon carbide, boron carbide, resin epoxy, aluminium oxide and 
conventional structural steel. Table 7 represents the density of the different composites 
considered in the present work.

Method 1

In this method, nanoparticles listed above are reinforced into the base material to form 
new nanocomposites. These nanocomposites also called metal matric composites 
(MMCs) (Kosti & Malvi, 2018; Kosti & Pathak, 2018). MMCs are the combination 
of two or more materials, one of which is base material (metal alloys) while others 
can be ceramics (nanoparticles). Weight percentage of these nanoparticles is varied 

Figure 9. Thermal conductivity vs. volume fraction for Mixture rule
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up to 30%. Base material considered in this method is aluminium alloy (Al6061) 
while nanoparticles considered are silicon carbide (SiC), boron carbide (B4C) and 
aluminium oxide (Al2O3).

Mixture rule is considered to analyse the effective density of the MMC. The results 
have been plotted in the figure 10. From the figures it can be observed that addition 
of nanocomposites in the base material affect the effective density. Figure reveals 
that addition of silicon carbide and boron carbide increases the nanocomposites 

Table 7. Density of the nanocomposites

Material Density (kg/m3)

Al6061 2700

Epoxy E-glass 2000

Silicon carbide (SiC) 3100

Boron carbide (B4C) 2400

Resin epoxy 1160

Aluminium oxide (Al2O3) 3960

Structural steel 7850

Figure 10. Density vs. volume fraction for mixture rule
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density while addition of aluminium oxide decreases the nanocomposites effective 
density. Higher the density means tighter the intermolecular packing of the atoms 
compared to the lower density material.

Method 2

In this method geometry is drawn then a load is applied on the geometry. Material 
of the geometry is changed and comparative analysis is conducted by analysing the 
deformation. Nanocomposites considered in the present method are epoxy E-glass, 
resin epoxy, boron carbide, silicon carbide and structural steel. Leaf spring geometry 
is drawn to analyse the effect of material on the deflection generated for different 
values of load.

From Table 8 it can be seen that use of nanocomposites in place of conventional 
material like helps in reducing the deflection generated on the geometry under 
the same loading conditions. This decrement in the deflection, under the same 
application of load shows that the capability of the material to bear large amount 
of load is increased. It can be noticed from the table that leaf spring made of resin 
epoxy shows almost 200 times less deflection when compared with leaf spring made 
of structural steel. This type of materials can be utilized in the construction industry 
to enhance the strength of buildings.

CONCLUSION

Nanocomposites have enhanced properties suitable for wide verities of thermal and 
structural applications. Depending upon the type of application, nanocomposites can 
be utilized either by reinforced it into the conventional material or by replacing it by the 

Table 8. Comparison of the deflection generated for different materials

Material 
 Load

Deflection (mm)

100 N 1000 N 10000 N

Resin epoxy 3.6558×10-6 3.6558×10-5 3.6558×10-4

Epoxy E-glass 7.8180×10-7 7.8180×10-6 7.8180×10-5

Boron carbide 3.0649×10-8 3.0649×10-7 3.0649×10-6

Silicon carbide 3.4457×10-8 3.4457×10-7 3.4457×10-6

Structural steel 6.9072×10-8 6.9072×10-7 6.9072×10-6
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conventional material. Present work shows that reinforcement of the nanocomposites 
into the base material (water) gives nanofluids like Cu-H2O, Sic-H2O, B4C-H2O, 
Al2O3- H2O and TiO2- H2O which possess enhanced thermal properties and can be 
utilized in verities of thermal applications. While nanocomposites like epoxy E-glass, 
resin-epoxy, SiC, B4C and Al2O3 can be utilized in the construction or automobile 
industry as a replacement of the conventional materials. These nanocomposites 
provide high strength and load bearing capacity to the structure/vehicle.
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ABSTRACT

The design methods based on aerospace model have been widely used in aircraft 
conceptual design for decades and proven very effective when restricted to simple 
problems with very approximate analyses. These monolithic, large, design and analysis 
codes are genuinely multidisciplinary, but as analyses become more complex, such 
codes have grown so large as to be incomprehensible and hence difficult to maintain. 
This chapter deals with the computational modeling of nanoparticles. Nanomaterials 
constitute a prominent sub-discipline in the materials and chemical sciences. 
Conventional materials like glass, ceramic, metals, polymers, or semiconductors can 
be acquired with nanoscale proportions. Nanomaterials have various microstructural 
distinctive attributes such as nanodiscs, nanotubes, nanocoatings, quantum dots, 
nanocomposites, and nanowires. The unique properties of nanoparticle-based 
materials and devices depend directly on size and structure dependent properties.

INTRODUCTION

This chapter deals with the computational modeling of nanoparticles. Nanomaterials 
constitute a prominent sub-discipline in the materials and chemical sciences. 
Conventional materials like glass, ceramic, metals, polymers or semiconductors 
can be acquired with nanoscale proportions. Nanomaterials have various micro 
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structural distinctive attributes such as nanodiscs, nanotubes, nanocoatings, quantum 
dots, nanocomposites, and nanowires. The unique properties of nanoparticle based 
materials and devices depend directly on size and structure dependent properties. 
Nanoparticle size must be firmly controlled to take all advantage of effects of 
quantum size in technological applications, and agglomeration must be averted. It 
can only be done if the flock is controlled, which requires, the rate of new particle 
formation is quantitatively resolute.

In Real-time measurements, distributions of particle size and particle structure 
are, thus, validate techniques for the evolution of nanotechnology. Precise and 
reliable models for simulating transport, coagulation, deposition, and dispersion 
of nanoparticles and their cluster are needed for the development of design tools 
for applications in technological, including nanoparticle instrumentation, sensing, 
dilution, sampling, and focusing nanoparticle behavior in the chemically reactive 
framework. Computational techniques allow us to validate and explore hypotheses 
about the experimentally observation that may otherwise not be approachable through 
conventional experimental techniques. Additionally, simulations with computer 
allow for the theory to propose areas of interest in which experimental techniques 
can be applied. The most common computer simulation methods are Monte Carlo 
(MC) and molecular dynamics (MD), have been extensively applied in a variety of 
model framework.

Computer science offers more opportunities for nanotechnology. Soft computing 
techniques such as cellular automata, genetic algorithms and swarm intelligence, can 
impart required emergent properties like self-repair, growth, and complex networks 
to the framework. Many books have successfully applied such techniques to real-
world problems, including complex control systems in manufacturing and control 
in aircraft system. Dealing in nanoscale systems involves the understanding and 
development of nanotechnology computing techniques as well as the application 
of these techniques in real-world tasks, often to the problems of other Chapter 
areas. The techniques in nanotechnology systems comprise algorithms in machine 
learning, artificial intelligence (AI), knowledge representation reasoning, and 
natural computing. With some improvement in nanotechnology characteristics, 
these techniques can be applied to control a flock of a trillion nano assemblers. It 
is expected that normal computing methods such as these will overcome concerns 
about harmful implications of nanotechnology and prevent the notorious scenario 
of self-replicating nanorobots multiplying uncontrollably.

Presents micromagnetics: finite element analysis of nano-sized magnetic materials 
using MATLAB. Fabrication techniques developed over the past decades have allowed 
engineers and scientists to form magnetic materials in the nanometer regime. Such 
materials exhibit very interesting magnetic properties that are significantly different 
from bulk materials. At such scales, the behaviors of the magnetic materials are 
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inadequately described by Maxwell’s equations alone. The theory of micromagnetics 
deals with the behaviors of these nano-sized magnetic materials by including the 
quantum mechanical effects that are significant at this scale. Micromagnetics theory 
has been successful in predicting the formation of domain walls in magnetic materials 
and also the formation of interesting magnetic states such as the vortex and leaf 
states. It also finds its application in many engineering aspects such as the digital 
data storage technology. Chapter 3 will introduce the basic theory of micromagnetics, 
show how the finite element method can be applied to the governing equation of 
micromagnetics (Landau–Lifshitz–Gilbert equation), and finally, show how all these 
can be done using MATLAB.

System-level modeling of N/MEMS; it discusses some of the latest advances in 
designing and modeling complex nano-and micro-electromechanical (N/MEMS) 
systems at the system level. These advances have been applied to an open source 
tool called PSugar at Purdue University. For design, the author discusses a graphical 
user interface (GUI) that allows users to quickly configure complex systems in 3D 
using a computer mouse or pen at a rate faster than what might be drawn with pencil 
and paper. This GUI is coupled to a powerful netlist language for design flexibility. 
For modeling, the chapter applies for recent advances in analytical system dynamics 
and differential–algebraic equations (DAEs) into a framework that facilitates the 
systematic modeling of multidisciplinary systems that may comprise static or dynamic 
constraints. Where appropriate, we verify lumped models against their distributed 
model counterparts. Several test cases are discussed that demonstrate a wide range 
of utility of system-level analysis for N/MEMS. The test cases include simple to 
complex MEMS, and NEMS using molecular dynamics.

This chapter explains MATLAB applications in behavior analysis of systems 
consisting of CNTs through molecular dynamics simulation. This chapter presents 
the applications of MATLAB in calculations for nano-systems, which mostly contain 
CNTs and consist of five sections. Also, some specialized applications of MATLAB 
for studying the behavior of nano-oscillators are introduced. In this the authors study 
the behavior of (8, 2) single-walled CNTs and functionalized CNTs (FCNTs) with 
four functional groups in water using the molecular dynamic simulation method. 
Glutamine, as a long chain functional group, and carboxyl, as a short chain functional 
group, have been used as functional groups in FCNTs. Four functional groups in 
each FCNT were localized at two positions: (i) all four functional groups were in 
the sidewalls of the nanotube and (ii) two functional groups were at the ends and 
two functional groups were in the sidewalls of the nanotube. The intermolecular 
interaction energies between CNTs or FCNTs and water molecules, the plots of 
radial distribution function, and the diffusion coefficients of CNTs and FCNTs in 
water were computed for investigating the effects of type and position of functional 
groups on the behavior of FCNTs in water. The obtained results from three methods 
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are consistent with each other. Results showed that the position of the functional 
groups in FCNTs has an important role in the interaction of hydrophilic groups of 
FCNTs with water molecules. Furthermore, the authors also investigated the behavior 
of FCNTs with 16 carboxyl functional groups in water. The presence of these large 
numbers of carboxyl functional groups on CNTs prevents water molecules from 
moving toward hydrophilic carboxyl functional groups. This well demonstrates 
the advantage of using a lower number of functional groups, each containing many 
hydrophilic groups like the glutamine functional group. In Section 7.4, the molecular 
dynamics simulations were presented to investigate the interfacial binding between 
the single-walled CNTs and conjugated polymers including.

In these days Nanotechnology and nonmaterial’s are hot topics in Aerospace. 
Simply defined, nanotechnology is the study of manipulating matter on an atomic 
and molecular scale to develop materials, devices, and other structures at a scale 
of 1 to 100 nanometers.

In this chapter you will see “NanoInterface” evaluated the use of modeling and 
simulation with MATLAB, in conjunction with experimental data, to understand 
the interfacial behavior of the metal-oxide-polymer interfaces for nanoelectronic 
devices. This chapter introduces new technology for the design of complex systems 
and describes tools that may aid in the implementation of these various schemes. 
The approaches describe here include, first, the simplification and decomposition 
of analyses using numerical optimization and, next, the transformation of the design 
problem itself into parallel, collaborative tasks.

WHAT IS OPTIMIZATION?

Optimization and Predictability In virtually every branch of science, there is a 
need for calculations to estimate the parameters of a system, to find the extremum 
of an objective function such as minimum energy or maximum entropy states of a 
system, and to design and control systems. Since mathematical models are often 
used to guide experimentation and to predict or adapt to behaviors, there is an 
equally strong need to understand the errors in these models and to be able to make 
mathematically sound and precise statements regarding the accuracy and precision of 
the predictions. Since all of these needs pervade science, it is natural to ask in what 
way nanoscience is special. The degree of detail and dynamic complexity including 
wide-ranging, nonseparable scales in both space and time make the formulation and 
solution of problems in this area fundamentally more challenging than most and 
arguably all problems successfully tackled to date. The payoff to developing a new 
set of computational models and tools would be better understanding, prediction, 
design, optimization, and control of complex nanosystems with confidence in the 
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reliability of the results. Successes in this field would almost certainly have an impact 
on other fields that share the complexity of a large range of complex behavior on 
nonseparable temporal and spatial scales.

Why Optimization Is Required

Many of the problems mentioned above rely on formulating and solving optimization 
problems. For example, in order to gain a quantitative understanding of nanosystems 
at a fundamental level, it is essential to have the capability to calculate the ground 
state of the system. This can be formulated as a minimum energy problem where the 
solution gives the configuration of the particles of the system at the lowest energy, 
given an energy functional. Complicated nanosystems of interest can have millions 
to billions of particles, resulting in huge optimization problems characterized by an 
equally huge number of local minima with energy levels close to the ground state. 
There is no hope of solving this problem with brute force methods. To make any 
headway on such problems requires careful formulation of the objective function 
and the constraints. For example, progress in the protein-folding problem has been 
achieved by understanding that certain sequences of amino acids in the unfolded 
molecule almost always end up in a standard form, e.g., an alpha helix. By inducing 
the optimization path towards this conformation, better results have been attained. 
Constraints, based on additional knowledge can also be formulated to further reduce 
the search space. Optimization methods that exploit physical insight could have a 
dramatic impact on efficiency. Monte Carlo methods are discussed elsewhere in 
this report, but other stochastic or deterministic optimization methods can also 
be accelerated by the domain knowledge. For example, when trying to simulate a 
novel material, knowledge about the structural properties and energetic of related 
materials could be used to preferentially steer the computation towards promising 
regions of the state space. Such methods are likely to be much more efficient than 
general optimization strategies, but quite limited in their applicability. Self-assembly 
is a central feature of nanoscience. Understanding, predicting, and controlling this 
process is crucial for the design and manufacture of viable nanosystems. Clearly, the 
subsystems involved in this process are assembling themselves according to some 
minimum energy principle. Once an understanding of the underlying physics is 
attained, optimization problems can be formulated to predict the final configurations. 
Since these systems are also huge and likely to have many local minima, a careful 
development of the models, the constraints, and the algorithms will also be required 
here. Given the necessity to create models that incorporate many scales, it has been 
suggested that a hierarchy of models be created to span this range, i.e., a connected 
set of models that capture the quantum effects through the micromorphic effects. In 
this case, the parameters at a given level should be attainable from the next lowest 
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level using parameter-determining techniques. Optimization formulations for such 
parameter estimation problems are ubiquitous, but constructing the correct error 
models and the associated optimization problem is not obvious. Simply using least 
squares may not be appropriate; the more general maximum likelihood estimators 
will likely be required. As alluded to above, the design and control of nanosystems 
are vital to the eventual manufacture of products. The problem here is to optimize 
the design to achieve the desired characteristic or to control the process so that a 
given state is reached. In these cases, the constraints of the optimization problem 
contain the hierarchy of models describing these systems. In particular, the constraints 
contain coupled systems of partial differential equations (PDE). There is considerable 
interest in such problems in other fields, e.g., aerodynamics, and some efficient 
algorithms have been created, but the number of levels involved in nanoscience is 
far higher than in other fields. Progress has been made by understanding that these 
coupled systems of PDEs do not have to be satisfied at each step of the optimization 
process, but only need to be satisfied in the limit. This has resulted in the optimized 
solution in a modest multiple of the time required for one nonlinear solve. Such 
approaches, however, require that the formulation of the optimization problem 
incorporate some or all of the state variables in addition to the control variables. 
Effective optimization methods in these cases must have more control over the PDE 
software than is typically the case, e.g., gradients and/or adjoints must be computed 
along with other quantities. Thus, the formulation of the models, the algorithms, and 
the software with the ultimate goal of design and optimization is crucial. One can 
easily envision optimization problems arising in many other aspects of nanoscience. 
For example, methods for shape optimization for determining the optimal the 
geometry of both tools and products, nonsmooth optimization due to derivative 
discontinuities between the models at adjoining levels, and discrete optimization 
for particles restricted to discrete locations will needed. All of the developments in 
these areas, as with those mentioned above, should be done collaboratively between 
optimizers and nanoscientists.

Why Simulation Is Required

In Real-time measurements, distributions of particle size and particle structure 
are, thus, validate techniques for the evolution of nanotechnology. Precise and 
reliable models for simulating transport, coagulation, deposition, and dispersion of 
nanoparticles and their cluster are needed for the development of design tools for 
applications in technological, including nanoparticle instrumentation, fuselage, wings 
control surfaces and other parts focusing nanoparticle behavior in the chemically and 
environmentally reactive framework. Computational techniques allow us to validate 
and explore hypotheses about the experimental observation that may otherwise 
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not be approachable through conventional experimental techniques. Additionally, 
simulations with computer allow for the theory to propose areas of interest in which 
experimental techniques can be applied. The most common computer simulation 
methods are Monte Carlo (MC) and molecular dynamics (MD), have been extensively 
applied in a variety of model framework.

HISTORY

Computer science offers more opportunities for nanotechnology. Soft computing 
techniques such as cellular automata, genetic algorithms and swarm intelligence, can 
impart required emergent properties like self-repair, growth, and complex networks 
to the framework. Many Books have successfully applied such techniques to real-
world problems, including complex control systems in manufacturing and control 
in aircraft system. Chapter in nanoscale systems involves the understanding and 
development of nanotechnology computing techniques as well as the application 
of these techniques in the aerospace world, often to the problems of other Chapter 
areas. The techniques in nanotechnology systems comprise algorithms in machine 
learning, artificial intelligence (AI), knowledge representation reasoning, and 
natural computing. With some improvement in nanotechnology characteristics, 
these techniques can be applied to control a flock of a trillion nano assemblers. It 
is expected that normal computing methods such as these will overcome concerns 
about harmful implications of nanotechnology and prevent the notorious scenario 
of self-replicating nanorobots multiplying uncontrollably.

HOW THIS SERVES

Advancement in computational methods have increasingly enabled the simulation of 
heat transfer, acoustics complex flows, heat transfer, acoustics, and fluid-structure 
interaction phenomena. Furthermore, advances in high-performance computing 
(HPC) have also allowed more complex simulations to be performed at shorter 
turn-around times. The design and condition monitoring challenge increasingly 
require an understanding of complex phenomena and conditions. Reducing the 
uncertainty in engineering simulations by increasing the accuracy, while making 
computations more efficient still remains a scientific challenge. In this presentation, 
we will show results from our recent Chapter with respect to the development and 
application of high-order CFD and multi-scale/multi-physics methods for aerospace 
and nanotechnology applications.
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Optimization analysis of nano-sized magnetic materials using MATLAB, 
Fabrication techniques developed over the past decades have allowed engineers 
and scientists to form magnetic materials in the nanometer regime. Such materials 
exhibit very interesting magnetic properties that are significantly different from bulk 
materials. At such scales, the behaviors of the magnetic materials are inadequately 
described by Maxwell’s equations alone. The theory of micromagnetics deals with 
the behaviors of these nano-sized magnetic materials by including the quantum 
mechanical effects that are significant at this scale. Micromagnetics theory has been 
successful in predicting the formation of domain walls in magnetic materials and also 
the formation of interesting magnetic states such as the vortex and leaf states. It also 
finds its application in many aerospace engineering aspects such as the digital data 
storage technology, formation of aircraft parts and navigation systems. This chapter 
describes the system-level modeling of N/MEMS; it discusses some of the latest 
advances in designing and modeling complex nano- and micro-electromechanical 
(N/MEMS) systems at the system level. These advances have been applied to an 
open source tool called PSugar at Purdue University. For design, the author discusses 
a graphical user interface (GUI) that allows users to quickly configure complex 
systems in 3D using a computer mouse or pen at a rate faster than what might be 
drawn with pencil and paper. This GUI is coupled to a powerful netlist language for 
design flexibility. For modeling, the chapter applies for recent advances in analytical 
system dynamics and differential–algebraic equations (DAEs) into a framework that 
facilitates the systematic modeling of multidisciplinary systems that may comprise 
static or dynamic constraints.

In aircraft production, it is crucial to understand and evaluate performance, safety 
and behavior, other aspects of the systems before and after they are available for 
testing. Simulated models are used to gain knowledge in order to make decisions 
at all development stages.

Modeling and simulation (M&S) in aircraft system development, for example 
of fuel, hydraulic and electrical power systems, is today an important part of the 
design process. Through M&S a problem in a function or system is found early on 
in the process. An increasing part of the aircraft end system verification depends 
on results obtained from simulation models rather than expensive testing in flight 
tests. Hence, the need of integrated models of complex systems, and their validation 
is increasing day by day. It’s not only one model is needed, but many interacting 
models with known and high accuracies and validity ranges are required. The 
development of modeling and simulation and computer performance, tools has 
enabled large-scale simulation.

This Chapter includes two parts related to these topics. The first part describes 
a modeling technique, hosted simulation, how to simulate a complete system with 
models from different tools, e.g. control software from one tool and the equipment 
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model from another. The second part describes the use of M&S in the development 
of an aircraft. The use of M&S in early system development phases has increased. 
This has led to the emerging need for uncertainty management and the complete 
validation methods that complement the traditional validation based on measurement 
data, knowledge of a model’s maturity, and simulation result accuracy. A solution to 
this requirement is dominant to advance in system development where early design 
decisions have to be made supported by simulation.

Figure 1. The M&S process and its interaction between actors and artifacts for an 
unreleased and a released
Source: Karlson, 2010
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Sensitivity analyses can be made to point out model parameters/inputs that have 
a strong influence on the simulation result or compare the assumed uncertainty data 
influence with similar model accuracy experience. Sensitivity analyses can, therefore, 
support the process of increasing knowledge of the models’ validity.

The ability to handle uncertain information and lack of information is the key 
to success in early design.

Aim, Limitation and Context

The aim of the Chapter is to provide industrially useful methods for supporting 
model validation when measurement data is lacking. First, simulation techniques 
are needed that enable system simulation with models from different domains, 
Second, as a model constantly evolves through the development process, these 
validation methods must also fit into the entire development process. Third, the 
industrial applicability of the methods and metrics using uncertainty data must be 
investigated. One limitation that reduces the number of methods is that the selected 
model category, mathematically based aircraft system models, is computationally 
demanding. Others are that the model equations are not explicitly accessible and that 
the number of model parameters affected by uncertainty can be relatively large. The 
context in which the methods for supporting model validation must be developed to 
be useful is in area ‘A’ in Figure 1. Figure 1 shows a top-level view of domains that 
are always present when using the sought methods that support model validation 
and also shows the consequences if some domain is lacking. The areas should be 
considered in order to obtain a sound and balanced context for the problem-solving 
approach. To achieve an efficient development environment with useful methods, 
consideration must be taken to the development process, M&S methods, and the 
applied system. Area A is characterized by good balance and high efficiency. If for 
example, the process is not present during system development, area ‘B’, methods 
implementation in the company’s development process and its repeatability will 
be underdeveloped, which will result in disorder. If M&S is suppressed, area ‘C’, 
assumptions must be made regarding the M&S properties/behavior. If the system is 
suppressed, area ‘D’, some data/tasks will be missing. Areas C and D both lead to 
shortcomings in method development and validation. As always, human behavior 
must also be considered when evaluating and selecting methods.

CHAPTER OUTLINE

This Chapter is divided into three main sections:
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•	 Section 1 Introduction
•	 Section 2 Frame of reference. An introduction to M&S, model-based design, 

and aircraft systems.
•	 Section 3 Modeling and simulation of aircraft systems. An overview of how 

aircraft systems are designed in an M&S context. One simulation technique, 
hosted simulation, is described in detail.

Introduction

Earlier described

Frame of Reference

THIS SECTION PROVIDES an overview of model classification, simulation 
methods and their relation to engineering and aircraft system classification. The 
focus is on mathematical models for aircraft systems.

Models

Everything that is a representation of something can be seen as a model. In other 
words, a model is a simplification of something, e.g. anything from a screw to an 
airplane. Even nontechnical areas can be modeled as living organisms, abstract 
social behavior, and economic progress. A model represents a system. A general 
definition of a system is given by (Gains, 1979).

“The largest possible system of all is the universe. Whenever we decide to cut 
out a piece of the universe such that we can clearly say what is inside that piece 
(belongs to that piece), and what is outside (does not belong to that piece), we define 
a new system. A system is characterized by the fact that we can say what belongs 
to it and what does not, and by the fact that we can specify how it interacts with 
its environment. System definitions can furthermore be hierarchical. We can take 
the piece from before, cut out a yet smaller part of it, and we have a new system.” 
Examples of models related to a pump might be a thought or idea for its performance 
and type, a piece of plastic that shows its geometric extent, a blueprint, a textual 
description, mathematical equations that predict its performance, or a prototype. 
The model simplifies and helps the user to better understand the real object. Models 
can fall into at least four categories (Ljung et al, 1991; Smith et al, 2007).

•	 Physical
•	 Schematic
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•	 Verbal/Mental
•	 Mathematical

Physical models attempt to recall the system in terms of appearance. Typical 
physical models are scale models used in e.g. wind tunnels, test rigs, mock-ups or 
prototypes etc. Note that the term ‘physical models’ is somewhat confusingly also 
used in the field of physics, for example for mathematical models.

Verbal models are simpler than the other three model categories and provide 
textual or oral descriptions. Verbal models are often used early in projects when 
very little is known. The weakness of verbal models is their ambiguity, which may 
lead to difficulties in interpretation, which programming and modeling languages, 
for example, do not suffer from. An example of a mental model might be a driver’s 

Figure 2. Models and their physical interactions (the bus network is excluded) in 
a flight simulator
Source: Andersson et al, 2009
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capacity to predict a car’s behavior achieved through experience, education, and 
training. Mental models are often difficult to communicate verbally. Mathematical 
models describe the system using equations, e.g. in physics, chemistry, mechanics, 
economics, and biology. Typical outputs from mathematical models in the aerospace 
industry are pressure, temperature, and flow of fuel in a system. Mathematical 
models attempt to recall the system in terms of performance or behavior and are 
therefore also called behavior models. Which kind of model is meant, however, is 
usually read from the context. Another, more technical, way to divide the models is as 
specifying/descriptive and analytical models, (Andersson et al, 20009). The purpose 
of specifying/descriptive models is to provide a manufacturing schedule, for example, 
a drawing of a detail, a verbal specification, or a modeled software specification. 
The analytical models’ purpose, however, is to contribute system analysis to be able 
to take necessary design decisions that are input to the specifying models, such as 
the necessary analytical models, such as CFD models, and thus design iterations 
are necessary. If much of the design occurs in the analytical models, such as the 
selection and evaluation of system concepts, the analytical model corresponding 
to the selected system can then be considered a specifying/descriptive model in 
terms of system layout. The specifying model may have different resolutions and 
still be useful from day one of its construction, while the analytical model must be 
complete and the weakest link determines its quality. The benefits of modeling are 
several, such as (Smith et al, 2007).

•	 Models require users to organize and sometimes quantify information and, 
in the process, often indicate areas where additional information is needed.

•	 Models provide a systematic approach to problem-solving.
•	 Models increase understanding of the problem.
•	 Models entail users to be very distinct about objectives.
•	 Models serve as a consistent tool for analysis.
•	 Models provide a standardized format for analyzing a problem.

Verbal modeling is thus the process of establishing and reproducing 
interrelationships between entities of a system in a model. It can be argued that 
modeling has an intrinsic value because of all the benefits models provide in an 
industrial development environment.

MODELING AND SIMULATION OF AIRCRAFT SYSTEMS

This section presents an overview of the M&S work for the aircraft systems. Described 
methods and tools are also applicable to passenger aircraft, automotive industry, 
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and other complex products. The aircraft systems comprise fuel, ECS, hydraulic, 
and auxiliary power systems and also landing gear. Aircraft systems have many 
modeling challenges such as less compressible fluids and compressible air that 
give stiff differential equations, gravitational force effects, saturation and nonlinear 
cavitations. It is also a complex system of integrated systems that require models with 
integrated system software. Dynamic models based on physical differential equations 
have generally been used. Changes in tools have opened up for new possibilities 
for more advanced and more complete system simulations. The section also gives a 
detailed description of the simulation method called hosted simulation. The example 
used for hosted simulation demonstration purposes is a UAV (Unmanned Aerial 
Aircraft) fuel system.

Simulation of Mathematical Models

If a model is a simplified representation of a real-world system, a simulation is an 
execution of a model using input data to extract information from the model. A 
simulation is an experiment performed on a model, Figure 5. The simulation can 
be a real-life or hypothetical situation. By analogy with an experiment in the real 
world on a system that needs atmospheric conditions and delivers measurement 

Figure 3. The aircraft system design process
Source: Auta et al, 2013
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data, the model also needs inputs and delivers simulation data. The simulation 
enables the prediction of the behavior of the system from a set of parameters and 
initial conditions.

There are many reasons to simulate instead of setting up an experiment on a 
system in the real world (Chen et al, 2009). Some main reasons are:

•	 It is too expensive to perform experiments on real systems, e.g. extensive 
drop tank separation analysis.

•	 It is too dangerous. The pilot can practice a dangerous maneuver before 
performing it in the plane.

•	 The system may not yet exist, i.e. the model will act as a prototype that is 
evaluated and tested.

•	 Other positive features that simulation provide are:
•	 Variables not accessible in the real system can be observed in a simulation.
•	 It is easy to use and modify models and to change parameters and perform 

new simulations. With system design optimization many variants can be 
evaluated.

•	 The time scale of the system may be extended or shortened. For example, 
a pressure peak can be observed in detail or a flight of several hours can be 
simulated in minutes.

•	 The most important data flows in a model during simulation are:
•	 Parameters are constant during a simulation but can be changed in-between.
•	 Constants are not accessible for the simulation user.
•	 Variables are quantities that can vary with time.
•	 Inputs are variables that affect the model.
•	 For DAE/ODE/PDE models, states are an internal variable whose time 

derivative appears in the model and must, therefore, be initialized at 
simulation start.

•	 Outputs are variables that are observed.

The definitions of the terms vary depending on the domain. A promising standard, 
Functional Mockup Interface (FMI), has recently been developed, which can lead 
to a term alignment and simplified model integration between different technology 
domains and tools.

The mathematical models can be classified and hierarchized, (ARINC, 2006; Chen 
et al, 2005), in several different ways. The focus in the hierarchical classification 
below is on typical fluid system simulation models, which often are dynamic, non-
linear, and have continuous time and continuous states. The model categories in the 
dashed rectangle can be seen as subset of the model categories outside it.
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In contrast to a static model, the output of a dynamic model can also be a function 
of the history of the models’ inputs and not only a function of the current inputs. 
For example, the pressure in the aircraft fuel tank is a function of previous flight 
conditions. The pressure will be different if the aircraft is climbing, diving, or in level 
flight just before the observed time. Dynamic models are typically represented with 
differential equations. Setting the time derivative of the states to zero in a dynamic 
model will result in a static model. Strictly speaking, there are only non-linear 
systems in the real world but many systems are often modeled by linear models to 
simplify the M&S. Mathematical models describing the fluid system are rarely linear. 

Figure 4. Simulation of nanostructured domains in a polymer blend where the 
interfaces are controlled at the nanoscale
Source: S. C. Glotzer, 1995
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Nonlinear models can be linearized in a working point for further analysis as if it 
were a linear model. The sampling of an analog signal corresponds to a conversion 
of “Continuous time” to “Discrete time”.

Some other simulation output classifications are:

•	 Deterministic vs. probabilistic models. The simulation output of a 
deterministic model with a distinct set of input, model parameters, and model 
initialization will not differ from one simulation to another. Probabilistic 
models also include the probability distribution of the models’ inputs and 
parameters. Extensive simulation of such models will result in the outputs of 
the model being given a probability distribution. Typical uncertain parameters 
are fluid properties and equipment performance degradation due to wear/
aging. A good representation of the probability distribution of the inputs 
and parameters in the model reflects probable measurement data distribution 
from aircraft or rig.

•	 Quantitative vs. qualitative models. A mathematical model of an aircraft 
system is a quantitative model. A qualitative model could be a definition of 
quality criteria, ref [43], for a mathematical model for an aircraft system.

•	 Event-based (state machines).

A heterogeneous model is a model that consists of more than one model category, 
for example from a fuel system model with a continuous time equipment model 
connected to a discrete time control model.

Modeling and Simulation Tools

This chapter describes some aspects of modeling and simulation tools. Computational 
design is a growing field whose development is coupled with the rapid improvement 
of computers performance and their computational capability. There is no clear 
precision of the term computational design and it is interpreted differently in different 
engineering domains due to its broad implications. However, computational design 
methods are characterized by operating on computer models in different ways in 
order to extract information, (Gavel et al, 2003).

Historically has each technical domain has developed its own tools. This is a 
natural consequence of the requirements for a tool is just as high and specific to the 
product complexity in itself. This is in order to achieve an efficient development 
environment. The increased complexity of the designed systems has put higher 
requirements on the tool’s capability to resemble the system and still have a high 
level of abstraction in combination with a user-friendly graphical interface (GUI). 
Models easily become unstructured and complex without an appropriate tool. There 
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are several modeling-and-simulation tools on the market today that have a GUI that 
gives a good overview of the model. These are most often of the drag-and-drop type; 
this makes the modeling tool easy to use, thus minimizing the number of errors,, 
(Gavel et al, 2003).

Causality is the property of cause and effect in the system and it is an important 
condition for the choice of modeling technique and tool. For information flow or 
models of sensors or an Electronic Control Unit (ECU), the system’s inputs and 
outputs decide the causality. For physical systems with mass and energy flow, 

Figure 5. A screenshot of a molecular dynamics simulation of water molecules 
moving in a carbon nanotube using the 3D Molecular Dynamics Simulator of MW
Source: Giese et al, 2010
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the causality is a question of modeling techniques/tools. In non-causal models, 
the causality is not clearly stated, so the simulation tool has to sort the equations 
from model to the simulation code. When designing a causal model of a typical 
energy concerted system, the modeler has to choose what is considered to be a 
component’s input and output. The bond graph modeling technique, (Paynter, 1961), 
is a method that aids transformation from non-causal to causal models. The bond 
graph is an energy-based graphical technique for building mathematical models of 
dynamic systems. Thus, there are basically two representations, the signal flow/port 
approach using block diagrams suited to casual parts of the system and the power 

Figure 6. A screenshot of a quantum dynamics simulation of a scanning tunneling 
microscope that is an important tool in nanoscience

 *For a more accurate representation see the electronic version.
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port approach, suitable for the non-causal parts. The chosen approach should be 
based on the dominating causality characteristics of the system but is sometimes an 
outcome of the tool available. The signal port approach clearly shows all variable 
couplings in the system. This is very useful for systems analysis and is therefore 
suitable for representing control systems and systems connected to them. However, 
a drawback is that the model may become complex and difficult to overview. In this 
case, power port modeling is more appropriate. In power port modeling, there have 
two directional nodes that contain the transfer of several variables. The power port 
is more compact and closely matches the real physical connection that by nature 
is bi-directional.

Two examples of tools/languages for aircraft system development are:

•	 MATLAB language is an object-oriented language for complex physical 
systems modeling. It is acceptable for multi-domain modeling, for example, 
in aerospace industries modeling of mechatronic systems. Such systems are 
composed of electrical, mechanical, and control systems as well as hydraulic 
subsystems. MATLAB uses equation-based modeling; the physical behavior 
of a model is described by differential, algebraic and discrete equations. 
MATLAB models are causal and use the power port technique. An M&S 
environment is needed to solve actual problems. The environment provides a 
customizable set of block libraries that let users design and simulate. There 
are both commercial and free M&S environments for MATLAB. Dymola, 
OpenMATLAB, and SimulationX, are well known commercial MATLAB 
tools.

•	 Simulink, is also an environment for multi-domain M&S. Simulink is a 
product from the tool vendor Mathworks. The biggest difference compared 
to MATLAB tools is that the models will be causal and use the signal flow 
technique. A causal block diagram is made up of connected operation blocks. 
The connections stand for signals, which are propagated from one block to 
the next. Blocks can be purely algebraic or may involve some notion of time 
such as delay or integration. A product called Simscape, has existed for some 
years that extends Simulink with tools for power port modeling of systems 
such as mechanical, electrical and, hydraulic.

•	 Most simulation packages come with predefined libraries with a set of 
numbers of equations representing physical components. One of the major 
reasons for choosing a particular tool is whether a suitable component library 
already exists. Even so, it is not uncommon that some components may need 
to be tailored and added in order to simulate a specific system. When choosing 
a library, it is important to know what levels of accuracy and bandwidth the 
components in the library are valid.
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Modeling and Simulation History

This brief description of modeling and simulation history begins in the late 1970s 
as the availability of computers and computer-based calculation capacity began to 
increase for the engineers. In the late 1970s, Schlesinger (Sargent et al, 2007) defined 
the M&S activities, such as verification and validation and their relationship, and 
this has been improved upon by Sargent (Chatterjee et al, 1988) with the real world 
and simulation-world relationship with its analogies. Before the 1980s, the modeling 
of heavy aircraft system models was susceptible due to difficulties in visualizing 
and modifying the model. In the 1980s, the era as we know it today began, with 
tools that have user-friendly graphical user interfaces with features like “drag and 
drop” of block components and the power port (based on bond graph technique) 
concept or at least appears to be power port to the user. Boeing’s EASY5 is one 
such example of an early M&S tool.

In the 1990s, the co-simulation between tools suits a common feature of commercial 
tools and heterogeneous simulation increased and the first version of the multi-domain 
modeling language MATLAB was released in 1984. The language has come to be 
used in both industry/academia and in different physical domains. In the 2000s, it 
has become common to generate code from models directly to the product or for 
hosted simulation, paper (Akaike et al, 1974). A new, mature and M&S-friendly 
design organization changed the complete fundamentals of the relationship of M&S 
and the design process. This change resulted in a new way of working, Model-Based 
Systems Engineering (MBSE), with a model-centric development approach.

Model-Based Systems Engineering

The International Council on Systems Engineering (INCOSE) defines Systems 
Engineering (SE) as “Systems Engineering is an interdisciplinary approach and 
means to enable the realization of successful systems. SE with a model based 
approach is called MBSE. MBSE uses “modeling” of the system in, for example, 
the design of complex systems and of its requirements to facilitate a more efficient 
design process. There are several definitions of how models are used in system 
development depending on when in the design process it is used and in which 
technical domain, for example:

•	 MBSE (Model Based Systems Engineering)
•	 MBD (Model Based Design)
•	 MBD (Model Based Development)
•	 MBD (Model Based Definition)
•	 MBE (Model Based Engineering)
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•	 MDA (Model Driven Architecture)
•	 MDD (Model Driven Design)
•	 MDE (Model Driven Engineering)

As M&S grows, the above definitions are exchanged between domains and are 
used in wider/slightly different senses. Some of the definitions are principles and 
some are the means to perform the principles, e.g. the principle of MBSE is used 
to perform MBD, (ARINC, 2006) Some of the major benefits, Figure, of a model-
centric approach are:

Documentation. The model is the only information carrier. Documentation and 
code are by-products and are generated based on the model. A model is also easier 
to share and communicate with people compared to a text, hence a visualization 
(model) is worth a thousand words and is unambiguous.

•	 Design by simulation. Executable models increase understanding of the 
behavior of the model and lead to better design quality.

Figure 7. System Build model example of system software
Source: ARINC, 2006

 EBSCOhost - printed on 2/14/2023 2:35 PM via . All use subject to https://www.ebsco.com/terms-of-use



279

Simulation and Modeling of Nanotechnology Aircraft Using MATLAB

•	 Test and verification. Continuous tests and verifications can be made on a 
model.

•	 Auto-generated code decreases the number of actors involved and maintains 
consistency

•	 between specifying model and implementable code and its documents.

Some other benefits are:

•	 Early identification of requirements.
•	 Reuse of models.

MBSE is implemented by placing the model in the center, which leads to the 
following fundamentals:

•	 The interaction between developers and the various tasks is accomplished via 
the model.

•	 The model will have more than one purpose and be needed by more than one 
person.

The Model-Based Design Process

Engineering design is a technique to solve problems where a set of often doubtful 
objectives have to be balanced without violating a set of constraints. By employing 
modern modeling, simulation, and optimization techniques, vast improvements 
can be achieved in all parts of the design process. A great deal of Chapter has been 
done in the field of engineering design and has led to different design processes 
and methods. They all describe a phase-type process of different granularity with 
phases such as Concept Design, Preliminary Design, Specification, Prototype 
Development, Redesign, Detail Design, and Production. Ullman (1992), speaks 
of the design paradox, where very little is known about the design problem at the 
beginning but we have full design freedom. As time in the design process proceeds, 
knowledge about the problem is gained but the design freedom is lost due to the 
design decisions made during the process. To further stress the importance of the 
early phases of the design process, it is here that most of the cost is committed.

Computer models are a vital tool when evaluating the performance of the concept 
proposals. Most often, the modeling activities begin with simple stationary models 
of the systems, perhaps in MS Excel or equivalent, (Gavel, 2003). As the system 
goes into embodiment design, the software is modeled in a separate model with 
signal port technique, which is then co-simulated or host-simulated with the physical 
system model. However, most designs are actually modifications of already existing 
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Figure 8. Atomistic simulation of a nanostructure
Source: Andersson et al, 2009

Figure 9. A typical complete system model, such as the fuel system model, may be 
divided into three major model
Source: Scholtz et al, 2002
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systems, if so, all the required models are already present in the early stages of the 
design process and relatively easy to modify for reuse. This also applies to other 
test facilities, such as test rigs, simulators, and test a/c, with the exception that these 
are not always so easy to modify.

Aircraft System Simulation and Simulators

Some models can be executed together in a so-called simulator. If the simulated 
system is an aircraft, then it is called a flight simulator. Simulation is an important 
activity for system level analysis/verification with the main objective being to reduce 
risk and cost. At component or system level, desktop simulations in the modeling 
tool or in specific mid-scale-simulation software/environments, add understanding 
and confidence to the system’s design. For a whole aircraft system, this activity is 
characterized as large-scale-simulation with specific prerequisites. Some definitions 
related to simulation are provided below, (ARINC, 2006).

Mid-scale simulation: The activity performed when some simulation models of 
aircraft subsystems, developed with different modeling techniques, are integrated 
into a larger model, complex enough not to be simulatable in a desktop M&S tool.

Figure 10. Design concept for the TTR, showing internal components of the control 
system, motors and gearbox
Source: Gavel, 2003
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Large-scale simulation: The activity performed when several simulation models of 
the aircraft subsystems are integrated and specific arrangements for performance or 
interoperability exist. Examples of such arrangements are real-time execution, “pilot-
in-the-loop simulation” or “hardware-in-the-loop simulation” (HILS) configurations.

Verification and Validation

Verification and validation (V&V) are two terms that are often mixed up. The 
general definitions of V&V are:

1. 	 Verification: Did I build the thing right?
2. 	 Validation: Did I build the right thing?

Verification tasks are often independent of context and can often be objectively 
answered with a yes or a no, e.g. formal verification. With M&S tools, such Dymola 
and Simulink, the number of computer programming and implementation errors has 
been reduced. Model verification then primarily ensures that an error-free simulation 
language has been used, that the simulation language has been properly implemented 
on the computer, and the model programmed correctly in the simulation language. 
Model validation, on the other hand, cannot be performed in early development phases 
like the concept phase due to the requirement of system experiment data. However, 

Figure 11. Flow diagram of the simulation method
Source: Backlund, 2000
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sensitivity analyses can still be made that point out model component parameters that 
have a strong influence on the simulation result or compare the assumed uncertainty 
data influence with similar model accuracy experience. Later in the development 
process, when more knowledge and measurement data is available, model validation 
with measurement data can begin. Model validation is context dependent, e.g. for a 
specific simulation task a model can be validated in parts of the flight envelope for 
some model outputs. For another simulation task with its context, a complete other 
model validation status can exist. In (Karlsson et al, 2010) a broader aspect and on 
a higher level has been taken concerning M&S result credibility. Eight factors have 
been defined as a five-level assessment of credibility for each factor, Verification 
Validation, Input Pedigree Results, Uncertainty, Results, Robustness, Use History 
M&S, Management, People, Qualifications. The approach clearly demonstrates the 
large number of factors that affect a model’s credibility, which inevitably means 
that in the case of large models it is an extremely time-consuming task to make 
them credible.

The Gripen Aircraft System Models

Aircraft systems facing several modeling challenges such as mixing fuel and air in 
fuel systems, modeling gravitational force effects, and environmental dependency 
and flight envelope of the ECU. The aircraft systems’ models are complex aircraft 
system models that include both the equipment and the software controlling and 
monitoring each system. Sub-models for aircraft system simulation can be organized 
into the following major categories.

Figure 12. Sensitivity analysis process
Source: Andersson, 2009
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•	 The equipment model, with pumps, valves, and pipes for performance 
evaluation and dimensioning. The models are usually based on physical 
differential equations. Black-box models can be used for some equipment 
of minor interest such as sensors. Tables can be used for highly nonlinear 
equipment such as compressors and turbines

•	 The embedded software model, for control and monitoring of the equipment. 
The system software model can be hosted as a sub-routine and be generated 
automatically from the software model for facilitating the integrating of new 
code in the case of the redesign. The effects of the control units’ hardware are 
rarely modeled.

•	 The environmental models with input data to the two categories above. The 
pilot, flight case and the atmosphere will be found here.

APPLICATIONS

MATLAB applications in behavior analysis of systems consisting of SWCNTs 
through molecular dynamics simulation. This chapter presents the applications 
of MATLAB in calculations for nano-systems, which mostly contain CNTs. The 
molecular dynamic simulation and analytical studies of CNTs. In this chapter the 
authors study the behavior of single-walled CNTs and functionalized CNTs (FCNTs) 

Figure 13. Complete aircraft’s vehicle systems
Source: Hayden, 2010
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with four functional groups in water using the molecular dynamic simulation method. 
Glutamine, as a long chain functional group, and carboxyl, as a short chain functional 
group, have been used as functional groups in FCNTs. Four functional groups in 
each FCNT were localized at two positions: (i) all four functional groups were in 
the sidewalls of the nanotube and (ii) two functional groups were at the ends and 
two functional groups were in the sidewalls of the nanotube.

CONCLUSION

This chapter shows the modern design requirements with the help of simulation to 
assure the properties of aircraft like faster, miniature, highly maneuverable, self-
healing, light weight warrant for materials, intelligence guided, smart, eco-friendly, 
with extraordinary mechanical and multifunctional properties in aviation sector.

Figure 14. Example of computational modeling of CNT
Source: Scholtz et al, 2002
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MATLAB promotes reuse of models, which means that methods and measures 
for model development and validation, for example, should be used in several life 
cycle phases.

Using MATLAB results in inevitable model handovers, due to the long life of 
models. People from many disciplines, with and without M&S experience, use 
and make design decisions based on M&S outcomes. This means that methods 
and model quality measures should be comprehensible and transparent, in order be 
accepted in an organization. Measures should also be directly used as feedback in 
the model’s improvement process.

The data used for validation, e.g. uncertainty data and its context, should be 
included in the model or strongly connected to it. This speeds up the process of the 
user gaining an insight into the model validity. By making the uncertainties visible 
to the user, the necessary and continuous model improvement process is supported.

An understanding of the adequate modeling level and of a model’s future 
requirements improves the quality of what M&S contributes to a development 
project. There is a balance between too simple a model and too detailed a model. 
Too simple a model will not have the capacity to reflect the system or meet future, 
tougher model requirements while too detailed a model will, for example, suffer 
from model handling errors and cost more than necessary.
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