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Preface

Many of the recent research accomplishments in the area of high perfor-
mance polymers, their preparation, structure-properties and their nano-
composites are summarized in High Performance Polymers and Their 
Nanocomposites. Among the many topics discussed are liquid crystal poly-
mers, polyamide 4,6 and polyacrylamide, and the influence of nanostruc-
tured multifunctional polyhedral oligomeric silsesquioxane on surface 
morphology. Also discussed are thermoplastic polyimide, and polytet-
rafluoroethylene’s performance properties and applications. A review 
of polymer containing phthalazinone moieties is presented along with a 
discussion of poly(ethylene terephthalate) and poly(ethylene naphthalate) 
polyesters; high-performance oil-resistant blends of ethylene propylene 
diene monomer and epoxidized natural rubber; and unsaturated polyester 
nanocomposites reinforced with functionalized  nanofillers.

This book will be a very valuable reference source for university and col-
lege faculties, professionals, post-doctoral research fellows, senior graduate 
students, and researchers from R&D laboratories working in the area of 
high performance polymers and their nanocomposites. The various chap-
ters in this book are contributed by prominent researchers from industry, 
academia and government/private research laboratories across the globe, 
making it an up-to-date record on the major findings and observations in 
the field. 

The first chapter discusses the state-of-the-art of high performance 
polymer nanocomposites and new challenges relating to them. The sec-
ond chapter introduces the concepts of liquid crystal polymers (LCPs) 
and also gives their historical background. Because the method used to 
obtain these compounds is an important issue, the main synthesis routes 
are described. In order to understand the solution properties of LCPs some 
rheological aspects are highlighted, together with some basic characteris-
tics in solid phase, like dielectric behavior, magnetic properties, mechani-
cal resistance and phase morphology. Since the features of LCPs are also 
affected by the applied processing methodology, basic aspects concerning 
injection molding, extrusion, free surface flow and LCP fiber spinning are 
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briefly addressed. The practical importance of blends and composites with 
LCP phase is emphasized in various industrial areas such as optoelectron-
ics, displays, sensors and actuators. Several essential aspects are disclosed 
regarding the environmental impact of LCPs and concerns about their 
recycling. Considering the high demand for products based on LCPs, the 
corresponding market is expected to expand, but efforts still must be made 
to improve their performance and reduce preparation costs.

Various topics on polyamide 4,6 and its properties are discussed in the 
third chapter. Polyamide (PA) or nylon is one of the engineering plastics 
employed in many engineering components. At high temperatures, PA4,6 
provides excellent properties such as high stiffness, creep resistance, ther-
mal stability, and fatigue resistance, along with good toughness. Also, PA4,6 
shows better chemical resistance to acidic salts, methanol, mineral salts, 
oils and grease. Its excellent mechanical properties at high temperatures, 
low friction, excellent resistance to wear and excellent chemical resistance 
make PA4,6 polymer a good candidate for a broad range of technical appli-
cations in electrical, electronic and automotive industries among others. 
Therefore, studies about the polymerization, properties, chemical stabil-
ity, processing and applications of PA4,6 are presented in this chapter. The 
blends, composites and nanocomposites of PA4,6 with other polymers 
are also mentioned, along with its environmental impact and recycling 
possibility.

The fourth chapter of this book discusses polyacrylamide and its nano-
composites. Polyacrylamide (PAM) polymers are a synthetic group with 
a great variety of macromolecular compounds. Polyacrylamide is very 
soluble in water, with the solution’s viscosity being linearly dependent on 
polymer molecular weight; and PAM amide with weak basic character 
undergoes hydrolysis, halogenation, methylation and sulfonation reac-
tions. This chapter is mainly divided into two parts. The first part discusses 
the history of PAM and its polymerization, fabrication, properties, chemi-
cal stability, compounding, special additives, processing and applications. 
Whereas the second part deals with various topics such as blends and com-
posites of PAM, its nanocomposites, environmental impact and recycling. 

The effect of nanostructured polyhedral oligomeric silsesquioxone 
(POSS) on high performance poly(urethane-imide) (PUI) is the topic of the 
fifth chapter, in which the author discusses different research studies related 
to POSS. Successfully embedding POSS in the PUI membrane through 
chemical bonding and the vital role of POSS on the surface morphology 
of prepared membranes were studied. A range of PUI-POSS membranes 
were prepared by a facile in-situ polymerization reaction based on differ-
ent loadings of POSS and their surface morphology was characterized by 



Contents xv

atomic force microscopy (AFM), scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) techniques. The thermal stability 
of PUI-POSS nanocomposite membranes were analyzed by thermogravi-
metric analysis (TGA). The TEM images revealed the dispersion behavior 
of POSS in the membranes, which was found to be in the range of 10 to 20 
nm size. SEM images showed no agglomeration even at the higher content 
of POSS. Three-dimensional AFM images of the membranes indicated a 
slight increase in roughness when POSS content was increased. The gel 
content, fractional free volume (FFV) and density of the PUI-POSS mem-
branes were calculated, and effectively correlated with surface morphology 
studies. The obtained results showed that the prepared membrane is excel-
lent for gas transport studies.

The next chapter mainly focuses on the polymerization, processing, 
properties and applications of thermoplastic polyimide (TPI). The polym-
erization and properties are introduced by their basic polymer units such 
as BEPA, PMDA, BTDA, ODPA, BTDA, etc. The blends, composites and 
nanocomposites of TPI are also described in this chapter, including com-
pounding with other molecules of TPI. Its environmental impact and recy-
clability are briefly discussed at the end of the chapter.

Advances in high performance polymers containing phthalazinone 
moieties are discussed in the seventh chapter. The authors of the chapter 
explain that high performance polymer materials have excellent perfor-
mance in high temperatures and are indispensable in aerospace, electron-
ics, electrical engineering, high-speed rail, and other important high-tech 
fields. Progress in the synthesis and performance of phthalazinone-con-
taining polyarylethers (including poly(phthalazinone ether sulfone ketone)
s, poly(phthalazinone ether nitrile sulfone ketone)s, poly(phthalazinone 
ether sulfone ketone ketone)s, and poly(triaryl triazine ring)s), polyam-
ides, polyimides, polyarylates, and polybenzimidazoles is also reviewed. 
Because the phenyl-phthalazinone structure is a twisted, non-coplanar, 
and fused ring, the above polymers are not only heat resistant, but also sol-
uble. The processing methods are diverse and include both thermoforming 
(molding, extrusion, injection, etc.) and solution processing. Hence, these 
polymers have a wide range of applications. 

In the eitgth chapter,  poly(ethylene terephthalate) (PET) and 
poly(ethylene naphthalate) (PEN) polyesters are discussed in a wide range 
of review studies. The first part of this chapter discusses the synthesis of 
PET and PEN, PET production, processing of neat polymers, materials 
feeding, melting, compounding, venting, metering, temperature managing, 
die forming and post-die treatments, and tandem extruders configuration. 
The second part of the chapter relates to PET and PEN nanocomposites, 
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in which the authors explain the preparation of polyester-based nanocom-
posites using different preparation methods, and also characterize them 
with different types of techniques.  

In the ninth chapter, different topics relating to high-performance oil-
resistant blends of ethylene propylene diene monomer (EPDM) and epox-
idized natural rubber (ENR) are discussed. Among the many subtopics 
discussed in the first part of the chapter are optimization of the curing sys-
tem and blend ratio for the ENR/EPDM blends, the optimization of maleic 
anhydride (MAH) concentration for maleation of EPDM, and the charac-
terization and compatibility characteristics of ENR-MA-g-EPDM blends 
and optimization of their processing temperature. The second part of the 
chapter mainly focuses on characterization methods such as ultrasonic 
velocity measurements in solution, thermomechanical analysis, scanning 
electron microscopy studies, evaluation of the mechanical properties of 
individual rubbers and blends, stress-strain properties, determination of 
hardness, oil swelling and aging studies, and thermogravimetric analysis. 
Finally, the effect of addition of carbon black in ENR/MA-g-EPDM blend 
is also explained. 

The subject of the final chapter is high performance unsaturated 
polyester/f-MWCNTs nanocomposites induced by f-graphene nano-
platelets. The focus of the chapter is mainly on the unique properties of 
unsaturated polyester resin (UPE) as well as preparation of a hybrid UPE 
nanocomposite incorporated with chemically functionalized multiwalled 
carbon nanotubes (f-MWCNTs) and functionalized graphene nanoplate-
lets (f-GNPs) through a solution mixing procedure. The chapter’s authors 
tried to compile the detailed preparation and characterization techniques 
of both functionalized nanofillers and the hybrid UPE nanocomposites 
with a focus on the effect of nanofiller loading. Owing to the incorpora-
tion of f-MWCNTs and f-GNPs hybrid into UPE, a large surface area was 
created which resulted in strong interfacial adhesion between the effi-
cient hybrid nanofiller networks and the matrices. Thorough analysis of 
the results showed the formation of efficient hybrid nanocomposite with 
improved properties.  The produced nanomaterial successfully proved its 
candidacy for high performance UPE-based nanocomposites with a vari-
ety of applicabilities in the realm of functionalized nanocomposites. 

In conclusion, the editors would like to express their sincere gratitude to 
all the contributors to this book, whose excellent support and enthusiasm 
ensured the successful completion of this venture. We are grateful to them 
for the commitment and sincerity they showed towards their contribu-
tions. We would like to thank all the reviewers who have taken their valu-
able time to make critical comments on each chapter. We also thank the 
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publisher, John Wiley and Sons Ltd. and Scrivener Publishing, for recog-
nizing the demand for such a book, and for realizing the increasing impor-
tance of the area of high performance polymers and their nanocomposites 
and for starting such a new project, the subject of which only a few other 
publishers have touched.

Dr. Visakh P. M.
Dr. Artem Semkin

Tomsk, Russia
September 2018
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High-Performance Polymer 
Nanocomposites and Their Applications: 

State of Art and New Challenges

Visakh P.M.

Faculty of Electronic Engineering, Department of Physical Electronics, TUSUR University, 

Tomsk, Russia

Abstract
This chapter deals with a brief account on various topics in high performance 

polymers nanocomposites and their applications. It discusses the various topics 

such as liquid crystal polymers (LCP), polyamide 4, 6, (PA4,6), polyacrylamide 

(PAM), the influence of nanostructured multifunctional polyhedral oligomeric 

silsesquioxone on surface morphology, thermoplastic polyimide (TPI), perfor-

mance properties and applications of polytetrafluoroethylene (PTFE), polymer 

containing phthalazinone moieties, polyesters: poly(ethylene terephthalate) – 

PET, poly(ethylene naphthalate) – PEN, high performance oil resistant blends of 

ethylene propylene diene monomer (EPDM), epoxydised natural rubber(ENR), 

unsaturated polyester and also nanocomposites from this by reinforcing function-

alized nanofillers.

Keywords: High performance polymers, liquid crystal polymers, polyamide, 

polyacrylamide, thermoplastic polyimide, poly(ethylene terephthalate), ethylene 

propylene diene monomer, epoxydised natural rubber

1.1  Liquid Crystal Polymers

Liquid crystals (LC) combine the long-range positional and orientational 
order found in solid crystals and the statistical long-range disorder typi-
cal for isotropic liquids [1]. This point represents a milestone that opened 
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High Performance Polymers and Their Nanocomposites2

a novel area of research that gained the attention of physicists, chemists, 
and engineers for several decades. LCs may have some similarities with 
those of living state since mobility and structural organization of biological 
and synthetic LCs represent an ideal medium for catalytic action involved 
in growth and reproduction processes of cells. Liquid crystals phase with 
external fields, such as electric, magnetic, or mechanical ones, offers many 
possibilities to shape these materials [2]. For this reason, they are found in 
several applicative domains, such as electronics (displays, photonic devices 
and polarization-independent instruments) or medicine (biosensors for 
optically probing biological systems, biomimicking color-producing struc-
tures, lenses, and muscle-like actuators) [3].

A good example in this category of materials is given by poly(γ-
benzyl-L-glutamate) or cellulose derivatives [4]. Side chain LC polymers 
that result from free-radical process are prepared using various types 
of initiating factors such as temperature or electromagnetic radiations. 
Rheological properties of LC polymers, registered in the simplest cone-
plate geometry, are very complex in regard to homogeneous isotropic 
polymer solutions [5].

Cholesteric LC polymers can be obtained from optically active macromo-
lecular compounds or optically active mixtures [6]. The molecular centers of 
gravity do not present long-range order but the molecules have the tendency 
to be parallel to LC director. Smectic phase has attracted much attention in sci-
entific community, which revealed more than 10 smectic modifications. This 
led to a variety of polymeric materials with different architectural features. 
Most LC polymers are attractive for sintering flows owing to their reduced 
viscosity but the orientation degree is not as high as expected. Another limi-
tation of such materials arises from the high viscosity at low shear stress that 
impedes the fusion of the particles. Melt rheology tests showed decreased vis-
cosity of thermoplastics after introduction of LC polymer. Higher interfacial 
adhesion between the isotropic and anisotropic components was noticed at 
low shear rates as a slight increase in the melt viscosity. LC polymer compos-
ites can be obtained from cellulose derivatives, such as hydroxypropyl cel-
lulose (HPC). Nishio et al., [7] revealed that utilization of the 2-hydroxyethyl 
methacrylate (HEMA) solvent enables through its polymerization prepara-
tion of multiphasic materials with cholesteric nature of the mesophase over 
limited concentration and temperature ranges. LC polymers find application 
in a wide range of domain, the most important being in electroluminescent 
display devices or nonlinear optical materials in the case of main chain LC 
polymers. For side chain LC polymers, the most known applications are 
replacements for small molecules in LC displays or passive optical films with 
tailored optical properties.
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1.2  Polyamide 4, 6, (PA4,6)

Polyamide (PA) or nylon is one of the engineering plastics employed in many 

engineering components. Various types of PA such as PA6, PA6,6, and PA4,6 

are available in the market. Polyamides (PAs) can both be made from one 

type of monomer or two types of monomers. Among the various types of PAs, 

PA4,6 is a new engineering plastic. PA4,6 was mentioned as early as the 1930s 

in the literature [8], and this researcher reported that the melting point was 

278 °C, which was confirmed by Coffman et al., [9] in 1947. Ke and Sisko [10] 

synthesized PA4,6 with a melting point of 293 °C by interfacial polymeriza-

tion. Aubineau et al., [11] prepared PA4,6 from adipoyl chloride in chloro-

form solution. However, the significant and commercial quantities of PA4,6 

were not available until the 1980s. Nowadays, PA4,6 is commercially available 

in the market (DSM) under the trade name Stanyl. PA4,6 gives excellent prop-

erties at high temperatures such as high stiffness, high creep resistance, high 

thermal stability, good toughness, and high fatigue resistance [12]. However, 

fire resistance of PA4,6 is weak [13]. PA4,6 fibers with diameters in the range 

of 30–200 nm were manufactured by the electrospinning technique [14]. The 

diameters of the PA4,6 nanofibers were adjusted by changing the concen-

tration of the polymer solution during electrospinning, and the nanofibers 

with diameters ranging from 1 μm to 1 nm were prepared. Properties such as 

excellent mechanical properties at high temperatures, low friction, excellent 

resistance to wear, and excellent chemical resistance of PA4,6 make this poly-

mer a good material candidate for the broad range of technical applications 

such as electrical, electronic, and automotive industries [15].

PA4,6 is used in automotive components, motor sensors, microswitches, 

auto connectors, motor components, and bobbins [16]. The properties of 

high dimensional and thermal stability and resistance against peak tem-

peratures of PA4,6 result in good material for applications in the close 

vicinity of an engine where very high temperatures can be obtained for a 

short period. Toughened PA4,6 has a large potential for the extruded tub-

ing applications owing to the retention of the elongation at elevated tem-

perature. Toughened PA4,6 is better suitable in the applications where high 

temperature retention of stiffness and creep modulus are required. Impact 

modified PA4,6 is an ideal for the automotive usage due to the retention 

of ductility, stiffness, and creep modulus at elevated temperatures. In the 

literature, tensile strength, flexural strength, compressive strength, com-

pressive modulus, frictional coefficient, and specific wear rate of glass- and 

carbon-fiber-reinforced PA4,6 composites were predicted by an artificial 

neural network [17].



High Performance Polymers and Their Nanocomposites4

Water absorption diminishes the properties of polymeric materials 
and limits its applications in the industry. The knowledge about the water 
uptake in PA4,6 matrix is very important for the manufacturers in the 
countries with a climate of high humidity. PA4,6 is soluble in water and 
ethanol; however, water is a better solvent than ethanol. Vapor pressure of 
water rises with heating [69].

1.3  Polyacrylamide

The first synthesis of polyacrylamide (PAM) was performed in 1893 by 
Charles Moreau—the French pharmacist and chemist. He obtained PAM 
using acryloyl chloride and ammonia at low temperature. The commercial 
production of PAM began in the United States in 1954. The acrylamide 
(AM) monomer obtained from acrylonitrile was used in homopolymeri-
zation to obtain non-ionic polyacrylamide. The most important areas of 
polyacrylamide applications are the flocculation process in the wastewa-
ters treatment, enhanced oil recovery, sludge dewatering, paper produc-
tion, and improvement of cultivated soil stability [18–23].

Polyacrylamide with the molecular formula (C
3
H

5
NO)

n
 is called, 

according to the IUPAC nomenclature, poly(2-propenamide) or poly(1-
carbamoylethylene). Polyacrylamide and its derivatives are also used in 
paper-making technologies. For example, N-chloropolyacrylamide (N-Cl-
PAM), obtained from the N-chlorination of polyacrylamide, was applied 
for the improvement of paper strength. It was proved that N-Cl-PAM 
reacts with the hydroxyl and carboxyl groups of the cellulose forming 
strong covalent bonds between the polymeric agents and fibers. The poly-
acrylamide blending with ammonia borane (AB) was prepared through 
a sol-mixing method by Li and co-workers [24]. This blend was used as 
a new polymeric storage of hydrogen. The dehydrogenation kinetics and 
the possible way of H

2
 release were examined. It was demonstrated that 

the dehydrogenation properties of AB-PAM blend are significantly better 
than pure ammonia borane.

The polyacrylamide blends with other synthetic polymers were pre-
pared and fully characterized. For example, PAM hybrid with poly(vinyl 
alcohol)—PVA was prepared through the blending of PAM and PVA 
using crosslinking with glutaraldehyde (Glu) [25].

The blends of PVA and polyvinyl pyrrolidone—PVP were prepared 
and tested for their usage as corrosion inhibitors for aluminum in the 
acidic medium in the temperature range of 30–60 °C [26]. Ni and co-
workers [27] prepared in situ gold/polyacrylamide hybrid nanoparticles  
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(Au/PAM) in an ethanol solution at room temperature and normal pres-
sure using γ irradiation. Pan and Chen [28] obtained the polyacrylamide 
silver/polyacrylamide (Ag/PAM) nanocomposites subjecting the mixture 
of silver nitrate (AgNO

3
) and PAM solutions to ultraviolet irradiation.

1.4  Effect of Nanostructured Polyhedral Oligomeric 
Silsesquioxone on High Performance 
Poly(urethane-Imide)

Organic–inorganic hybrid materials such as polyhedral oligomeric silses-
quioxones (POSS) are accepted as a new class of advanced materials, 
because they can be synthesized or processed using versatile approaches 
and have own tunable properties. POSS cubic molecules show a rigid 
framework structure closely related to that of silica, and POSS is one of 
the most important fillers as well as functionally tailored nanomaterial in 
nanotechnology. The large variety of substitution pattern allows silsesqui-
oxane specifically POSS to be incorporated into almost any conventional 
polymer either by blending or by covalent attachments [29–31].

Chattopadhyay et al., [32] synthesized two different sets of poly(urethane-
imide/clay) hybrids from two types of polyester polyols. Avadhani et al., [33] 
have prepared novel poly(urethane-imide) by utilizing diisocyanates con-
taining built-in imide group. In addition, Yeganeh et al., [34] have synthe-
sized poly(urethane-imide) by the reaction of isocyanate-terminated PU 
prepolymer with glycols containing imide function as a chain extender.

1.5  Thermoplastic Polyimide

Polyimide (PI) is a polymer of imide monomers. In those of polymers, 
Phthalimide polymer is the most important one. The last ones are the 
most used polyimides because of their good thermostability such as the 
Phthalimide polymers mentioned earlier. Thermosetting polyimides are 
known for thermal stability, good chemical resistance, excellent mechanical 
properties, and characteristic orange/yellow color. The polyimide cannot 
be melted or injection-molded and therefore has some limitations for com-
plicated design and productivity. E.I. du Pont de Nemours and Company 
published a patent that described the synthesis of Thermoplastic copoly-
imides in 2001. The polymers were the reaction products of components 
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comprising an aromatic dianhydride component, an aromatic diamine 
component, and an end capping component.

Overall, thermoplastic polyimides (TPIs) are stable for dilute acid, but 
most of the TPIs are hydrolyzed materials, especially in the alkaline solu-
tion. Moreover, this makes TPI special to the other polymers. We could 
recycle the dianhydrides and diamines by alkaline hydrolysis reaction. For 
example, the recycling rate is up to 80–90% through the hydrolysis for 
Membrane Kapton. Similar to other aromatic polymers, TPIs are not sta-
ble for concentrated sulfuric acid, concentrated nitric acid, and halogens. 
DeIasi et al., [35] reported the effect of an aqueous environment on the 
properties of Kapton polyimide film. Immersion of specimens in distilled 
water at 25–100 °C for time periods ranging from one hour to several hun-
dred hours resulted in a decrease in the ultimate tensile strength of the 
polymer from 157.32 MPa to approximately 95.76 MPa. After the polym-
erization and the fabrication of the TPI, some processing procedures are 
needed to make the raw TPI polymers into products. The processing pro-
cedures include the following: Injection molding, Compression molding, 
Extrusion molding, Coating, and Spinning.

TPI could strongly cohere with several substrates, such as metals, non-
metals, and polymers. TPI-based adhesives were widely used in aerospace 
and electronics industries. Titanium alloys are widely used in aerospace, 
and they have very high tensile strength and toughness. They are light 
in weight, and have extraordinary corrosion resistance and the ability to 
withstand extreme temperatures. Hergenrother et al., [36] used LaRC-CPI 
for the adhesion of the titanium alloys. The results suggest that the adhe-
sive performance is no good when the molecular weight is too higher or 
lower. Commonly, low temperature and high pressure will lead to good 
adhesive performance. ULTEM is a family of PEI products manufactured 
by SABIC as a result of acquiring the General Electric Plastics Division in 
2007, developed by Joseph G. Wirth in the early 1980s. ULTEM resins are 
used in medical and chemical instrumentation due to their heat resistance, 
solvent resistance, and flame resistance. There are two ways to fabricate 
the TPI blends: the one is polyimide blends with polymide; the other is 
polyamic acid blending method (TPI must be soluble). As the second way, 
due to the amido acid exchange reaction, the formation of copolymers is 
inevitable, and there are many impact factors on the properties of the TPI 
blends, such as blending conditions, time, and temperature.

Tong et al., [37] reported the preparation of rodlike/flexible polyimide 
blends is feasible by utilizing poly(amic acid) amine salt precursors, which 
are free from the intermolecular transamidation reaction. Compared to 
poly(amic ester)s, the preparation of poly(amic acid) amine salts is much 
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more straightforward and easier. In addition, poly(amic acid) amine salts 
as PI precursors are used more and more in practice. Khalil Faghihi and 
Meisam Shabanian [38] reported a TPI/silver nanocomposite. The soluble 
polyimide–silver nanocomposite containing chalcone moieties as a photo 
sensitive group was synthesized by a convenient ultraviolet irradiation 
technique. A precursor such as AgNO

3
 was used as the source of the silver 

particles. Thanh Hoai Lucie Nguyen et al., [39] reported another TPI/sil-
ver nanocomposite, which is based on silver nanowires and thermoplastic 
polyamide. The typical fabrication procedure of the composite is as fol-
lows: a volume of Ag NW suspension was added to the PI/NEP solution 
under sonification. This suspension was film coated on a glass plate and 
placed in an oven at 80 °C for 30 min to evaporate the solvent. Jiahua 
Zhu et al., [40] used the commercialized TPI Martrimid 5218 to fabricate 
the TPI–Fe–FeO nanocomposite. Pure PI and Fe–FeO/PI nanocomposite 
fibers with various Fe@FeO nanoparticle loadings (5, 10, 20, and 30 wt%) 
are fabricated by the electrospinning process.

It has been found that polyimide films prepared with the SWCNT/1 
complexes showed higher tensile strengths and storage moduli than that 
of the neat polyimide film and polyimide nanocomposite films prepared 
with pristine SWCNTs at the same loading levels. The films fabricated with 
the TPI nanocomposites also had higher Tg and better high-temperature 
stability than both the neat polyimide films and corresponding nanocom-
posite films prepared with pristine SWCNTs.

Smirnova et al., [41] reported TPI/Carbon nanocomposite. They have 
studied the effects of additives of single-walled carbon nanotubes prepared 
via electric-arc synthesis and carbon nanofibers produced via gas-phase 
synthesis on the crystallization capacities and mechanical and electric 
properties of composite films. Li [42] reported a TPI/CF/TiO

2
 nanocom-

posite, which was prepared through compression molding as milled CF/
TPI mixtures without further melt mixing. The incorporation of TiO

2
 

leads to a significant improvement in friction and wear properties of the 
CF/TPI composite.

1.6  Performance Properties and Applications of 
Polytetrafluoroethylene (PTFE)

Polytetrafluoroethylene (PTFE) is a fluoroplastic polymer, which is clas-
sified among thermoplastics that are providing diverse applications in 
various domains. PTFE is derived from the monomer tetrafluoroethylene 
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(TFE). PTFE is a high molecular weight compound because of the strongly 
bonded fluorine atoms and exhibits high crystalline nature. It has been pre-
ferred as nonstick coating material to withstand high temperature cycles. 
PTFE is an engineering polymer in terms of mechanical uses such as lubri-
cation, bearing balls, and polymeric gears. Owing to improved properties, 
PTFE has been playing a crucial role in majority of chemical and medi-
cal applications. In clinical applications, the PTFE coatings preferred for 
implants, stents, and biomedical instrumentations due to the inert char-
acteristics [43]. PTFE has been treated with plasma to obtain pore on the 
surfaces. Surface morphology study reveals the appearance of parallel pore 
layers during plasma treatment. Plasma treatment deploys contact angle as 
a function of treatment time [44]. The bipolar Argon plasma treatment of 
PTFE also supports the same as with plasma treatment there is an increase 
in surface free energy [45].

A virgin PTFE reveals the ultimate friction resistance property there-
fore optimized for different types of lubrication. As a function of glass 
fiber, carbon, and graphite loading, there has been a strong influence over 
friction properties [46]. A wear mechanism was reported for metal precur-
sor-based PTFE composites. Glass fiber (GF) and carbon fiber (CF)-filled 
PTFE were tested for the abrasion resistance capacity. The abrasiveness 
and surface morphology of the worn surfaces of GF/PTFE and CF/PTFE 
was studied using scanning electron microscope (SEM). The wear volume 
was certainly lost in GF/PTFE than CF/PTFE. Under various weight loads, 
CF/PTFE poses better abrasion resistance because of the adhesion of car-
bon fibers with the PTFE matrix [47]. PTFE is ductile in nature and obvi-
ously remains low in mechanical phase when compared to other polymers 
but PTFE has a good advantage in constructing mechanical device parts by 
loading filler components. Compression test on two grades of PTFE exhib-
ited good mechanistic performance. The increase in thermal conductivity 
depends upon the filler material’s shape, size and thermal properties. The 
fillers generally provide the heat transfer path, which was the reason for 
increase in thermal conductivity [48].

The purpose of this work was to compare all the three grades for their 
respective optical properties. The samples were analyzed using spectro-
scopic ellipsometer. Further results revealed that the optical characteristics 
varied for three different grades of Teflon® AF with respect to the TFE con-
tent [49]. In general, PTFE has been manufactured by free-radical polym-
erization of TFE monomer. Polymerization of TFE in a hybrid carbon 
dioxide/aqueous medium was tried. Based on this method, the TFE mono-
mers have been successfully polymerized and the results exhibit similar 
characteristics to that of common known methods [50]. PTFE reinforced 
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with short glass fibers [SGF) were optimized for injection molding. On 
injection of PTFE/SGF, the above-mentioned parameters can significantly 
improve the strength and impact resistance [51]. Finally the PTFE mixed 
fumaric acid are drawn out as porous rods by extrusion. The pore densities 
might depend on the volume fraction of fumaric acid during the extrusion 
process [52].

The coating process begins by passing the fabric material through the 
emulsion and the PTFE particles are held to adhere over the surfaces. For 
the improving adherence, additionally some fluorine compounds such as 
FEP [Fluorinated ethylene propylene) or PFA (Perfluoroalkoxy alkanes) 
were included while coating [53]. Polytetrafluoroethylene (PTFE) has 
been conferred as the most consumed fluoropolymer across the world. 
Since the discovery of PTFE, the material is flourishing in all ways, and the 
applications are found to be countless. Over the years, the growth of PTFE 
in domestic, industrial and defense applications is consistently increasing 
with no barriers. PTFE coatings on gear tooth exhibited the notable per-
formance and work life on operating temperature of 30°C when compared 
to other polymer coats [54].

The high thermal stability of PTFE is an advantage to utilize it as a good 
heat exchanger and in coal power plants. According to the work, waste 
heat management can be done with the help of PTFE. Concerning the day-
to-day energy needs, the current metal heat exchangers can be replaced by 
PTFE [55]. PTFE is chemically inert and its surface resists chemical con-
tact. In the work, it was noted that PTFE is resistant to alkali–acid during 
cleaning cycles, and the aging was higher when compared to the rubber 
gaskets [56]. Different from other polymers, fluoropolymers have the abil-
ity to withstand harsh temperature and chemical circumstances hence pro-
viding applications such as coating for acid containers, tubes, hoses, and 
valves for transferring chemicals, and filtration of chemical compounds.

1.7  Advances in High-Performance Polymers Bearing 
Phthalazinone Moieties

Researchers have devoted a great deal of attention to develop the pro-
cessing or solubility of the above aromatic heterocyclic polymers. One 
approach introduces an aryl ether linkage into the polymer backbone [57] 
to increase the flexibility of the molecular chain and produce amorphous 
polymers. A novel wholly aromatic heterocyclic poly(aryl ether)s contain-
ing phthalazinone moieties was first reported by Hay research group, and 
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then by Jian in 1993 [58–60]. These polymers show the desired heat resist-
ance with Tg values of more than 250 °C and reasonable solubility in some 
organic solvents. Jian et al., reported that [61] fast speed of removal of water 
has a negative effect on the molecular weight distribution of the resulting 
polymers to be rather wide when chlorobenzene is chosen as azeotropic 
agent; whereas, xylene is a favorable factor for high molecular weight of the 
polymer with relatively narrow polydispersity.

Poly(aryl ether nitrile)s (PAENs), whose characteristic is pendant cyano 
groups, have been identified as high performance thermoplastics [62]. Their 
pendent cyano groups give them several favorable properties such as higher 
thermooxidative and thermal stability than non-cyano-containing poly(aryl 
ether)s [63], good flame retardancy, good adhesion to many substrates due 
to interaction with other functional groups through polar interaction [64], 
and also provide a potential site for polymer cross-linking [65, 66]. The side 
groups connected to phenyl-phthalazinone segment endow the resultant 
polymers with good solubility while maintaining other attractive properties. 
The solubility of the polymers obtained are further improved than non-sub-
stituted analogue [67] except chloro-polymers due to the pendent methyl or 
phenyl groups in the polymer side chains that help to enlarge the average 
intermolecular distance of those polymers.

There were some reports to demonstrate the moderate trimerization 
of the cyano-containing polymers in the presence of Lewis acids such as 
zinc chloride at normal pressure [68]. A small quantity of terephthaloni-
trile (TPH, 2.9 wt% relative to the CN-PPEAs) was used to increase the 
concentration of cyano groups in the curing system, and zinc chloride 
(ZnCl

2
, 1.9 wt% relative to the CN-PPEAs) was selected as catalyst. Other 

cyano-endcapped samples, such as aromatic bis(ether nitrile)s [44] and 
oligomeric phthalazinone-base poly(arylene ether nitrile)s with different 
terminal cyano contents (PPEN-DC), were also prepared and their cur-
ing reactions were investigated elaboratively. The pendant cyano groups 
of PPEN-DC are observed to be less reactive to cyclize while the terminal 
cyano groups demonstrate much higher reactivity in s-triazine forming 
reaction. The phthalonitrile resin has been proven to be a unit of high effi-
ciency for raising cyano concentration and improving reactivity [70,71].

The incorporation of the phthalazinone structure increases the solubil-
ity of polyamides, maintains their excellent heat resistance, and improves 
their mechanical properties. Polyamide-imides, generated by introducing 
amide groups into the main chain of the polyimide, have heat resistance 
similar to polyimides with improving the solubility and processing per-
formance relative to polyimide. The polyamide-imides are widely used 
in insulating paints, enamel insulated wires, and other fields. We have 


